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Preface to ”Role of miRNAs in Cancer—Analysis of
Their Targetome”

MicroRNAs (miRNAs) can be considered the best reference in the world of non-coding RNAs.

They are the best studied and most cancer-related non-coding RNA species, despite their short

nucleotide length of about 25 nucleotides. Several functions have been described for miRNAs, but

the most relevant is the negative regulation of the translation process of their target mRNAs—based

on sequence complementarity mechanisms. Although the first evidence linking miRNAs to

cancer comes from 2005, nowadays not all the targets related to their functions in the process of

tumorogenesis have been elucidated. The specific miRNA-targetome changes from tumor to tumor

and is highly correlated with the transcriptomic profile of each cell, which makes its identification

very difficult. The present book aims to add some light to this topic by reviewing the main known

miRNA-gene interactions in the context of tumor development and metastasis, as well as describing

new relationships, not known to date. The present book is addressed to all authors interested in

knowing the interactions between miRNAs and target genes during the tumorogenesis process. It

was written by many authors around a common theme—the role of miRNAs in cancer trough the

analysis of their targetome. It is beyond the scope of this book to review the miRNA-targetome for

every cancer. However, it is the intent of this editor to include a broad selection of cancer models.

The contributing authors have written six original research papers and eight valuable reviews that

expand our knowledge on the role of miRNAs in tumorogenesis. I am most grateful to all the expert

contributors for bringing their expertise and experience together in this book and I hope you will find

it a helpful contribution towards the deciphering of the miRNA-targetomes in cancer development

and metastasis.

Alfons Navarro

Editor
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We now accept that the non-coding part of the genome is essential for fine-tuning
most cellular functions, and that its deregulation drives carcinogenesis [1]. However, the
first link between non-coding RNAs and cancer was identified only 16 years ago, where the
microRNAs (miRNAs) miR-15/16 were identified as tumor suppressors in CLL by Croce’s
group [2]. From that stepping stone multiple types of miRNAs first, and other non-coding
RNAs later have been identified and related to all stages of tumor development, from
tumor initiation to dissemination during the metastasis process [3]. Now the non-coding
RNAs group has been so enlarged that people classify them in two main groups according
to their size, where those of less than 200 nucleotides are call small non-coding RNAs,
in contrast to long non-coding RNAs. The best studied non-coding RNA sequences of
our genome, in part because they were the first formally related to cancer, are miRNAs,
which belong to the small non-coding RNA group with a sequence length of 15–25 nt.
The first miRNA, lin-4, was discovered in 1993 by V. Ambros’ group in C. elegans [4], but
it took eight years to discover the second miRNA, let-7a, which really boosted miRNA
discovery because in contrast to lin-4, homologous sequences of let-7a were discovered in
most species including humans [5]. Since the finding of let-7a, the identification of new
miRNAs has increased considerably. In fact, as of 2021, we know 2693 mature miRNAs in
humans (according to miRBase v22.1). Several functions have been described for miRNAs
(reviewed in [6]), but the most relevant one is the posttranscriptional regulation of protein-
coding genes by binding to target mRNAs in a sequence-dependent way and inhibiting
its translation. Therefore, to identify the functions of the dysregulated miRNAs, it is
necessary to decipher their target genes, their specific targetome. But this task becomes
complex, because each miRNA can target thousands of mRNAs and at the same time one
mRNA is targeted by multiple different miRNAs. To increase the complexity, we know that
the miRNA–target interactions depend on the cellular context and the specific associated
transcriptome, which generate a cell type-dependent targetome for each miRNA that is
also variable according to tumor types. Thousands of targets have been predicted for each
miRNA using different bioinformatic algorithms such as TargetScan, miRanda or Pictar,
which are mainly based in the identification of miRNA–target sequence complementarities,
and a high number of them have been experimentally validated. However, an important
gap exists yet between the number of pathological identified miRNAs and their real targets,
since their complete targetome remains to be elucidated [7]. Recently, the miRNA–target
network became more entangled with the addition of other non-coding RNAs, such as
long non-coding RNAs or circRNAs, and with the fact that miRNAs not only regulate the
transcriptome of the parental cell but also other cell types since they can be released outside
through extracellular vesicles acting on other cellular transcriptomes different from the
parental cell.

In this Special Issue of Cancers called “Role of miRNAs in Cancer—Analysis of Their
Targetome” we collected 14 articles (5 original Articles, 1 Communication, 7 reviews and
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1 Perspective). In the following lines I am going to summarize the main results of the
articles included in the Special Issue. The original articles included move from the study of
the role of individual miRNAs and their targets in different tumors, to the identification of
new diagnostic/prognostic biomarkers in tissue and liquid biopsy.

Hunter et al. [8] studied the role of two COX-2-activated miRNAs, miR-526b and
miR-655, in the control of angiogenesis and lymphomagenesis in an estrogen receptor
positive breast cancer model. In the MCF7 cell line, these miRNAs by targeting PTEN
induced HIF1A, which increased VEGF secretion. Moreover, the overexpression of these
miRNAs enhanced the expression of VEGFA/C/D, COX-2 and LYVE1. When HUVEC
cells were cultured with the supernatant of overexpressing cells, VEGF and EP4 receptors
augmented, and higher migration and higher tube formation was observed in HUVEC cells.
In contrast, the use of COX-2 inhibitors and EP antagonists reversed the phenotype. They
also observed a correlation in patient samples between these miRNAs and angiogenesis
and lymphomagenesis markers.

Borkowska et al. [9] studied the potential role as diagnostic biomarker of eight selected
miRNAs (miR-10a, miR-20a, miR-21, miR-103, miR-130b, miR-145, miR-182 and miR-205)
in 55 patients with bladder cancer and 30 controls. They concluded that the best diagnostic
signature included miR-20a, miR-205 and miR-145, which discriminated bladder cancer
from healthy controls.

Quin et al. [10] generated a sophisticated prognostic score in clear cell renal carci-
noma patients, combining miRNAs and their target genes (TCGA data). The miRNA
analysis initially identified eight miRNAs impacting patient outcome. The correlation
with the expression data allowed the identification of mRNA signatures also impacting
prognosis that explained the role of the identified miRNAs. To increase the efficiency of
the miRNA score, the authors identified transcription factors associated with the miRNA
signature and generated a combined score including miR-365b-3p, miR-223-3p, miR-1269a,
miR-144-5p, miR-183-5p, miR-335-3p, TFAP2A, KLF5, IRF1, MYC and IKZF1 which had
the highest impact in patient survival. They concluded that transcription factors and
miRNAs can cooperatively regulate oncogenesis and impact prognosis in clear cell renal
carcinoma patients.

Niu et al. [11] by small RNAseq identified miR-378a-3p as an upregulated miRNA
impacting proliferation in Burkitt lymphoma cell lines. After validating its overexpression
in patient tissues, they performed targetome analysis by Ago2-RIP-Chip. The bioinformatic
analysis of the results allowed them to identify 63 potential targets when they inhibited the
miRNA in ST486 cells, and 20 targets when they overexpressed it. The authors focused
on MYCBP, CISH, BCR, TUB1C, FOXP1, MNT, IRAK4 and the lncRNA JPX for validation
with luciferase assays finally confirming FOXP1, MNT, IRAK4 and the lncRNA JPX as real
miR-378-3p targets.

Cuscino et al. [12] identified eight novel miRNAs in osteosarcoma by analyzing the
cellular and exosomal RNA from the cell lines SAOS-2, MG-63 and U-2 OS. The validation
in tissue and plasma samples from osteosarcoma patients showed that seven miRNAs were
detected in all samples, and five where significantly upregulated in plasma samples. The in
silico analysis of the miRNA–targets revealed several KEGG pathways linked to cancer, sug-
gesting that the novel miRNAs identified could have a role in osteosarcoma pathogenesis.

Nguyen et al. [13] made a combined article that simultaneously reviewed the litera-
ture and at the same time provided their own data on blood miRNAs as biomarkers for
radiotherapy response in pancreatic cancer. Using mice harboring pancreatic tumors, they
obtained by small RNAseq a miRNA signature associated with the presence of this tumor.
Then, they treated the mice with radiotherapy (a single 5Gy dose) and at 24 h plasma
was collected for miRNA analysis. A miRNA signature that included 20 downregulated
miRNAs and upregulated one (miR-184) was identified. The role of these miRNAs and
their targets were revised showing that several of them have been previously related
to radioresistance in other tumor models, but only a few of them have been previously
associated with pancreatic cancer radioresistance.
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The review articles included in the Special Issue cover various topics from the known
miRNA targetome in specific tumors, including glioblastoma, thyroid or adrenocortical
cancer, to the analysis of miRNAs involved in the metastasis process in general or focusing
in the targetome of epithelial mesenchymal transition (EMT) genes such as SNAIL or
the involvement of miRNAs in the crosstalk between tumor and immune system cells.
Moreover, specific targetomes such as miR-361 or viral-associated miRNA targetome have
been explored.

Xu et al. [14] concentrated on a unique miRNA, miR-361, which can be considered a
tumor suppressor miRNA because its targets are mostly oncogenes. They summarized the
main reasons for miR-361 downregulation, which include DNA hypermethylation, tran-
scriptional inhibition, sponging by lncRNAs and gene deletion. The cellular and extracellu-
lar targetome of this miRNA explains the aggressive tumor phenotype observed when the
miRNA is lost and its potential utility as diagnostic, prognostic or therapeutic biomarker.

Sole et al. [15] nicely summarized the miRNAs involved in the metastasis process.
They organized the miRNAs into three groups: metastasis-promoting miRNAs, metastasis-
suppressing miRNAs, and metastasis associated circulating blood miRNAs. They exhaus-
tively listed the miRNAs associated with metastasis in different tumors together with their
known targets.

Skrzypek et al. [16] also examined metastasis but centering on the SNAIL transcription
factor, which is involved in EMT regulation and metastasis. The authors reviewed not only
miRNAs, but also lncRNAs and circRNAs that either regulate SNAIL levels or that are
regulated by SNAIL.

Gallo et al. [17] examined the role of viral (mainly herpesvirus) miRNAs and their
cellular targets in the tumorigenesis process. The article listed the known miRNAs from
EBV, HPV, KSHV/HHV8, HBV and MCPyV and their cellular targetomes involved in both
the own viral cycle control and the induction of tumorigeneses.

In glioblastoma multiforme, the methylation status of the MGMT gene classifies pa-
tients into unmethylated and methylated, and the last group is treated with totemozolomide-
based chemotherapy. Kirstein et al. [18] discussed the potential role of miRNAs targeting
MGMT as therapeutic tools for unmethylated patients, which are resistance totemozolomide-
based chemotherapy. They examined whether miRNAs inhibiting MGMT could enhance
response to this line of treatment.

Chehade et al. [19] reviewed miRNAs associated with adrenocortical cancer, which is
a rare but aggressive malignancy. They revised from differentially expressed miRNAs in
tumor tissue to differentially expressed circulating miRNAs, and their utility as diagnos-
tic/prognostic biomarkers. Moreover, they revised the known targetome of adrenocortical
cancer miRNAs focusing on relevant disease-associated pathways such a p53 pathway,
mTOR or Wnt/B-catenin.

Tabatabaeian et al. [20] presented a systematic review on miRNAs, lncRNAs and
circRNAs in thyroid cancer. They summarized the most relevant non-coding RNAs in-
volved in the tumorigenesis process and their role as diagnostic, prognostic or therapeutic
biomarkers. Of note, they highlighted the list of ongoing clinical trials which includes some
of these non-coding RNA biomarkers.

Lastly, Cho et al. [21] briefly reviewed the miRNA targetome involved in the interac-
tion between tumor and immune cells, stressing the miRNAs responsible for inhibiting
the anti-tumor immune response. They focused on two main groups: miRNAs released
in exosomes and participating in the crosstalk between tumor cells, mesenchymal cells
and immune cells (macrophages, CD4+ T cells or CD8+ T cells); and cellular miRNAs
regulating the levels of immunomodulatory proteins such as CD47, IDO1 or PD-L1 in the
tumor cell. Moreover, the authors discussed the main techniques used for study of the
miRNA targetome such as CLIP-seq or CLASH, that are necessary to fully understand the
role of miRNAs in tumorigenesis.

In summary, this Special Issue includes miRNA-related articles that add new infor-
mation to the miRNA–target interaction in different tumor models and review some of
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the most recent information on the tumorigenic targetome. However, more efforts are
still needed to decipher the critical targets—both coding and non-coding RNAs—of the
miRNAs involved in cancer to identify their contribution to the malignant transformation
and metastasis process.

Funding: This work was supported by grants from the Ministry of Economy, Industry, and Com-
petition, Agencia Estatal de Investigación co-financed with the European Union FEDER funds
SAF2017-88606-P (AEI/FEDER, UE).

Conflicts of Interest: The author declares no conflict of interest.
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9. Borkowska, E.M.; Konecki, T.; Pietrusiński, M.; Borowiec, M.; Jabłonowski, Z. MicroRNAs which can prognosticate aggressiveness

of bladder cancer. Cancers 2019, 11, 1551. [CrossRef]
10. Qin, S.; Shi, X.; Wang, C.; Jin, P.; Ma, F. Transcription Factor and miRNA Interplays Can Manifest the Survival of ccRCC Patients.

Cancers 2019, 11, 1668. [CrossRef]
11. Niu, F.; Dzikiewicz-Krawczyk, A.; Koerts, J.; De Jong, D.; Wijenberg, L.; Hernandez, M.F.; Slezak-Prochazka, I.; Winkle, M.;

Kooistra, W.; Van Der Sluis, T.; et al. MiR-378a-3p Is Critical for Burkitt Lymphoma Cell Growth. Cancers 2020, 12, 3546. [CrossRef]
12. Cuscino, N.; Raimondi, L.; De Luca, A.; Carcione, C.; Russelli, G.; Conti, L.; Baldi, J.; Conaldi, P.G.; Giavaresi, G.; Gallo, A.

Gathering Novel Circulating Exosomal microRNA in Osteosarcoma Cell Lines and Possible Implications for the Disease. Cancers
2019, 11, 1924. [CrossRef]

13. Nguyen, L.; Schilling, D.; Dobiasch, S.; Raulefs, S.; Franco, M.S.; Buschmann, D.; Pfaffl, M.W.; Schmid, T.E.; Combs, S.E. The
Emerging Role of miRNAs for the Radiation Treatment of Pancreatic Cancer. Cancers 2020, 12, 3703. [CrossRef]

14. Xu, D.; Dong, P.; Xiong, Y.; Yue, J.; Ihira, K.; Konno, Y.; Kobayashi, N.; Todo, Y.; Watari, H. MicroRNA-361: A Multifaceted Player
Regulating Tumor Aggressiveness and Tumor Microenvironment Formation. Cancers 2019, 11, 1130. [CrossRef]

15. Solé, C.; Lawrie, C.H. MicroRNAs and Metastasis. Cancers 2020, 12, 96. [CrossRef]
16. Skrzypek, K.; Majka, M. Interplay among SNAIL Transcription Factor, MicroRNAs, Long Non-Coding RNAs, and Circular RNAs

in the Regulation of Tumor Growth and Metastasis. Cancers 2020, 12, 209. [CrossRef]
17. Gallo, A.; Miceli, V.; Bulati, M.; Iannolo, G.; Contino, F.; Conaldi, P.G. Viral miRNAs as Active Players and Participants in

Tumorigenesis. Cancers 2020, 12, 358. [CrossRef]
18. Kirstein, A.; Schmid, T.E.; Combs, S.E. The role of miRNA for the treatment of MGMT unmethylated glioblastoma multiforme.

Cancers 2020, 12, 1099. [CrossRef]
19. Chehade, M.; Bullock, M.; Glover, A.; Hutvagner, G.; Sidhu, S. Key MicroRNA’s and Their Targetome in Adrenocortical Cancer.

Cancers 2020, 12, 2198. [CrossRef]
20. Tabatabaeian, H.; Yang, S.P.; Tay, Y. Non-Coding RNAs: Uncharted Mediators of Thyroid Cancer Pathogenesis. Cancers 2020,

12, 3264. [CrossRef]
21. Cho, S.; Tai, J.W.; Lu, L.-F. MicroRNAs and Their Targetomes in Tumor-Immune Communication. Cancers 2020, 12, 2025.

[CrossRef] [PubMed]

4



cancers

Article

Mir526b and Mir655 Promote Tumour Associated
Angiogenesis and Lymphangiogenesis in
Breast Cancer

Stephanie Hunter, Braydon Nault †, Kingsley Chukwunonso Ugwuagbo †, Sujit Maiti and
Mousumi Majumder *

Department of Biology, Brandon University, 3rd Floor, John R. Brodie Science Centre, 270–18th Street,
Brandon, MB R7A 6A9, Canada
* Correspondence: majumderm@brandonu.ca
† These authors contributed equally to this work.

Received: 11 June 2019; Accepted: 29 June 2019; Published: 4 July 2019
����������
�������

Abstract: MicroRNAs (miRNAs) are small endogenously produced RNAs, which regulate growth
and development, and oncogenic miRNA regulate tumor growth and metastasis. Tumour-associated
angiogenesis and lymphangiogenesis are processes involving the release of growth factors from
tumour cells into the microenvioronemnt to communicate with endothelial cells to induce vascular
propagation. Here, we examined the roles of cyclo-oxygenase (COX)-2 induced miR526b and miR655
in tumour-associated angiogenesis and lymphangiogenesis. Ectopic overexpression of miR526b and
miR655 in poorly metastatic estrogen receptor (ER) positive MCF7 breast cancer cells resulted in
upregulation of angiogenesis and lymphangiogenesis markers vascular endothelial growth factor A
(VEGFA); VEGFC; VEGFD; COX-2; lymphatic vessel endothelial hyaluronan receptor-1 (LYVE1); and
receptors VEGFR1, VEGFR2, and EP4. Further, miRNA-high cell free conditioned media promoted
migration and tube formation by human umbilical vein endothelial cells (HUVECs), and upregulated
VEGFR1, VEGFR2, and EP4 expression, showing paracrine stimulation of miRNA in the tumor
microenvironment. The miRNA-induced migration and tube formation phenotypes were abrogated
with EP4 antagonist or PI3K/Akt inhibitor treatments, confirming the involvement of the EP4 and
PI3K/Akt pathway. Tumour supressor gene PTEN was found to be downregulated in miRNA
high cells, confirming that it is a target of both miRNAs. PTEN inhibits hypoxia-inducible factor-1
(HIF1α) and the PI3K/Akt pathway, and loss of regulation of these pathways through PTEN results
in upregulation of VEGF expression. Moreover, in breast tumors, angiogenesis marker VEGFA and
lymphangiogenesis marker VEGFD expression was found to be significantly higher compared with
non-adjacent control, and expression of miR526b and miR655 was positively correlated with VEGFA,
VEGFC, VEGFD, CD31, and LYVE1 expression in breast tumour samples. These findings further
strengthen the role of miRNAs as breast cancer biomarkers and EP4 as a potential therapeutic target
to abrogate miRNA-induced angiogenesis and lymphangiogenesis in breast cancer.

Keywords: miR526b; miR655; breast cancer; angiogenesis; lymphangiogenesis; EP4; PI3K/Akt

1. Introduction

Breast cancer is the deadliest and most prevalent cancer among women, being responsible
for the greatest number of cancer-related deaths among women worldwide [1]. In many cancers,
including human breast cancer, cyclo-oxygenase (COX)-2 enzyme is found to have higher than normal
expression [2]. Specifically, upregulation of COX-2 is correlated with breast cancer disease progression,
metastasis, and poor patient survival [3,4]. COX-2 is responsible for the production of the inflammatory
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molecule, prostaglandin E2 (PGE2). Production of PGE2 by COX-2 results in binding of PGE2 to
four G-protein coupled PGE receptors, EP1-4, each of which have distinct signalling pathways [5].
EP1 couples with Gq, EP3 couples with Gi, and EP2 and EP4 couple with Gs. Additionally, EP4
stimulates non-canonical pathways PI3K/Akt and ERK, which are associated with cell survival and
migration [6]. PGE2 induces early vascular maturation and angiogenesis in vertebrates by upregulation
of VEGFs and PGE2 receptors [7]. Overproduction of PGE2 and activation of EP4 receptor results in
many tumourigenesis-promoting phenotypes such as inactivation of host anti-tumour immune cells,
enhanced tumour cell migration and invasion, stem-like cell (SLC) induction, and tumour-associated
angiogenesis and lymphangiogenesis [6,8]. Overexpression of COX-2 in two poorly metastatic MCF7
(COX-2 low, human epidermal growth factor receptor 2 (HER-2) negative, progesterone receptor
(PR) positive, estrogen receptor (ER) positive) and SK-BR-3 (COX-2 low, HER-2 high, ER negative)
breast cancer cell lines has been shown to induce aggressive breast cancer phenotypes and promote
metastasis, which could be abrogated with EP4 antagonist treatment. Moreover, MCF7 cells show
lower ER expression with COX-2 overexpression, and COX-2 overexpression caused a change in gene
and microRNA (miRNA) expression in MCF7 cells [8].

MicroRNAs are a class of endogenously produced, short non-coding RNAs that can down regulate
gene expression of target messenger RNA (mRNA) at the post-transcriptional level by partial or
complete complimentary base pairing [9]. Abnormal expression of miRNAs has been well highlighted
in various types of cancer, including breast cancer. Previously, two COX-2 upregulated miRNAs,
miR526b and miR655, have been identified and established as oncogenic miRNAs in human breast
cancer [10,11]. The roles of both miR526b and miR655 have been implicated in many hallmarks of
cancer, including driving primary tumour growth, induction of stem-like cells (SLCs) phenotype,
epithelial-to-mesenchymal transition (EMT), invasion and migration, as well as distant metastasis
when tested in vivo in mouse models [10,11]. Moreover, both miRNAs target a transcription factor,
CPEB2A gene, which was recently validated as a tumor suppressor [12]. However, the potential roles
of miR526b and miR655 in tumour-associated angiogenesis and lymphangiogenesis in breast cancer
have not yet been investigated.

Angiogenesis and lymphangiogenesis are processes involving the formation of new blood or lymph
vessels from pre-existing vasculature, both of which progress through the proliferation, migration,
and maturation of nearby blood or lymph vessel endothelial cells [13,14]. Angiogenesis is an essential
biological process that is fundamental for development, reproduction, and wound repair; however,
this process is also considered a major hallmark of cancer [15]. As tumour growth can only reach
1–2 mm without sufficient blood supply, angiogenesis is essential during the uncontrolled growth
of tumours for supply of sufficient oxygen and nutrients [15,16]. Similarly, lymphangiogenesis is an
essential biological process that has also been implicated in many cancers, including breast cancer. The
initial sites of metastasis in breast cancer are often the regional lymph nodes, and the migration of
tumour cells to these sites is facilitated by lymphangiogenesis [17]. Vascular endothelial growth factors
(VEGF) play a key role in both angiogenesis and lymphangiogenesis. Specifically, VEGFA is a major
mediator of angiogenesis, through binding with VEGF receptors (VEGFR)1 and VEGFR2, leading to
proangiogenic activity and migration of endothelial cells [18]. VEGFC and VEGFD are the primary
ligands regulating lymphangiogenesis through binding of VEGFR3 on lymphatic endothelial cells;
however, both ligands also have a weak affinity for VEGFR2, thus in part activating angiogenesis [18].
CD31 is also a well known stimulator of angiogenesis specifically involved in cell to cell interactions
necessary for the organization of blood endothelial cells [19]. Moreover, lymphatic vessel endothelial
hyaluronan receptor-1 (LYVE-1) [5,14] is a marker of lymphangiogenesis.

The majority of breast cancer patients are estrogen receptor (ER) positive and treated with
tamoxifen [1]. Thus, in the present study, we investigated miR526b and miR655 and their potential
roles in the process of breast cancer tumour-associated angiogenesis and lymphangiogenesis with an
emphasis on ER-positive breast cancer, and we selected MCF7 as the breast cancer model to overexpress
miRNAs. In vitro studies involving cell migration and capillary-like tube formation assays were
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conducted with human umbilical vein endothelial cells (HUVECs) and cell-free conditioned media
collected from miR526b and miR655 overexpressing breast cancer cell lines [10,11]. Furthermore, the
involvement of the COX2, EP4, and PI3K/Akt signalling pathways was investigated during angiogenesis
assays by either COX-2 inhibition, EP4 receptor antagonism, or PI3K/Akt pathway inhibition. We
establish that overexpression of miR526b and miR655 is linked with tumour-associated angiogenesis
and lymphangiogenesis in vitro. Our study also suggests that this stimulation occurs via the activation
of the EP4 receptor and subsequent activation of the PI3K/Akt pathway. In support of these findings,
we used an in situ model to examine the relationship of miR526b and miR655 expression in human
breast cancer tissues with expression of angiogenesis and lymphangiogenesis markers. Previously, we
have shown that high expression of miR526b or miR655 in human breast cancer tissue is associated
with reduced breast cancer patient survival [10,11]. Our present results demonstrate that both miR526b
and miR655 expression is positively correlated with established angiogenesis and lymphangiogenesis
markers in human breast cancer. Overall, our study establishes the roles of miR526b and miR655 in
human breast cancer tumour-associated angiogenesis and lymphangiogenesis.

2. Results

2.1. Over-Expression of miR526b and miR655 in Poorly Metastatic (ER Positive) MCF7 Breast Cancer Cell
Line Results in Upregulation of Angiogenesis and Lymphangiogenesis Markers

RNA was extracted from various passages of 90% confluent MCF7, MCF7-miR526b, and
MCF7-miR655 cell lines and reverse transcribed into cDNA. The cDNA was then used to quantify
the expression of known markers of lymphangiogenesis and angiogenesis. Relative gene expression
fold change analysis was performed to compare the miRNA high cell lines, MCF7-miR526b and
MCF7-miR655, to miRNA-low MCF7 cells. It was found that lymphangiogenesis marker, VEGFD,
was significantly upregulated in MCF7-miR526b and MCF7-miR655 cell lines, while VEGFC and
LYVE-1 were marginally upregulated in MCF7-miR526b and significantly upregulated in MCF7-miR655
(Figure 1A). Furthermore, angiogenesis marker, VEGFA, was found to be significantly upregulated in
both miRNA high cell lines (Figure 1A). Further, we extracted total protein from MCF7, MCF7-miR526b,
and MCF7-miR655 cells for the quantification of VEGFA, VEGFC, VEGFD, COX-2, and LYVE-1 markers.
MCF7-miR655 overexpressing cell line showed high expression of all VEGF markers and COX-2
expression at the protein level, while MCF7-miR526b showed significantly higher expression of VEGFC
and VEGFD expression (Figure 1B,C). Whole Western blot data with corresponding molecular weights
are presented in Figures S1 and S2.

Expression of receptors VEGFR1 and EP4 was found to be significantly upregulated in both
the MCF7-miR526b and MCF7-miR655 cell lines (Figure 2A). VEGFR2 was found to be marginally
upregulated in MCF7-miR526b and MCF7-miR655 cell lines; however, this was not statistically
significant (Figure 2A).
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Figure 1. Overexpression of miR526b and miR655 in MCF7 cell line results in upregulation of 
angiogenesis and lymphangiogenesis markers. (A) Quantitative real time polymerase chain reaction 
(qRT-PCR) shows angiogenic and lymphangiogenic markers at the mRNA level with significant 
positive fold changes in the miRNA overexpressed cell lines, MCF7-miR526b and MCF7-miR655, 
compared with the MCF7 cell line. (B) The Western blot analysis shows a larger presence of 
angiogenesis and lymphangiogenesis markers at the protein level in the MCF7-miR655 and MCF7-
miR526b cell lines compared with the MCF7 cell line. Green: control marker Glyceraldehyde 3-
phosphate dehydrogenase (GAPDH), red: target proteins, either VEGFA or VEGFC or VEGFD or 
LYVE1 or COX-2. (C) Quantitative analysis of Western blot shows increased levels of angiogenesis 
and lymphangiogenesis markers. RT-PCR and Western blot quantitative data are presented as the 
mean ± SEM of triplicate replicates; * p < 0.05, ** p < 0.01. LYVE-1—lymphatic vessel endothelial 
hyaluronan receptor-1; VEGF—vascular endothelial growth factors; COX-2—cyclo-oxygenase 2. 

Expression of receptors VEGFR1 and EP4 was found to be significantly upregulated in both the 
MCF7-miR526b and MCF7-miR655 cell lines (Figure 2A). VEGFR2 was found to be marginally 
upregulated in MCF7-miR526b and MCF7-miR655 cell lines; however, this was not statistically 
significant (Figure 2A). 

Figure 1. Overexpression of miR526b and miR655 in MCF7 cell line results in upregulation of
angiogenesis and lymphangiogenesis markers. (A) Quantitative real time polymerase chain reaction
(qRT-PCR) shows angiogenic and lymphangiogenic markers at the mRNA level with significant positive
fold changes in the miRNA overexpressed cell lines, MCF7-miR526b and MCF7-miR655, compared
with the MCF7 cell line. (B) The Western blot analysis shows a larger presence of angiogenesis and
lymphangiogenesis markers at the protein level in the MCF7-miR655 and MCF7-miR526b cell lines
compared with the MCF7 cell line. Green: control marker Glyceraldehyde 3-phosphate dehydrogenase
(GAPDH), red: target proteins, either VEGFA or VEGFC or VEGFD or LYVE1 or COX-2. (C) Quantitative
analysis of Western blot shows increased levels of angiogenesis and lymphangiogenesis markers.
RT-PCR and Western blot quantitative data are presented as the mean ± SEM of triplicate replicates;
* p < 0.05, ** p < 0.01. LYVE-1—lymphatic vessel endothelial hyaluronan receptor-1; VEGF—vascular
endothelial growth factors; COX-2—cyclo-oxygenase 2.
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in the MCF7-miR526b and MCF7-miR655 cell lines, when compared with MCF7. (B) Quantitative RT-
PCR analysis shows the HUVECs treated with MCF7-miR526b or MCF7-miR655 conditioned media 
have greater receptor gene expression compared with HUVECs treated with MCF7 conditioned 
media. RT-PCR quantitative data are presented as the mean ± SEM of triplicate replicates; * p < 0.05, 
** p < 0.01.  
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HUVECs and reverse transcribed to cDNA. TaqMan gene expression assay comparing the expression 
of VEGFR1, VEGFR2, and EP4 was conducted. By virtue, HUVECs show very high expression of 
VEGFR1 and VEGFR2; here, we observed that miRNA-conditioned media further induced 
expression, showing a significant upregulation of VEGFR2 in comparison with HUVECs treated with 
MCF7 conditioned media (Figure 2B). Moreover, expression of VEGFR1 was found to be significantly 
upregulated in HUVECs treated with MCF7-miR526b conditioned media and marginally 
upregulated in those treated with MCF7-miR655 conditioned media (Figure 2B). HUVECs express a 
low level of EP4 [20]; here, we observed a very significant upregulation of EP4 expression in HUVECs 
treated with MCF7-miR655 conditioned media, and marginal upregulation following treatment with 
MCF7-miR526b conditioned media (Figure 2B). 

2.3. Cancer Cell Conditioned Media Induces Migration and Tube Formation of HUVEC Cells 

To examine the in vitro role of miR526b and miR655 in angiogenesis, we tested the cell migration 
capacity of HUVECs in cell-free conditioned media collected from MCF7, MCF7-miR526b, and 
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Figure 2. Overexpression of miR526b and miR655 in MCF7 or treatment of human umbilical vein
endothelial cells (HUVECs) with miRNA-conditioned media results in upregulation of angiogenesis
and lymphangiogenesis receptor markers. (A) Quantitative RT-PCR analysis shows significant
upregulation of prostaglandin E2 receptor 4 (EP4), VEGF receptor 1 (VEGFR1), and VEGFR2 expression
in the MCF7-miR526b and MCF7-miR655 cell lines, when compared with MCF7. (B) Quantitative
RT-PCR analysis shows the HUVECs treated with MCF7-miR526b or MCF7-miR655 conditioned media
have greater receptor gene expression compared with HUVECs treated with MCF7 conditioned media.
RT-PCR quantitative data are presented as the mean ± SEM of triplicate replicates; * p < 0.05, ** p < 0.01.

2.2. Human Umbilical Vein Endothelial Cells (HUVECs) Treated with MCF7-miR526b and MCF7-miR655
Conditioned Media Show Higher Expression of VEGF and EP4 Receptors

HUVECs grown to 90% confluency were treated overnight with conditioned media collected from
MCF7-miR526b and MCF7-miR655 cell cultures. Total RNA was extracted from treated HUVECs and
reverse transcribed to cDNA. TaqMan gene expression assay comparing the expression of VEGFR1,
VEGFR2, and EP4 was conducted. By virtue, HUVECs show very high expression of VEGFR1 and
VEGFR2; here, we observed that miRNA-conditioned media further induced expression, showing a
significant upregulation of VEGFR2 in comparison with HUVECs treated with MCF7 conditioned
media (Figure 2B). Moreover, expression of VEGFR1 was found to be significantly upregulated in
HUVECs treated with MCF7-miR526b conditioned media and marginally upregulated in those treated
with MCF7-miR655 conditioned media (Figure 2B). HUVECs express a low level of EP4 [20]; here, we
observed a very significant upregulation of EP4 expression in HUVECs treated with MCF7-miR655
conditioned media, and marginal upregulation following treatment with MCF7-miR526b conditioned
media (Figure 2B).

2.3. Cancer Cell Conditioned Media Induces Migration and Tube Formation of HUVEC Cells

To examine the in vitro role of miR526b and miR655 in angiogenesis, we tested the cell migration
capacity of HUVECs in cell-free conditioned media collected from MCF7, MCF7-miR526b, and
MCF7-miR655 cell lines. Here, HUVEC cells were seeded and grown in a 24-well plate and a scratch
wound was made with a 2 µL pipette tip. Cell-free conditioned from MCF7-miR526b and MCF7-miR655
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cell lines were found to result in a significant increase in HUVEC migration during wound healing
compared with the MCF7 conditioned media at the 24 h time point (Figure 3A,B). Cell migration
images of the positive and negative controls, along with the experimental conditions at other time
points, are provided in Figure S3.
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Figure 3. MCF7-miR526b and MCF7-miR655 conditioned media promotes cellular migration of
HUVECs and inhibition of the COX2/EP4 signaling pathway abrogates these phenotypes. Baseline
scratches represented by black line; wound size at 24 h represented by dashed line. (A) Images of
migration assay with conditioned media from MCF7, MCF7-miR526b, and MCF7-miR655 at the 24 h
time point. (B) Quantitative data representing wound size per time point in conditioned media from
MCF7, MCF7-miR526b, or MCF7-miR655. (C) Images of migration assay with conditioned media from
MCF7-miR526b with the addition of vehicle, COX2-I, or EP4A, at the 24 h time point. (D) Quantitative
data representing wound size per time point in conditioned media from MCF7-miR526b with the
addition of either vehicle, COX2-I, or EP4A. (E) Images of migration assay with conditioned media from
MCF7-miR655 with the addition of vehicle, COX2-I, or EP4A, at the 24 h time point. (F) Quantitative
data representing wound size per time point in conditioned media from MCF7-miR655 with the
addition of either vehicle, COX2-I, or EP4A. Data shown as mean ± SEM of three biological replicates,
including three experimental replicates per biological replicate; * p < 0.05, ** p< 0.01.

To further investigate the effects of miR526b and miR655 on the angiogenesis potential of HUVECs,
a tube formation assay was performed. The tube formation assay performed with growth factor
reduced Matrigel is an established surrogate of angiogenesis in vitro. Cultured HUVECs were harvested
and resuspended in MCF7, MCF7-miR526b, or MCF7-miR655 conditioned media, and seeded in a
Matrigel-coated 24-well plate. Tube formation was observed and recorded at 0–24 h with image
capturing. MCF7-miR655 conditioned media significantly stimulated an increase in the formation of
both tubes and branching points at the 24 h time point when compared with the MCF7 conditioned
media (Figure 4A–C), while MCF7-miR526b conditioned media resulted in a marginal increase of
tubes, and a very significant increase in branching points at the 24 h time-point (Figure 4A–C). Tube
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formation images of the positive and negative controls, along with the experimental conditions at
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Figure 4. Overexpression of miR526b and miR655 results in an increase of tube formation of HUVECs.
(A) Visual representation of tube formation of HUVECs at the 24 h time point in conditioned media
from MCF7, MCF7-miR526b, or MCF7-miR655 cell line. Both tubes (dotted circle) and branching points
(arrows) were greater in MCF7-miR526b or MCF7-miR655 conditioned media compared with MCF7
conditioned media. (B) Quantitative data represent number of tubes per time point, per condition.
(C) Quantitative data represent number of branching points per time point, per condition. Quantitative
data presented as the mean ± SEM of three biological replicates, including three experimental replicates
per biological replicate; ** p < 0.01.

2.4. Treatments with COX2 Inhibitor (COX-I) and EP4 Antagonist (EP4A) Significantly Inhibits miRNA
Induced Functions

PGE2 is the major product of COX-2 enzyme activity. The activation of EP4 receptor by binding
of PGE2 results in activation of the PI3K/Akt signalling pathway and is associated with promotion
of tumour cell migration and angiogenesis [6]. To examine whether the stimulatory actions of
MCF7-miR526b and MCF7-miR655 is the result of involvement of COX-2 activity or EP4-signalling, we
tested both the migration (Figure 3) and tube formation (Figure 5) phenotypes of HUVECs stimulated
with miRNA-conditioned media, with the addition of either COX-2 inhibitor (COX2-I, NS398), EP4
antagonist (EP4A, ONO-AE3-208), or PI3K/Akt pathway inhibitor (Wortmannin, WM).
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Figure 5. Treatment with COX2-I, EP4A, or PI3K pathway inhibitor (Wortmannin, WM) abrogates the
tube formation stimulation abilities of MCF7-miR655 conditioned media. (A) Images of all treatments;
miRNA-conditioned media with vehicle, COX2-I, EP4A, or PI3K inhibitor (WM) conditions at the
24 h time point. (B) Quantitative analysis of number of tubes formed per time point, per condition.
(C) Quantitative analysis of branching points per time point, per condition. Quantitative data presented
as the mean ± SEM of three biological replicates, including three experimental replicates per biological
replicate; * p < 0.05, ** p < 0.01.

2.4.1. Inhibition of Cell Migration

Specifically, for MCF7-miR526b conditioned media, the addition of COX2-I or EP4A significantly
inhibited migration of HUVECs at the 8 h and 24 h time points, when compared with the vehicle.
(images at 24 h are shown in Figure 3C, and quantification in Figure 3D). Moreover, for MCF7-miR655
conditioned media, addition of COX2-I and EP4A significantly inhibited HUVEC migration at 24 h
(images at 24 h are shown in Figure 3E and quantification provided in Figure 3F). Additional time
points of migration of HUVECs with COX2-I or EP4A are presented in Figure S5.

2.4.2. Inhibition of Tube Formation

The addition of COX2-I, EP4A, or WM to MCF7-miR655 conditioned media significantly reduced
the number of both tubes and branching points formed by HUVECs at the 24 h timepoint (images
at 24 h are shown in Figure 5A and quantification provided in Figure 5B,C). While COX2-I could
inhibit miR655-conditioned media induced tube formation and branching formation, the addition of
either EP4A or WM resulted in complete inhibition tube formation of HUVECs as early as 2 h, and we
observed the same trend in all other time points compared with the vehicle. Quantitative data are
presented for 2 h, 12 h, and 24 h (Figure 5B,C), and images are presented only at 24 h (Figure 5A).
Images captured at other time points are provided in Figure S6.
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2.5. Expression of miR526b and miR655 in Human Breast Tumour Tissue Correlated with Angiogenesis and
Lymphangiogenesis Markers

We investigated miRNA expression in situ with human breast tumour tissue retrieved from
Ontario Institute of Cancer Research (OICR) Tumour Bank to examine the relationship of miR526b and
miR655 expression with expression of angiogenesis and lymphangiogenesis markers. We used 105
tumour tissue samples and 20 non-cancerous tissues. Demographic data of the sample are provided
in Table 1 and a description of the sample has been published previously [8,10,11,21]. The majority
of the tumor samples used in this study were ER and PR positive and HER-2 negative; with only
10 triple negative breast cancer samples. Moreover, this set has no stage IV tumor and only a few
stage I tumor samples. Taqman gene expression (quantitative real time polymerase chain reaction;
qRT-PCR) analysis was performed on cDNA produced from each sample and the relative fold change
of mRNA was measured to compare control and tumour tissues. We found that the tumour samples
illustrated higher expression of VEGFA (29.2 fold) than the control group (Figure 6A). The expression
of both miR526b and miR655 in this sample set was quantified and published earlier [10,11]. Here, we
evaluated the correlation between miRNA expression and VEGFA expression in tumour samples. Both
miRNAs show a positive correlation with VEGFA, with miR526b having a correlation coefficient of
R = 0.338 (p < 0.001) (Figure 6B), and miR655 having a correlation coefficient of R = 0.425 (p < 0.0001)
(Figure 6C). Therefore, in both cases, VEGFA expression increases as miRNA expression increased.
We previously reported the expression of angiogenesis marker CD31 in this same sample set [21].
Here, we show that the expression of both miR526b and miR655 was significantly correlated with
CD31 expression, showing a positive correlation of R = 0.463 (p < 0.0001) for miR655 (Figure 6D) and
R = 0.526 (p < 0.0001) for miR526b (Figure 6E).

Table 1. Demography, tobacco exposures, tumour grade, and hormone status of the control and tumor
samples used in this study. Patient demography of human tissue biopsy samples illustrated. Samples
were age matched; majority of the sample members are female. Also, alcohol consumption, tobacco
exposure, and hormone receptor status were quantified, none was significantly different. Sample
description has been published previously [8–10,21].

Subjects Control n = 20 (%) Cancer n = 105 (%)

Sex
Male 0 3 (2.8)

Female 20 (100) 102 (97.2)

Age Distribution (years) Range 52–87 27–92

Age (years) Mean ± SD 66 ± 11 64 ± 12

Smoking Habit
Smokers 1 (5) 3 (2.8)

Pack Year (PY) 40 56 ± 11

Alcohol Consumption
Social/Occasional Drinker 5 (25) 29 (27.62)

Regular Drinker 0 3 (2.8)

Estrogen Receptor (ER) Status
Positive 80 (76)

Negative 19(18)

Progesteron Receptor Status (PR) Status
Positive 66 (62.9)

Negative 33 (31)

Human epidermal growth factor
receptor 2 (HER2) Status

Positive 21 (20)

Negative 68 (64.8)

ER, PR, HER2 (Triple) Negative Negative 10 (9.5)
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tumor samples used in this study. Patient demography of human tissue biopsy samples illustrated. 

Figure 6. miR526b and miR655 expression is positively correlated with angiogenesis and vascular
markers in human breast tumours. (A) qRT-PCR analysis of angiogenesis marker VEGFA mRNA
expression in control (adjacent non-tumour) and tumoural tissues. Data are represented as mean ± SD.
(**) indicates significant differences (p < 0.01). (B,C) miR526b and miR655 expression is positively
correlated with VEGFA in primary breast cancer samples; Pearson’s coefficient indicates positive, but
moderate correlations. (D,E) miR526b and miR655 expression level is positively correlated with CD31
in primary breast cancer samples. Pearson’s coefficient suggests moderate correlation between the
two variables.

We have previously measured lymphangiogenesis markers VEGFC and LYVE-1 expression in
these tumour samples [21]. For the first time here, we report that VEGFD expression is significantly
high in tumour samples compared with control tissue (Figure 7A). Expression of miR526b and miR655
in human tumour tissue was significantly correlated with lymphangiogenesis markers VEGFC, VEGFD,
and LYVE-1 (Figure 7). Specifically, miR526b and miR655 were very significantly correlated with
VEGFD. Not only did VEGFD show significantly higher expression in tumour samples (Figure 7A),
a strong positive correlation of R = 0.7652 (p < 0.00001) with miR526b (Figure 7B) and R = 0.933
(p < 0.00001) with miR655 (Figure 7C) is observed. Furthermore, miR526b had a positive correlation
coefficient of R = 0.5286 (p < 0.00001) with VEGFC (Figure 7D), and miR655 had a coefficient of
R = 0.6053 (p < 0.00001) with VEGFC (Figure 7E). Expression of LYVE-1 was also positively correlated
with both miRNAs, showing a positive correlation coefficient (R = 0.5256, p < 0.00001) for miR526b in
Figure 7F as well as for miR655 (Figure 7G) (R = 0.3437, p = 0.001279).
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of individual receptor. 

Tumour Grade and High miRNA Expression in Cancer Samples 
Tumour Grade n (%) miR-526b High n (%) miR-655 High n (%) 

I (low-well differentiated) 7 (6.7) 0 2 (28.5) 
II (intermediate-moderately differentiated) 26 (24.76) 2 (7.69) 7 (26.9) 

III (high-poorly differentiated) 63 (60) 5 (7.94) 13 (20.6) 
X (Unknown) 9 (8.57) 0 2 (28.6) 
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ER Status 
Positive 40 (38.1) 6 (15) 10 (25) 
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Figure 7. miR526b and miR655 expression is positively correlated with lymphangiogenesis markers
in human breast tumours. (A) qRT-PCR analysis of VEGFD mRNA expression in control (adjacent
non-tumour) and tumoural tissues. Data are represented as a mean ± SD. (*) indicates significant
differences (p < 0.05). (B,C) miR526b and miR655 expression is positively correlated with the VEGFD
in primary breast cancer samples; Pearson’s coefficient indicates a very strong positive correlation.
(D,E) miR526b and miR655 expression level is positively correlated with another lymphangiogenesis
marker VEGFC in primary breast cancer samples. Pearson’s coefficient suggests a positive correlation
between the two variables. (F,G) Finally, LYVE1 mRNA expression is positively correlated with miR526b
and miR655 expression in tumour samples. Pearson’s coefficient suggests a moderate correlation
between the two variables.

Further, we investigated if there is any difference in the distribution of high miRNA expression
across hormone status (Table 2). We subdivided miRNA expression according to low (+∆Ct value) and
very high miRNA expression (−∆Ct value) in various tumor stages and different hormone receptor
status. Both miRNA high samples were higher in proportion in ER and PR positive and HER2 negative
samples; however, none of these distributions were statistically significant.
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Table 2. Percentage of samples that show higher expression of the two miRNAs (negative delta Ct
values) in various stages of tumour and hormonal receptors status. We conducted a Z score analysis by
comparing proportions. The analysis shows the proportion of miR526b high expression samples were
more in tumor grade II and III; however, this was not significant. For miR655, there was no difference
in the distribution of high expression across tumor grades recorded. A higher proportion of samples
showing high miR526b and miR655 expression can be seen in ER positive samples; however, the
difference is not statistically significant, although larger sample size may increase significance. Other
receptor status also shows no significant difference between presence or absence of individual receptor.

Tumour Grade and High miRNA Expression in Cancer Samples

Tumour Grade n (%) miR-526b High n (%) miR-655 High n (%)

I (low-well differentiated) 7 (6.7) 0 2 (28.5)

II (intermediate-moderately differentiated) 26 (24.76) 2 (7.69) 7 (26.9)

III (high-poorly differentiated) 63 (60) 5 (7.94) 13 (20.6)

X (Unknown) 9 (8.57) 0 2 (28.6)

Tumour Receptor Status and High miRNA Expression in Cancer Samples

Receptor Status of Cancer Samples n (%) miR-526b High n (%) miR-655 High n (%)

ER Status
Positive 40 (38.1) 6 (15) 10 (25)

Negative 20 (19) 0 4 (20)

PR Status
Positive 33 (31.4) 3 (9.1) 8 (24.2)

Negative 33 (31.4) 2 (6.1) 7 (21.2)

HER2 Status
Positive 22 (21) 2 (9.1) 8 (36.4)

Negative 68 (64.8) 4 (5.9) 13 (19.1)

ER,PR, HER2 (Triple) Negative Negative 10 (9.5) 0 0

3. Discussion

In this study, the role of miR526b and miR655 in breast tumour-associated angiogenesis and
lymphangiogenesis was investigated. The roles of specific miRNA in tumor-associated angiogenesis
and lymphangiogenesis have been well highlighted. In a study by Cascico et al., oncogenic miR-20b
was shown to be involved in the regulation of VEGF in breast cancer cells by targeting HIF-1α [22],
while the role of miR-10b as an angiogenic regulator was validated in a study by Liu et al. [23].
Expression of VEGFs has been found to be associated with other miRNAs involved in the regulation of
angiogenesis and lymphangiogenesis, such as miR-182 [24] and miR-20a [25], which were both found
to cause an upregulation of VEGFA; in contrast, another study has highlighted the role of miR-128 as a
tumour suppressor miRNA, which results in the reduction of both VEGFA and VEGFC expression [26].
Further, other studies have shown that down regulation of tumour suppressive miR-126 [27] and
miR-128 [26] results in the promotion of tumour-associated lymphangiogenesis, which was assessed
by the subsequent reduction of a lymphangiogenic marker LYVE1. Therefore, miRNA can directly or
indirectly regulate both angiogenesis and lymphangiogenesis by regulating expression of angiogenesis
and lymphangiogenesis markers.

We have previously shown that COX-2 overexpression in ER-positive MCF7 breast cancer cells
significantly increased expression of miR526b and miR655 [10,11]. Interestingly, overexpression of
these two miRNAs in poorly metastatic and ER positive MCF7 cells promotes aggressive breast cancer
phenotypes [10,11]. Recently, a common target of both miRNAs CPEB2 has been validated as a tumor
suppressor gene in breast cancer [12]. However, there was no direct report on these two miRNAs and
their roles in breast cancer-associated angiogenesis and lymphangiogenesis. miR526b and miR655 can
upregulate COX-2 expression via the NFKB pathway [10,11]. It is very well known that COX-2 induces
angiogenesis and lymphangiogenesis through production of VEGFC and VEGFD, and upregulation
of PI3K/Akt signalling and COX-2 overexpression can also induce LYVE-1 over expression in mouse
breast tumours [28,29]. We have previously shown low expression of miR526b and miR655 in ER

16



Cancers 2019, 11, 938

receptor positive cell lines MCF7 and T47D, and that these miRNA have the highest expression in
triple negative breast cancer cells MDAMB231, MCF7-COX2, and Hs578T, with a relative correlation of
miRNA expression with COX-2 expression [11]. Thus, we chose to overexpress miR526b and miR655
in an ER positive, poorly metastatic breast cancer cell MCF7 to investigate miRNA gain of functions.

In this study, we show that miR526b and miR655 overexpression results in significant upregulation
of angiogenesis and lymphangiogenesis markers, specifically, VEGFA, VEGFC, VEGFD, COX-2, and
LYVE-1. Furthermore, the expression of angiogenesis and lymphangiogenesis receptors in miRNA
high cells was measured to test the autocrine regulation of miRNA in tumor associated angiogenesis.
Although VEGFR1 and VEGFR2 receptors are primarily expressed on endothelial cells, previous
studies have reported VEGFR expression in breast cancer cells, establishing the involvement of a
VEGF–VEGFR autocrine loop [30]. VEGFR1 expression in breast cancer cells might promote tumour
growth and metastasis, and has been established as an unfavourable indicator of progression in breast
cancer patients [31]. Moreover, a VEGFR2 autocrine signalling loop has been established in breast
cancer cell lines, and has been shown to activate MAP kinase pathways [32]. Here, we show that
miR526b and miR655 overexpression in MCF7 cell line results in an extremely significant upregulation
of VEGFR1 expression at the mRNA level. VEGFR2 expression was also found to be marginally
upregulated at the mRNA level in MCF7-miR526b and MCF7-miR655. These results suggest that the
upregulation of VEGFA, VEGFC, and VEGFD in MCF7-miR526b and MCF7-miR655 results in the
production and release of these ligands into the tumour microenvironment, which may feed into an
autocrine loop on breast cancer cells to activate VEGFR1 and VEGFR2 expression. Furthermore, it
has been previously shown that high expression of COX-2, and thus overproduction of PGE2, leads
to overexpression of miR526b and miR655 in breast cancer [10,11]. Production of PGE2 by COX-2
results in upregulation of PGE2 receptors EPs. Specifically, binding of PGE2 to receptor EP4 stimulates
non-canonical pathways PI3K/Akt and ERK [6], and is associated with tumour-associated angiogenesis
and lymphangiogenesis [6,7,14,33,34]. Here, expression of EP4 receptor was found to be significantly
upregulated in MCF7-miR526b and MCF7-miR655 cells, suggesting that PGE2 released into the tumour
microenvironment is involved in autocrine signalling through EP4 receptor on breast cancer cells.

In this study, we also tested the paracrine potential of miR526b and miR655. Other reports have
demonstrated the effects of miRNA-overexpressing cell lines and their involvement with angiogenesis
in vitro through secretions of stimulatory proteins or by co-culture with endothelial cells such as
miR-155 [35], miR-494 [36], and miR-182 [24], which were all established to promote endothelial
tube formation and migration. Similarly, we investigated the paracrine potential of MCF7-miR526b
and MCF7-miR655 cell line secretions and tested the effects on HUVEC cell tube formation and
migration potential. Here, we observed that the conditioned media collected from miR526b and
miR655 overexpressing breast cancer cell lines stimulates both tube formation and migration of
endothelial cells. Moreover, we found VEGFR1 and VEGFR2 to be upregulated in HUVEC cells
following treatment with miRNA overexpressing cell conditioned media, and that expression of EP4
receptor was found to be upregulated in HUVECs treated with miRNA high cell line conditioned
media. Because EP4 is a main receptor that regulates COX-2/PGE2 induced functions [8,10,11,28,29,34],
this led us to further investigate the involvement of this EP4 signalling pathway in miRNA induced
angiogenesis and lymphangiogenesis. To test EP4 signalling mechanisms, we used a specific COX-2I,
EP4A or PI3K/Akt inhibitor along with miRNA overexpressing cell conditioned media. EP4A could
significantly abrogate HUVECs’ migration and tube formation, however, the PI3K/Akt inhibitor
completely blocked these phenotypes, suggesting that miR526b and miR655 induce angiogenesis and
lymphangiogenesis via EP4/PI3K/Akt pathways. Thus, miR526b and miR655 regulate angiogenesis
through the production of VEGFs and their subsequent release into the tumour microenvironment for
both paracrine and autocrine signalling.

To further investigate the translational involvement of miR526b and miR655 in tumour
associated angiogenesis and lymphangiogenesis, we examined the expression of angiogenesis and
lymphangiogenesis markers in situ. The majority of the tumor samples used in this study are ER
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and PR positive and HER2 negative, with only a few triple negative breast cancer samples. We have
previously shown that in this set of human tumour samples both miR526b and miR655 expression is
high [10,11]. We found proportionately more samples with high miRNA expression in the ER positive
samples, but the distribution was not statistically significantly, which could be because of the fact that
we have only a few sample with very high expression. We have also previously shown expression of
CD31, VEGFC, and LYVE1 to be high in this tumour set [21]. Here, we show that in malignant breast
samples, expression of VEGFA and VEGFD is significantly high compared with the disease-free control
samples. Moreover, we show that expression of both miR526b and miR655 is positively correlated with
expression of angiogenesis (CD31 and VEGFA) and lymphangiogenesis markers (VEGFC, VEGFD, and
LYVE1) in human breast cancer tissue. We found the strongest correlation of miRNA expression with
VEGFD expression in tumor samples, which confirms our cell line findings of high expression of VEGFD
in miRNA high cell lines. This observation is also supported by other studies showing a correlation of
miRNA with angiogenic markers, including the positive correlation of miR-20a expression in breast
tumour tissue with VEGFA expression [25]. Further, a study by He et al. found that tumour suppressive
miR-186 was negatively correlated with expression of VEGFC in tumour tissue collected from bladder
cancer patients [37].

The exact mechanisms by which miR526b and miR655 stimulate angiogenesis and
lymphangiogenesis remain unknown. However, we have shown that COX-2 overexpression results in
overexpression of both miR526b and miR655, and further results in overproduction of inflammatory
PGE2. We have also shown that miRNA overexpression induces COX-2 expression via NFKB
pathway [10,11]. Therefore, miRNA overexpressing cell lines are high in both production of COX-2 and
secretions of PGE2. Furthermore, with bioinformatics analysis, we have previously reported that PTEN
(phosphatase and tensin homolog) is a target of both miR526b and miR655 [10]. Here, we validated
that PTEN is indeed a direct target of miR526b and miR655, as it is significantly down regulated in
both MCF7-miR526b and MCF7-miR655 cell lines compared with MCF7 (Figure 8A). PTEN is also a
known target of other established miRNAs, such as miR-494, which has been reported by Mao et al.
to target PTEN in response to hypoxic conditions to promote angiogenesis and tumour growth in
non-small lung cancer [36]. PTEN acts as a tumour suppressor gene both by inhibiting the PI3K/Akt
pathway, and by acting as a negative regulator of HIF-1α (hypoxia-inducible factor-1) [38,39]. In turn,
HIF-1α is a transcription factor known to promote the transcription of many angiogenesis-associated
genes, including VEGFs [40]. Although we did not measure HIF-1α expression in our samples, we
speculate that both miR526b and miR655 target this pathway, resulting in VEGF secretions into the
tumour microenvironment, thus facilitating tumour-associated angiogenesis and lymphangiogenesis.
The proposed pathway is presented in Figure 8B. A similar report in triple negative breast cancer
was shown, in which PTEN downregulation resulting in cell proliferation via the PI3K pathway was
shown [41].

Here, we established the roles of miR526b and miR655 as promoter and regulator of breast
cancer angiogenesis and lymphangiogenesis using an ER positive breast cancer cell model MCF7 and
showed that miRNA expression is high in ER positive breast cancer samples and highly correlated
with angiogenesis and lymphangiogenesis markers in breast cancer. Further investigation into the
roles of these miRNAs in the triple negative breast cancer model and incorporation of more tumor
samples of various hormonal receptor status and tumor stages would give greater insight into the
mechanisms of these miRNA across differential subtypes of breast cancer.
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Figure 8. (A) miR526b and miR655 overexpressing cells showing significant down regulation of
tumour suppressor gene phosphatase and tensin homolog (PTEN) mRNA expression. Data are represented
as mean ± SD.; * (p < 0.05). (B) The proposed pathway of tumour associated angiogenesis and
lymphangiogenesis promotion by miR655 and miR526b. miRNA over expressing cells are high
in COX-2 expression, resulting in production of PGE2 and its subsequent release into the tumour
microenvironment. PGE2 can signal through EP4 in both an autocrine and paracrine fashion. Signalling
through EP4 on tumour cells stimulates ERK and PI3k/Akt signalling pathways, resulting in the
upregulation of miR526b and miR655. Subsequently, miR526b and miR655 target tumour suppressor
gene PTEN. Thus, the inhibitory effect of PTEN on hypoxia-inducible factor-1 (HIF-1a), as well as the
PI3K/Akt pathway, is prevented by upregulation of these miRNAs. Without regulation, transcription
factor HIF-1a promotes VEGFA, C, D transcription, and thus an overproduction of VEGFs and their
subsequent release into the tumour microenvironment for both autocrine and paracrine signalling.
VEGF molecules will bind to various VEGF receptor (VEGFR1, VEGFR2) molecules present on
vascular endothelial cells (VECs) and lymphatic endothelial cells (LECs) to promote angiogenesis and
lymphangiogenesis, respectively. In the absence PTEN’s regulation on PI3k/Akt pathway within the
tumour cell, growth and proliferation is promoted.

4. Materials and Methods

4.1. Ethics Statements

Brandon University Research Ethics Committee approves this study (#21986, 21 April 2017).
The human tissues used in this project were obtained by Dr. Peeyush K Lala at the University of
Western Ontario (UWO) from the Ontario Institute for Cancer Research (OICR) repository (created on
the basis of donor consent) following approval of human ethics by the Ethics Review Board of the
OICR and UWO. Total RNA and miRNA were extracted using Qiagen (Qiagen, Toronto, ON, Canada)
RNA and miRNA extraction kits followed by cDNA synthesis at UWO, and a portion of cDNA of
all samples were transferred to Dr. Mousumi Majumder at Brandon University following a material
transfer agreement.
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4.2. Cell Culture

Human breast cancer cell line MCF7 was purchased from American Type Culture Collection (ATCC,
Rockville, MD, USA). Stable miRNA overexpressing MCF7-miR526b and MCF7-miR655 cell lines were
established as previously described [9,10]. MCF7, MCF7-miR526b, and MCF7-miR655 cells were all
grown in minimal essential medium (MEM) (Life Technologies, Thermofisher, Ottawa, ON, Canada)
supplemented with 10% fetal bovine serum (FBS) and 1% Penstrep. Furthermore, MCF7-miR526b and
MCF7-miR655 cell lines were sustained with Geneticin (Life Technologies Thermofisher, Ottawa, ON,
Canada) at 200 ng/mL.

HUVECs were purchased from Life Technologies and grown in Medium 200 (GIBCO, ON)
supplemented with low serum growth supplement (LSGS) kit (GIBCO, Toronto, ON, Canada) containing
2% FBS, hydrocortisone (1 µg/mL), human epidermal growth factor (10 ng/mL), basic fibroblast growth
factor (3 ng/mL), and heparin (10 µg/mL). All cell lines were maintained in a humidified incubator at
37 ◦C with 5% CO2.

4.3. Collection of Conditioned Media

MCF7, MCF7-miR526b, and MCF7-miR655 cell lines were grown in complete serum supplemented
media until 90% confluent. Cells were then washed with 1X phosphate buffered saline (PBS) to remove
any trace of serum. The cells were then starved with basal MEM (serum-free) for 12 h prior to collection
of media. Cell free supernatant was then collected for HUVEC functional assays.

4.4. Drugs and Chemicals

NS398 (COX-2 inhibitor) was purchased from Cayman Chemical (Ann Arbor, MI, USA).
ONO-AE3-208 (selective EP4 antagonist, EP4A) was a gift from ONO Pharmaceuticals, Osaka,
Japan. Wortmannin (WM), an irreversible PI3K inhibitor purchased from Sigma-Aldrich (Saint Louis,
MO, USA), Dr. Lala generously shared 1 mM of each drug with us. For all treatments in vitro, DMSO
(vehicle) served as the control.

4.5. Tube Formation Assay

The assay was carried out as previously described [21,34], using a 24-well plate. HUVECs were
resuspended in either non-supplemented, serum free Medium 200 to serve as a negative control;
MCF7 conditioned media, MCF7-miR526b conditioned media, or MCF7-miR655 conditioned media
as experimental conditions; or complete serum supplemented Medium 200 to serve as the positive
control. Each condition was tested in triplicate (experimental replicates) and repeated three times
(biological replicates). HUVECs with each condition were then seeded on a growth factor reduced
Matrigel (BD Biosciences, Mississauga, ON, Canada) coated 24-well plate. Matrigel was prepared
using a 1:2 ratio with one part Matrigel and two parts un-supplemented Medium 200. Tube formation
was examined at different time intervals, and images were obtained with a Nikon inverted microscope.
Quantification of tubes and branching points was carried out using NIH Image J software (Version 64,
NIH, Bethesda, MD, USA). To test the involvement of COX-2, EP4 receptor, and the PI3K/Akt pathway,
tube formation assay was repeated with cancer cell conditioned media along with 20 µM NS398 or
50 µM ONO-AE3-208. To confirm the involvement of the PI3K/Akt signalling pathway, we also used
10 µM WM, an irreversible P13K/Akt inhibitor.

4.6. HUVEC Migration Assay

HUVECs were grown in LSGS supplemented Medium 200 in a T75 flask, then harvested and
re-suspended in supplemented Medium 200, after which 300 µL of harvested cells was added in a
24-well attachment plate and maintained until 90% confluency. The surface of each well was scratched
with a 2 µL sterile micropipette tip and cells were washed with PBS. Each condition was then applied
to the wells. Basal Medium 200 served as the negative control, and serum supplemented Medium
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200 acted as the positive control. MCF7, MCF7-miR526b, and MCF7-miR655 conditioned media were
the experimental conditions. A total of 300 µL of the respective condition was added per well. To
test the involvement of the EP4 and the PI3K/Akt signalling pathway, 300 µL of cell-free conditioned
media from MCF7-miR526b or MCF7-miR655 was added to the wells. In another set of experiments
along with cancer cell conditioned media, additionally either 20 µM NS398, 50 µM ONO-AE3-208, or
10 µM WM was added, and DMSO served as a control to test the involvement of COX-2, EP4, and the
PI3K/Akt signalling pathway in cell migration. The progress of HUVEC migration and photos of the
scratch wound size were captured using an inverted microscope at differing time intervals, and NIH
ImageJ software was used to measure the width of the wound in pixels.

4.7. Quantitative Real-Time PCR (qRT-PCR)

Total RNA was extracted from MCF7, MCF7-miR526b, and MCF7-miR655 cell lines using
miRNeasy Mini Kit (Qiagen, Toronto, ON, Canada) and reverse transcribed using the TaqMan
microRNA and mRNA cDNA Reverse Transcription Kit (Applied Biosystems, Waltham, MA, USA).
The TaqMan MiRNA or gene expression assays was used for quantitative PCR. Two control markers,
Beta-actin (Hs01060665_g1) and RPL5 (Hs03044958_g1) expression was quantified using RT-PCR and
used to normalize the expression of the following angiogenesis and lymphangiogenesis markers using
relative analysis: VEGFA (Hs00900055_m1), VEGFC (Hs01099203_m1), FIGF (Hs01128659_m1), PTGS2
(Hs00153133_m1), LYVE1 (Hs00272659_m1), CD31 (Hs01065279_m1), and PTGER4 (Hs00168761_m1).
Moreover, expression of tumour suppressor gene PTEN (Hs0082981_s1) was examined. Gene expression
was measured using delta CT values to obtain the fold change, as described earlier [42].

For quantification of receptor expression on HUVECs, HUVECs were grown in a 6-well plate until
confluent. HUVECs were then treated with MCF7, MCF7-miR526b, or MCF7-miR655 conditioned
media for 12 h. HUVECs were then trypsinized and collected for RNA extraction and cDNA synthesis.
Quantitative qPCR was carried out with FLT1 (Hs01052961_m1) (VEGFR1), KDR (Hs00964383_g1)
(VEGFR2), and PTGER4 (Hs00911700) (EP4) as described above. We also measured VEGFR1, VEGFR2,
and EP4 in MCF7, MCF7-miR526b, and MCF7-miR655 cell lines.

4.8. Western Blot

Cancer cells were treated with M-PER®Mammalian Protein Extraction Reagent (Thermo Scientific,
Rockford, IL, USA), HALT Protease Inhibitor Cocktail (Thermo Scientific), and Phosphatase Inhibitor
Cocktail (Thermo Scientific) to extract total protein. A total of 15–20 µg of total protein were
electrophoresed per well on a SDS-polyacrylamide gel; transferred onto Immobilon-FL PVDF
membranes (Millipore, Billerica, MA, USA); and further incubated with the following primary
antibodies: VEGFA (sc-507), VEGFC (sc-1881), VEGFD (sc-13085), LYVE1 (sc-28190), and COX-2
(sc-1747), using antibodies (1:500 dilutions) from Santa Cruz Biotechnology (Santa Cruz Biotechnology,
Santa Cruz, CA, USA). Monoclonal GAPDH antibody (MAB374) was from Millipore, Billerica, MA,
USA. After blocking with primary antibodies, overnight blots were probed with a mixture of IRDye
polyclonal secondary antibodies (LI-COR Biosciences, Lincoln, NE, USA). Images were read with an
Odyssey infrared imaging system (LI-COR Biosciences).

4.9. Human Breast Cancer Tissue Samples

Frozen human breast tumour (n = 105) and control (n = 20) tissue samples were obtained previously
from the Ontario Tumour Bank with the demographic description shown in Table 1. Qiagen miRNeasy
mini kit was used to extract mRNA or miRNA from tissue samples, followed by cDNA synthesis using
cDNA Reverse Transcription Kit (Life Technologies, Applied Biosystems, cat # 4368814, ON, Canada) To
examine the potential correlations between miRNA and lymphangiogenesis or angiogenesis markers,
tissue sample cDNA was screened using qRT-PCR. Expression of miR526b (Hs03304873_pri) and
miR655 (Hs03296227_pri); angiogenesis markers VEGFA (Hs00900055_m1) and CD31 (Hs01065279_m1);
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and lymphangiogenesis markers LYVE1 (Hs00272659_m1), VEGFC (Hs01099203_m1), and VEGFD
(Hs01128659_m1) were all examined.

4.10. Statistical Analysis

Statistical calculations were performed using GraphPad Prism software version 5 (GraphPad
Software, San Diego, CA, USA). All parametric data were analyzed with one-way analysis of variance
(ANOVA) followed by Tukey–Kramer or Dunnett post-hoc comparisons. Student’s t-test was used
when comparing two datasets and Pearson’s coefficient was employed to assess statistical correlations.
We used Z-score to compare the proportion of miRNA high expression in various tumor grades and
ER, PR, and HER2 status positive and negative samples in the tumors. Statistically relevant differences
between means were accepted at p < 0.05.

5. Conclusions

The roles of angiogenesis and lymphangiogenesis in breast cancer tumour growth and metastasis
have been well established. Breast cancer metastasis requires that primary tumour cells possess the
ability to enter the blood or lymph vessels and travel to secondary sites [43]. This is greatly facilitated
by angiogenesis and lymphangiogenesis [44,45]. Overall, our study establishes the involvement
of microRNA (miR526b and miR655) in tumour-associated angiogenesis and lymphangiogenesis,
specifically in ER positive breast cancer. These findings further establish the involvement of these
miRNAs in breast cancer metastasis and their potential as future breast cancer biomarkers. Our study
also validates the involvement of PGE2 signalling through EP4 receptor, and the subsequent PI3K/Akt
pathways in these processes, further validating the use of EP4 receptor antagonists as a potential
therapeutic target in COX2-high breast cancer patients.

Supplementary Materials: The following are available online at http://www.mdpi.com/2072-6694/11/7/938/s1,
Figure S1: Western blot analysis of VEGFs in cancer cell lines, Figure S2: Western blot analysis of COX-2 and
LYVE1 in cancer cell lines, Figure S3: MCF7-miR526b and MCF7-miR655 conditioned media promotes cellular
migration of HUVECs, Figure S4: Secretions collected from miR526b and miR655 overexpressing cells results
in an increase of tube formation of HUVECs, Figure S5: HUVEC migration assays. Figure S6: HUVEC tube
formation assays.
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Abstract: Bladder cancer (BC) is still characterized by a very high death rate in patients with this
disease. One of the reasons for this is the lack of adequate markers which could help determine
the biological potential of the tumor to develop into its invasive stage. It has been found that
some microRNAs (miRNAs) correlate with disease progression. The purpose of this study was to
identify which miRNAs can accurately predict the presence of BC and can differentiate low grade
(LG) tumors from high grade (HG) tumors. The study included 55 patients with diagnosed bladder
cancer and 30 persons belonging to the control group. The expression of seven selected miRNAs
was estimated with the real-time PCR technique according to miR-103-5p (for the normalization of
the results). Receiver operating characteristics (ROC) curves and the area under the curve (AUC)
were used to evaluate the feasibility of using selected markers as biomarkers for detecting BC and
discriminating non-muscle invasive BC (NMIBC) from muscle invasive BC (MIBC). For HG tumors,
the relevant classifiers are miR-205-5p and miR-20a-5p, whereas miR-205-5p and miR-182-5p are for
LG (AUC = 0.964 and AUC = 0.992, respectively). NMIBC patients with LG disease are characterized
by significantly higher miR-130b-3p expression values compared to patients in HG tumors.

Keywords: Bladder cancer; microRNA; genetic marker; progression

1. Introduction

Bladder cancer (BC) is characterized by the high rate of non-muscle invasive BC (NMIBC) at the
moment of diagnosis (75–80%) [1,2]. Transitional cell carcinoma (TCC) constitutes the majority of
the urothelial carcinoma of the bladder. There are two described alternative molecular pathways of
developing BC, characterized by different genetic changes and different biological potentials. The first
alternative includes changes of papillary and an always non-invasive character, while the other
alternative can be either papillary or non-papillary and is often invasive (into the lamina propria—T1
stage; or muscularis propria—T2 stage) [3,4]. Patients suffering from muscle invasive BC (MIBC) at
the moment of the initial diagnosis are treated with radical cystectomy (RC). This is not the optimal
solution, as patients’ quality of life after RC is low and a high rate of relapse and death has been
observed within a short period of time after operation [5,6]. As far as patients with NMIBC are
concerned, it is impossible to predict which of them will have disease progression. In consequence,
they undergo systematic cystoscopy examinations aimed at assessing the disease development stage.
This also decreases patients’ quality of life (time in hospital, stress, uncertainty connected with another
examination) and generates enormous costs for the health care [7].
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MicroRNAs (miRNAs) are known to be dysregulated in bladder cancer (BC) and implicated in
the pathogenesis of the development of bladder tumors mostly via their influence on genes involved
in two molecular pathways, specifically the gene which codes fibroblast growth factor receptor 3
(FGFR3) and the gene which codes tumor protein 53 (TP53). Numerous miRNA studies have identified
histological grade and stage (pT) classification-dependent miRNA expression and have proven the
existence of miRNAs alterations related to the two divergent pathways found in the development of
NMIBC and MIBC [8,9]. Only a few studies have analyzed miRNA as a prognostic and predictive
biomarker [10–12]. Each miRNA can have multiple targets, and changes in their expression profile
could have a magnified effect on cellular phenotype. The previously published studies emphasize the
possible prognostic potential of some miRNAs to predict progression and disease specific or overall
survival in BC patients. Unfortunately, none of these miRNAs are used in routine practice. This in
the result of quite a few factors: Using different platforms for assessing marker expressions, using
various biological samples (tissue or cell lines) secured in different ways (paraffin, RNAlater, freezing),
and using various normalization methods and reference genes [13]. Some analyses are based on
relative expression and others are based on absolute expression. Finally, these factors also include the
lack of a control group. That is why we decided to evaluate the expression of selected miRNAs in
an adequately selected group of both NMIBC and MIBC patients characterized by the high rate of
observed progression.

In tumors, downregulated miRNAs are considered to be tumor suppressor candidates, whereas
miRNAs with increased expression may play a promotional role in cancer progression. Potential BC
suppressors include miR-100, miR-99a, miR-202, and miR-30a. Some miRNAs, including miR-145-5p
(locus on chromosome 5), miR-195, and miR-199a-5p have been shown to inhibit the proliferation of or
induce the apoptosis of BC cells [14]. MiR-145-5p appears to play a key role as a tumor suppressor by
targeting N-cadherin and its downstream effector matrix metalloproteinase-9 (MMP9), and it is the most
frequently reported downregulated miRNA in BC. MiR-205-5p (locus on chromosome 1), miR-182-5p
(locus on chromosome 7), mir-130b-3p (locus on chromosome 22), miR-10a-5p and miR-21-5p (loci on
chromosome 17), and miR-20a-5p (locus on chromosome 13) are mainly overexpressed in BC tissue.
They promote proliferation, migration, and invasion, and they inhibit BC cells apoptosis. The potential
target/regulator for miR-130b-3p and miR-205-5p is the PTEN gene (phosphatase and tensin homolog);
for miR-182-5p, it is the SMAD4 gene (drosophila protein, mothers against decapentaplegic homolog 4);
and for miR-10a-5p, it is the FGFR3 gene [15]. miR-21-5p overexpression is related to TP53 inactivation,
invasion, and tumor progression. It has been seen to be simultaneously upregulated in the tissue,
plasma and urinary exosomes of BC patients, but its role needs further elucidation. However, there are
still conflicting results regarding the function of miRNAs in publications, so, for our analysis, we chose
a panel of the best described miRNAs for BC and the miRNAs connected with genes or chromosomes
whose genetic alterations are well documented in pathogenesis BC [14,15].

2. Materials and Methods

The tested group consisted of tumor tissue samples stored in the tissue bank in the Clinical Genetics
Department, the Chair of Clinical and Laboratory Genetics, Medical University of Lodz. The tumor
tissues were obtained during the TURBT (transurethral resection of bladder tumor) examination at
the Urology Ward of the University Clinical Hospital Military Memorial Medical Academy in Lodz.
Official permission to conduct the tests was granted by the Bioethics Advisory Commission at Lodz
Medical University, No. RNN/62/15/ KE/M, and the patients signed consent forms. The tumors
selected for RNA isolation were submerged in an RNA later solution (Sigma) and stored at −20 ◦C
before isolation time. The tests were carried out on a group of 55 patients with diagnosed bladder
cancer. The clinical and pathological characteristics of the cohorts are summarized in Table 1 and
Supplemental Table S1. All the tumors were of urothelial origin. Only samples with more than 60%
tumor content were included in the study. The age range was 44–88 with an average age of 72.8.
The majority of the patients were male (45/55–81.7%). Nineteen patients (34.55%) in the group suffered
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from non-invasive bladder cancer in stage Ta, and 18 patients (32.75%) were in stage T1. The remaining
18 patients (32.75%) were diagnosed with invasive bladder cancer in stage T2. Tumor stage was
determined according to the 2002 UICC TNM classification, and histological grading was assessed in
accordance with the World Health Organization/International Society of Urological Pathology criteria
of 2004 [16,17]. A progressive disease was defined as a disease that had progressed to stage T2 or
higher, the development of nodal or distant metastases, or death. The control group consisted of
30 patients admitted to the urology ward. They underwent control cystoscopy aimed at confirming or
excluding tumor changes in the bladder. The examination did not reveal any tumor changes.

A MirVana™miRNA Isolation Kit (Life Technologies, Cat No. 1560, Foster City, CA, USA) was
used to isolate microRNA from the frozen tumor tissues. The whole procedure was carried out in
accordance with the instructions of the producers. Briefly: 1 mL of Lysis/Binding buffer was added to
each sample (1 mL per 0.1 g of tissue) and homogenized. After that, 100 µL of miRNA Homogenate
Additive was added to sample and incubated for 10 min on ice. Next, 1100µL of acid-phenol:chloroform
was mixed with the sample and centrifuged (5 min at 10,000× g). The aqueous phase was transferred
to a fresh tube and vortexed with 200 µL of 100% ethanol. A lysate/ethanol mixture was pipetted
onto the filter cartridge and centrifuged (15 seconds at 10,000× g). The filtrate was collected, and
the step was repeated. After that, 400 µL of 100% ethanol was added to the filtrate, pipetted onto
new filter cartridge, and centrifuged in the same condition. Two washing steps were conducted:
(1) 700 µL of miRNA Wash Solution 1 was applied to the filter cartridge, and (2) 500 µL of Wash
Solution 2 and 3 were applied to the filter cartridge; this was repeated twice (at each step, samples were
centrifuged for 15 seconds at 10,000× g). In the last step, 70 µL of the preheated (95 ◦C) elution solution
was applied to the filter cartridge, which was then spun for 30 seconds at 16,000 g. The collected
eluate was stored at −20 ◦C. An additional DNase and digestion step was performed. The obtained
microRNA concentrations were monitored using the spectrophotometric method on the NanoDrop®

ND-1000 instrument (NanoDrop Technologies, Wilmington, DE, USA). The purity measurement of the
obtained extracts used the relationships A260/230 and A260/280. It is accepted that for good quality
nucleic acids, these relationships are, respectively, 1.8–2.2 and 1.8–2.0. The measurement results of
the samples selected for further analysis met the required criteria. The purity of the samples was also
verified using a Qubit microRNA Assay Kit (Invitrogen, Cat No. Q32880). For reverse transcription,
10 ng of RNA was taken. MiRNAs (hsa-mir-10a, hsa-mir-20a, hsa-mir-21, hsa-mir-130b, hsa-mir-145,
hsa-mir-182, hsa-mir-205, and hsa-mir-103) for 55 samples were reverse transcribed using a TaqMan
MicroRNA Reverse Transcription Kit (Applied Biosystems Cat No. 4366596) and a 50 nM pool of
miRNA specific stem loop primers (Applied Biosystems Cat No. 4427975; details and ID of assays
specified in Supplemental Table S2) following the manufacturer’s protocol (100 mM dNTPs 0,15 µL,
MultiScribe™ Reverse Transcriptase, 50 U/µL 1 µL, 10× Reverse Transcription Buffer 1 µL, RNase
Inhibitor, 20 U/µL 0,19 µL, and nuclease-free Water 4.16 µL). The reaction mixtures were incubated at
16 ◦C for 30 min, at 42 ◦C for 30 min, and at 85 ◦C for 5 min (Applied Biosystems microAmp Optical
96-well reaction plate Cat No. N8010560, Micro Amp optical adhesive film Cat No. 4311971), and then
the products of the reaction were stored at −20 ◦C until use. Purity and quantity were verified using a
Qubit dsDNA HS assay kit (Invitrogen, Cat No. Q32851).
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Real-time polymerase chain reactions (rt-PCR) were performed on CFX96 (BioRad, Hercules,
CA, USA) including related documentation with regard to the specific items of MIQE guidelines
(Supplemental Table S3) [18]. Each sample was run in duplicate at a final volume of 18 µL containing
10 µL of TaqMan 2× Universal PCR Master mix II with no UNG (Applied Biosystems Cat No. 4440040),
7 µL of nuclease free water, and 1 µL of TaqMan® Small RNA Assay (20×). Each PCR included no
template control, and all of them were negative. The reaction was heated to 90 ◦C for 10 min, 55 ◦C
for 2 min, and 72 ◦C for 2 min, followed by 50 cycles. The mean threshold cycle value (Ct) was used
for downstream analyses. miR-103-5p was chosen as an endogenous control. The ∆∆Ct method, also
defined as the comparative method, was applied in order to mark the expression level of the examined
microRNAs [19]. This method is based on mathematical calculations that enable us to determine the
relative difference in the expression level of the tested marker between unknown samples and the
reference. The first stage consists of the analysis of the marked Ct (the cycle at which the fluorescence
level reaches a certain amount/threshold) in the amplification reaction of the examined microRNAs
and control microRNA for both the tested and the control groups. The calculated expression level
of each patient was normalized against the endogenous control, which was miR-103a-5p [20]. After
that, the difference of the tested and control microRNAs (∆Ct) was calculated for individual samples.
The calculations were made for both the unknown and control samples.

(∆Ct) (tested group) = Ct miRNA target – Ct miRNA reference
(∆Ct) (control group) = Ct miRNA target – Ct miRNA reference
Next, ∆∆Ct was calculated for each sample:
∆∆Ct = ∆Ct (tested samples) – ∆Ct (median of the control group)
The calculation of the normalized value of the relative expression level (FC) of the tested marker

in the tested sample against the control sample was made as follows:

FC = 2−∆∆Ct (1)

The 2−∆∆Ct method assumes a uniform PCR amplification efficiency of 100% across all samples.
In our study, the efficiency was between 98.9% and 100%.

3. Data Analysis

The statistical calculations were made using the program STATISTICA 13, Stat-Soft Inc.
The differential miRNA expression between bladder cancer cases and controls was determined using
Student’s t-statistics. In fact, the distribution of variables differed from the standard normal distribution;
therefore, non-parametric tests were applied. The analysis of the unrelated variables was made with
the Mann–Whitney U test. The value p < 0.05 was accepted as the threshold of statistical difference
or correlation significance. Kaplan–Meier analyses with a long-rank test and Cox regression were
performed for overall survival time (OS), time to recurrence, and time to progression. The discriminating
capacity of miRNAs was assessed by a receiver operating characteristics (ROC) analysis.

4. Results

In the first stage of the analysis, the relationship between the abnormal expression of selected
microRNAs and other clinical parameters was examined. The raw data from the Ct for individual
miRNAs were recalculated for fold change (FCmiR) (Supplemental Fata File SF1, Supplemental
Table S4). In the case of miR-205-5p, all the patients were classified into the reduced expression
(low expression—LE) group, while in the case of miR-130b-3p, miR-20a-5p and miR-10a-5p, all the
patients were classified into the increased expression (high expression—HE) group. These miRNAs did
not differentiate the patients according to clinicopathological parameters; therefore, only FCmiR145,
FCmiR21 and FCmiR182 were selected for further analysis. Table 1 presents the probability values (p)
of the relevant statistics used to make conclusions regarding the existence of relationships between
individual variables. The analysis was performed depending on the fulfilled assumptions by the
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a classic Chi2 test, V-square test (V), or with Yates’s correction (Y). There were not any significant
correlations observed. Additionally, we did not observe any significant differences for the division of
the tested group into Expression 1 (when at least one of the miRNAs indicates abnormal expression)
and Expression 2 (when at least two of the analyzed miRNAs show changes). The results are presented
in Table 1.

The next step was comparing differences between the level of expression in different stages
(TaT1and T2) or grades (LG and HG tumors). The question that was sought next was whether the
selected miRNAs could be prognostic classifiers for patients at different stages or grades of cancer.
For this purpose, the patients were divided into two groups: 0—patients with stage T2 or higher;
1—patients with stage Ta or T1. The results are presented in Table 2 and Figure 1. The parametric t-test
tested the one-sided hypothesis that miRNA for TaT1 < miRNA for T2 and above. The remaining
p-values were read from the Mann–Whitney U test, which compares distributions (medians). This test
is less powerful than the t-test, but it is the only one for non-normal distributions. NMIBC patients
(TaT1 in our study) with an LG disease were characterized by significantly higher miR-130b-3p
expression values compared to patients with HG tumors. If we consider patients with the LG disease,
miR-205-5p, miR-182-5p and miR-20a-5p differentiated this group with BC in stage TaT1 from patients
in a higher stage (p < 0.05). If we focus on a group of patients in HG, it is miR-130b-3p which best
differentiated patients in terms of stage.
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Figure 1. Differences in expression level for patients: Group 0—BC patients in T2; Group 1—BC
patients in stage TaT1 or in low or high grade group (low grade (LG) or high grade (HG)). Part I
presents results for the differentiation of patients in terms of grade in TaT1 (A–G) and T2 (H–N) groups.
Only miR-130b-3p differentiated patients in stage TaT1 according to grade (miR-145-5p was close to
significance). Part II presents results for the differentiation of patients in terms of stage in high (A–G)
or low grade (H–N) groups. If we take patients with LG, the differentiating miRNAs in terms of stage
were miR-205-5p, miR-20a-5p and miR-182-5p. In the case of patients in the HG group, miR-20a-5p,
miR-205-5p and miR-182-5p always had significantly lower values of expression in patients in the
TaT1 stage of the disease compared to patients in the T2 stage. (A) and (H) miR-145-5p; (B) and (I)
miR-205-5p; (C) and (J) miR-130b-3p; (D) and (K) miR-21-5p; (E) and (L) miR-20a-5p; (F) and (M)
miR-182-5p; and (G) and (N) miR-10a-5p. p-values in read are significant (p < 0.05).

To assess the clinical relevance of all miRNAs, a Kaplan–Meier analysis with the log-rank
test and Cox regression analyses were performed for overall survival, recurrence-free survival,
and progression-free survival (results presented in Table 3 and Figure 2). We did not find any significant
differences. Univariate Cox regression was performed to assess the factors that affect the risk of
progression, recurrence or death (results presented in Table 4). It has been shown that the older patients
are, the higher the risk of death (increasing each year by 30%). In addition, the risk of death for
people with stage T2 of the disease is more than six times higher than for patients in stage Ta or T1.
People with disease progression are nine times more likely to die. The increase in the expression of
miR-205-5p, miR-145-5p and miR-21-5p makes the risk of death higher by 13%, 0.03%, and 0.009%,
respectively (Table 4). These percentages result from the interpretation of the hazard ratio (HR) of
important risk parameters, for which the Cox regression analysis for OS had p < 0.05. The risk of
recurrence in patients in stage Ta is over two times higher than people in stage T1 or T2. In the group
of patients with recurrence, the death rate is four times lower. The increased expression of miR-20a-5p
and miR-182-5p heightens the risk of recurrence by 5% and 6%, respectively. More advanced age
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increases the risk of progression (by 7% each year). This risk is more than three times higher for people
in the T2 stage compared to people in the Ta or T1 stages.

Table 2. Differences in expression in A) stage TaT1 and T2 according to different grade and B) low and
higf grade tumors according to stage of BC.

A) TaT1 p-value T2 p-value

miR-145-5p 0.4357505 * 0.055556
miR-205-5p 0.440646 0.929801

miR-130b-3p 0.001136 * 0.2648165 *
miR-21-5p 0.421321 0.724233
miR-20a-5p 0.115487 0.1028555 *
miR-182-5p 0.126511 * 0.269855 *
miR-10a-5p 0.3987205 * 0.2946955 *

B) HG p-value LG p-value

miR-145-5p 0.132994 0.336568 *
miR-205-5p 0.065169 0.030956 *

miR-130b-3p 0.00531 * 0.138824 *
miR-21-5p 0.606318 0.141797 *
miR-20a-5p 0.019231 0.038561
miR-182-5p 0.037793 * 0.015572 *
miR-10a-5p 0.06102 * 0.081524 *

Results obtained with Mann-Whitney U test (p-values without *) and parametric t test (p-values with *). Bold face
represents p-value <0.05.

Table 3. Kaplan-Meier analysis for overall survival, time to recurrence and time to progression in the
patients’ group.

Kaplan-Meier Analysis

Overall Survival Recurrence Progression

Overall n (%) Rate Log-Rank Value Rate Log-Rank Value Rate Log-Rank Value

Total 55

FCmiR-145

HE 30 10 13 17
LE 25 7 0.6992 13 0.5745 13 0.9267

FCmiR-21

HE 12 3 3 7
LE 43 14 0.7390 23 0.1789 7 0.7993

FCmiR-182

HE 31 9 16 16
LE 24 8 0.6576 10 0.4189 14 0.5976

Total 55

Abnormal expression 1

Yes 41 11 21 21
No 14 6 0.2875 5 0.3499 9 0.2847

Abnormal expression 2

Yes 23 9 9 14
No 32 8 0.2551 17 0.6881 16 0.5205

LE—low expression; HE—high expression.
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expression (HE): Cancer-specific survival (A) miR-145-5p, (B) miR-21-5p, and (C) miR-182-5p; 

recurrence free-survival (D) miR-145-5p, (E) miR-21-5p, and (F) miR-182-5p; and progression-free 

survival (G) miR-145-5p, (H) miR-21-5p, and (I) mir-182-5p. 

  

Figure 2. Kaplan–Meier plots for patients’ group divided into low expression (LE) and high expression
(HE): Cancer-specific survival (A) miR-145-5p, (B) miR-21-5p, and (C) miR-182-5p; recurrence
free-survival (D) miR-145-5p, (E) miR-21-5p, and (F) miR-182-5p; and progression-free survival
(G) miR-145-5p, (H) miR-21-5p, and (I) mir-182-5p.

The next step of the analysis was based on results of the area under receiver-operating characteristic
curves (ROC). Based on the data from 55 patients with BC and from 30 patients of the control group,
an attempt was made to find out which miRNAs, among the selected ones, are the best potential cancer
classifier. The conclusion about the significant influence of individual miRNAs on the classification of
patients was formed using the multivariable logistic regression model (a logistic regression model
with many explanatory variables). The results are presented in Figure 3, Table 5 and Supplemental
Table S5. The Mann–Whitney U test showed that the distribution of miR-130b-3p was not significantly
different for high grade (HG), Ta, and TaT1 patients. Only for the low grade (LG) group did all miRNAs
have significantly different distributions compared to the control group. Figures 3 and 4 present the
results. Mir-205-5p seems to be a good classifier for LG and HG patients and also for Ta and T1 stages.
Logistic regression assessed with a backward elimination approach resulted in a pattern of three
miRNAs (miR-205-5p, miR-20a-5p and miR-182-5p). For HG, the relevant classifiers are miR-205-5p
and miR-20a-5p, which gave an AUC = 0.964, whereas low LG miR-205-5p and miR-182-5p gave an
AUC = 0.992. The model classifies HG as well as BC. The results are presented in Figure 4 and Table 6.
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Figure 4. Multivariate logistic model of one or two signature microRNAs (miRNAs): (A) For high 

grade tumors, miR-205-5p and miR-20a-5p are the best classifiers; AUC = 0.964. (B) For low grade 

tumors, miR-205-5p and miR-182-5p are the best classifiers; AUC = 0.992. (C) for Ta and (D) for TaT1, 

mir-205-5p is the best classifier; AUC = 0.982 and AUC = 0.978 respectively. (OR—odds ratio; CI—
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Figure 3. The receiver operating characteristics (ROC) curves for BC prediction using the expression level
of (A) miR-205-5p, (B) miR-20a-5p, (C) miR-145-5p, (D) miR-130b-3p, (E) miR-21-5p, (F) miR-182-5p,
(G) miR-10a-5p and (H) summary of curves for all miRNAs. The best classifiers are miR-205-5p,
miR-20a-5p and miR-145-5p, as these could significantly discriminate BC patients from the control
group by an AUC higher than 0.9; p < 0.05.
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Figure 4. Multivariate logistic model of one or two signature microRNAs (miRNAs): (A) For high
grade tumors, miR-205-5p and miR-20a-5p are the best classifiers; AUC = 0.964. (B) For low grade
tumors, miR-205-5p and miR-182-5p are the best classifiers; AUC = 0.992. (C) for Ta and (D) for
TaT1, mir-205-5p is the best classifier; AUC = 0.982 and AUC = 0.978 respectively. (OR—odds ratio;
CI—confidence interval; AUC—area under curve).
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Table 5. Results of Mann-Withney U test in bladder cancer (BC) group and in subgrups divided
according to grade or stage.

Mann Whitney U Test BC Group Subgroups

p-value HG p-value LG p-value Ta p-value TaT1 p-value
miR-145-5p 0.000005 0.003612 0.000002 0.000026 0.000001
miR-205-5p 0.000000 0.00000 0.00000 0.000000 0.000000

miR-130b-3p 0.073733 0.770102 0.011493 0.257699 0.479923
miR-21-5p 0.000000 0.000004 0.000024 0.000000 0.000000
miR-20-5p 0.000000 0.000001 0.000001 0.000003 0.000001

miR-182-5p 0.000000 0.000009 0.00000 0.000001 0.000000
miR-10a-5p 0.000048 0.014889 0.000016 0.000009 0.000004

Bold face represents p value <0.05; HG—high grade; LG—low grade.

Table 6. ROC characteristics for subgroups of patients with BC (HG-high grade, LG-low grade, Ta stage,
TaT1 stages) and control group.

HG (Case/Control = 22/30) LG (Case/Control = 33/30)

ROC
Characteristics AUC 95% Cl Significance

p AUC 95% Cl Significance
p

miR-145-5p 0.732 0.591–0.873 0.0013 0.833 0.731–0.936 0.0001
miR-205-5p 0.941 0.860–1.000 0.0001 0.981 0.955–1.000 0.0001

miR-130b-3p 0.475 0.287–0.663 0.7964 0.313 0.167–0.458 0.0115
miR-21-5p 0.851 0.717–0.984 0.0001 0.936 0.866–1.000 0.0001

miR-20a-5p 0.87 0.761–0.978 0.0001 0.801 0.675–0.927 0.0001
miR-182-5p 0.841 0.703–0.976 0.0001 0.895 0.809–0.980 0.0001
miR-10a-5p 0.696 0.545–0.846 0.0109 0.807 0.698–0.916 0.0001

Ta (case/control
= 19/30)

TaT1 (case/control
= 37/30)

ROC
Characteristics AUC 95% Cl Significance

p AUC 95% Cl Significance
p

miR-145-5p 0.842 0.734–0.950 0.0001 0.83 0.728–0.932 0.0001
miR-205-5p 0.982 0.947–1.000 0.0001 0.978 0.950–1.000 0.0001

miR-130b-3p 0.401 0.205–0.597 0.3236 0.448 0.300–0.596 0.493
miR-21-5p 0.939 0.837–1.000 0.0001 0.925 0.849–1.000 0.0001

miR-20a-5p 0.872 0.764–0.980 0.0001 0.83 0.713–0.946 0.0001
miR-182-5p 0.888 0.777–0.998 0.0001 0.902 0.821–0.983 0.0001
miR-10a-5p 0.858 0.738–0.978 0.0001 0.817 0.714–0.920 0.0001

AUC—Area Under Curve; CI—Coincidence Interval; Bold face representing p-values <0.05;
ROC—Receiver-operating Characteristcs.

5. Discussion

The progression in bladder cancer is a complex and multifactorial process [21,22]. In oncology,
histopathological examination is still the most important method to determine the diagnosis and
classification of tumors; however, current prognosticators such as the tumor grade, stage, size, and
multifocality do not accurately reflect clinical outcomes and have limited usefulness for a reliable
risk-adjusted therapy decision. At present, there are not enough good markers that could be used
as tools to support screening, detecting or monitoring the disease [23,24]. miRNA is an “attractive
candidate” as a potential diagnostic and prognostic biomarker, not only due to its high level of stability
in body tissues and fluids but also due to its ability to be quantified in relatively easy and cheap
techniques like real-time PCR [25,26]. Various miRNAs have been identified as important targets in
bladder cancer development, but the large number of different expression profiling platforms such as
microarrays, miRCURY ready to use PCR, TaqMan Human MicroRNA Probes, and different reference
genes used for normalization are the reason that the results are not comparable and it is difficult to
put miRNAs into clinical practice. Therefore, obtaining reliable, not biased miRNA expression data is
crucial for selecting clinically useful markers.
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It is estimated that over 30% of the protein-coding genes in human cells are controlled by miRNAs.
One type of miRNA can even control the expression of hundreds of target genes, and one gene can
be controlled by numerous miRNAs. These molecules are regarded as the “key” ones in the gene
regulatory network. MiRNAs are involved in many significant biological processes, such as apoptosis,
proliferation, cell diversification, and oncogenesis. In this study, we compared the expression of selected
miRNAs in non-malignant and malignant bladder tissue, and we identified three down-regulated
ones (miR-205-5p, miR-182-5p, and mir-145-5p) and two up-regulated (miR-20a-5p and miR-130b-3p).
In previous studies, all of them have been found to be differently expressed in malignant bladder
tissue (mainly the underexpression of miR-145-5p and the overexpression of the others), but in this
study, the normalization of expression data was performed using miR-103-5p as a reference [25,26].
An endogenous control, in relation to which we normalized the results of other miRNAs, should,
as a rule, show stability in a given tissue. In reality, this is very difficult to achieve, and different
groups of researchers choose different controls and obtain different results due to these controls. Ratert
at al. confirmed that using RNU6B and RNU48 could lead to seriously biased results regarding
miRNA expression analysis [27]. Peltier and Latham found that some miRNAs (including miR-106a
and miR-191) were the most consistently expressed across different human tissues [28]. They also
observed that RNU6 and RNA5S were the least stable. Hofbauer et al. used two endogenous controls
in their research, RNU48 and miR-103-5p, and they achieved satisfactory results [29]. In our research,
we followed the results of others, including the possibility of the use of miR-103-5p as an endogenous
control in commercial sets (Exiqon, Vedbaek Denmark). The studies of Boisen et al. and Parvaee
showed that mir-103-5p expression assessed in isolation from formalin-fixed parafin-embedded (FFPE)
cancer tissue was the most stable reference miRNA in colorectal (CRC), pancreatic (PC), and intestinal
type gastric cancer [30,31].

We subdivided the tumor samples in terms of the low and high grade diseases. The comparison
of the miRNAs revealed four significant differentially expressed miRNAs (miR-205-5p, miR-130b-3p,
miR-20a-5p, and miR-182-5p). Several studies have implicated miRNAs as prognostic markers for BC.
As already shown in previous studies, miR-205-5p expression in normal and tumor samples seems
to be coordinated with the mir-8 family. Lenherr found abnormal expression between progressors
and non-progressors for several miRNAs including miR-205-5p and miR-20a-5p. Some of the known
targets of miR-205-5p include ZEB1/2, PTEN, and VEGFA [32]. The downregulation of miR-205-5p has
been linked to the epithelial-mesenchymal transition (EMT) and has been significantly associated with
progression in non-muscle invasive BC. However, the results obtained by different research groups
are not consistent due to factors that were already-mentioned in the introduction (differences in the
chosen methods). Contrary to that, Dip et al. observed that miR-205-5p was overexpressed in pT2–3
stages of BC [33]. In their study, miR-10a-5p overexpression was associated with shorter disease-free
and disease specific survival. Ecke et al. did not confirm the statistical significance for differences
in the expression of miRNA-205-5p between non-malignant and BC samples, but they detected a
statistically significant reduction in the expression of miR-130b-3p (the best discriminator, also shown
in our research) [34]. miR-145-5p overexpression inhibited cell proliferation and migration in BC [35].
Moreover, the downregulation of mir-145-5p was found to be directly targeting the TAGLN2 gene
(its increased expression promoted cell proliferation and migration). Li et al. also confirmed the
correlation between the overexpression of miR-145-5p and poor survival [36]. Unfortunately, we failed
to achieve such correlation. Inamoto et al. also confirmed the deregulation of miR-145-5p expression
and its association with the aggressive phenotype, but they showed its protective effect. miR-145-5p
expression was significantly lower in BC samples and cell lines compared to those in normal bladder
tissue [37]. Pignot et al. observed that most of the examined miRNAs were deregulated in the same
way in the two types of bladder cancer, irrespective of the pathological stage [38]. In their study,
miR-182-5p was downregulated and was found to be related to tumor aggressiveness (associated with
both recurrence-free and overall survival in univariate analysis). In our study, the high expression of
mir-182-5p and mir-20a-5p correlated with the risk of disease recurrence (Table 4; risk higher by 0.06%
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and 0.0002%, respectively). Urquidi et al. identified a few miRNA set classifiers for predicting the
presence of bladder cancer (25 miRNAs, 20 miRNAs, 15 miRNAs, and 10 miRNAs), but none of them
included those ones which we found in our study [39]. The authors note that these biomarkers were
correlated with the presence of BC, but their association with clinical variables was much less evident.
In our opinion, different sets of miRNAs can be suggested as prognostic biomarkers (three: miR-9,
mir-183, and mir-200b; two: miR-143 and miR-145); however, until now, only one study had verified the
examined miRNAs as independent markers [27]. Ecke et al. identified miR-199a-3p and miR-214-3p as
independent prognostic biomarkers for the prediction of overall survival (OS) in MIBC patients after
radical cystectomy (RC). They used a combination of four miRNAs (miR-101, miR-125a, miR-148b, and
miR-151-5p) or three miRNAs (miR-148b, miR-181b, and miR-874) as endogenous controls. The study
was carried out in a formalin-fixed, paraffin-embedded (FFPE) tissue specimen. These markers were
not evaluated by us. Ecke at al. also analyzed the expression of miR-205-5a, but they did not confirm
its usefulness. It needs to be stressed, however, that the marking was done in FFPE, whereas our tests
were carried out in fresh, frozen tumor tissue. Armstrong’s results for matched tumor and bio-fluids
in BC showed that there is an overlap between the expression of miRNAs in different bio-specimen
sources, but overexpression in all three kinds of the biological samples has only been observed for two
tested miRNAs (miR-4454 and miR-21) [40]. No correlation has been observed between expression
in tumors and plasma exosomes (using the NanoString nCounter microRNA assay technique). In
their review, Lee et al. showed a correlation in the changes of the expression of miRNAs isolated from
bladder cancer tissues and urine (in multiple results) for only 14 miRNAs, including miR-145, miR-182,
and miR-205 [15]. On the other hand, Baumgart et al. observed that nine miRNAs were consistently
differently expressed in both invasive cells and their secreted exosomes, but the remaining six miRNAs
were only dysregulated in exosomes [41]. The NanoString technique has its advantages, as it does
not require the application of any nucleoid acids. However, it is expensive and hardly available. A
real-time PCR technique is available, but any obtained result is affected by many factors, such as the
kind of tissue, the way of normalization, and the way of analysis.

Receiver operating characteristics analyses showed a good ability to discriminate between
non-malignant and malignant tissues for the investigated miRNAs. Based on binary logistic regression
using the backward elimination approach, the optimal combination for discriminating healthy people
from BC patients is miR-205-5p, miR-20a-5p and miR-182-5p (AUC > 0.9; p < 0.05). Lv et al. Egawa et al.
and Liu at al. also confirmed that miR-130b-3p could play a critical role in the development and
progression of bladder cancer [42–44]. Fang et al. found an miR-205-5p area under the receiver-operating
characteristics curve value of 0.950 for discriminating BC patients from healthy people and a value of
0.668 for discriminating MIBC from NMIBC [10]. The log-rank test and univariate and multivariate
Cox regression analyses did not indicate that high miR-205-5p expression in NMIBC patients was
associated with cancer specific survival.

We faced some limitations in our study, one of which was a relatively small group of patients.
We only tried to use the samples that were characterized by adequate amounts of tumor cells. It is not
easy to obtain a large group of patients with bladder cancer progression who can provide biological
material for tests, as such cases constitute the minority in this disease. The applied study technique is
relatively cheap and easy. Thus, it could be used for examining chosen markers on a daily basis.

6. Conclusions

This study follows the strategy “from top to bottom,” which means choosing the phenotype of
patients (histopathological characteristics and survival) and evaluating the molecular markers of such
a phenotype. The goal for the future is the opposite course of analysis, which is “from genotype
to phenotype.” Based on the detection of diagnostically and prognostically significant differences
between normal and cancer samples, we could assess the biological potential of the tumor and its
aggressiveness. As a result, we could enable the choice of appropriate therapeutic measures, tailored
to individual patients; this is personalized medicine. Finally, we could lengthen a patient’s life and
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improve its quality without offering a radical treatment if it is not necessary. The implementation of
miR-205-5p, miR-20a-5p and miR-130b-3p into routine practice can be an alternative to screening or the
follow up of treatment effects. Such analyses can help in the search of non-invasive markers, especially
since they can also be evaluated in urine or plasma. Our findings could be of clinical importance,
but the results should be validated in a bigger group.
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Abstract: Clear cell renal cell carcinoma (ccRCC) still remains a higher mortality rate in worldwide.
Obtaining promising biomakers is very crucial for improving the diagnosis and prognosis of
ccRCC patients. Herein, we firstly identified eight potentially prognostic miRNAs (hsa-miR-144-5p,
hsa-miR-223-3p, hsa-miR-365b-3p, hsa-miR-3613-5p, hsa-miR-9-5p, hsa-miR-183-5p, hsa-miR-335-3p,
hsa-miR-1269a). Secondly, we found that a signature containing these eight miRNAs showed
obviously superior to a single miRNA in the prognostic effect and credibility for predicting the
survival of ccRCC patients. Thirdly, we discovered that twenty-two transcription factors (TFs) interact
with these eight miRNAs, and a signature combining nine TFs (TFAP2A, KLF5, IRF1, RUNX1, RARA,
GATA3, IKZF1, POU2F2, and FOXM1) could promote the prognosis of ccRCC patients. Finally, we
further identified eleven genes (hsa-miR-365b-3p, hsa-miR-223-3p, hsa-miR-1269a, hsa-miR-144-5p,
hsa-miR-183-5p, hsa-miR-335-3p, TFAP2A, KLF5, IRF1, MYC, IKZF1) that could combine as a signature
to improve the prognosis effect of ccRCC patients, which distinctly outperformed the eight-miRNA
signature and the nine-TF signature. Overall, we identified several new prognosis factors for ccRCC,
and revealed a potential mechanism that TFs and miRNAs interplay cooperatively or oppositely
regulate a certain number of tumor suppressors, driver genes, and oncogenes to facilitate the survival
of ccRCC patients.

Keywords: ccRCC; prognostic biomarker; miRNA; transcription factor; interplay

1. Introduction

Clear cell renal cell carcinoma (ccRCC) is the most common malignant tumor subtype of kidney
cancer [1], which still remains a higher mortality rate in worldwide [2]. At present, the main treatment
method on ccRCC patients is early resection, but its curative effect and prognosis are not very good for
these terminally ccRCC patients [3]. Currently, above 30–50% of ccRCC patients have missed the best
surgical opportunity due to the lack of early clinical symptoms [3]. Therefore, acquiring new molecular
biomarkers not only are urgently needed for establishing clinically stratifying system to improve the
diagnostic efficiency of ccRCC patients, but are of great clinical value for effectively improving the
management and treatment strategy of ccRCC patients.

MicroRNAs (miRNAs), a class of small noncoding RNAs with about 22 nucleotides, can negatively
regulate gene expression at the post-transcriptional level by influencing the mRNA degradation and/or
translational efficiency involved in manifold biological processes [4–7]. In recent years, many studies
have revealed that miRNAs not only can act as oncogenes or tumor suppressor genes involve in
tumorigenesis and progressions of various cancers [8], but can serve as valuable boimarkers for the
detection and prognosis of cancer patients [9–15]. Thus, the current study has been focused on finding
novel miRNAs as effective prognostic predictors for the overall survival of cancer patients [16–20].
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At present, some studies have suggested that a lot of miRNAs could act as oncogenic miRNAs or
tumor suppressor miRNAs to participate in the tumorigenesis and progressions of ccRCC, and they
might serve as diagnosic and prognosic biomarkers for ccRCC patients [21–24]. However, several studies
have shown that some miRNAs may play complete contradictor roles in diagnosic and prognosic effects
for ccRCC, such as miR-99a [25,26], miR-106a [27,28], miR-125b [21,29], miR-144 [30,31], miR-203 [32,33],
and miR-378 [34,35], which might greatly limit their applications into the clinical diagnosis and prognosis
for ccRCC patients. Therefore, we should further study the functional roles of miRNAs as potentially
diagnostic and prognostic biomarkers for ccRCC, whilst it is also very necessary for expanding the
screening of new reliable miRNAs as diagnostic and prognostic biomarkers for ccRCC.

Nowadays, a number of studies are mainly focused on the fuctional mechanism of miRNAs
that regulate their targets to cause the occurrence and development of ccRCC. However, how are
miRNAs themselves regulated in the occurrence of ccRCC, which is still largely unknown. Intriguingly,
currently, many studies have shown that transcription factors (TFs) can regulate miRNA expressions,
and miRNAs may also regulate TF expressions in gene regulatory networks [36–39], and TFs and
miRNAs interplay could precisely modulate gene expressions to maintain cell homeostasis [37,40,41].
Therefore, considering the complexity of TFs and miRNAs interplay mediating gene expression,
substantial works should be further made in elucidating the mechanism that TFs and miRNAs interplay
drives the occurrence and development of ccRCC, and finding TFs and miRNAs as novel diagnostic
and prognostic biomarkers in the survival of ccRCC patients.

Considering that miRNAs often carry out their functions through fine-tuning the expression
of their target genes, and multiple miRNAs can also synergistically or antagonistically regulate one
or more target genes to control the strength and duration of cell response [42,43]. Here, we firstly
screened eight potentially prognostic miRNAs based on RNA-seq and clinical information from the
TCGA database. We next combined the eight miRNAs as an integrative prognostic predictor to
evaluate the prognostic efficiency. This result showed that the prognostic efficiency and credibility
of the eight-miRNA signature significantly outperformed a single miRNA, which implies that the
synergistical regulation of miRNAs plays key roles in the tumorigenesis and progression of ccRCC.
Subsequently, we utilized target prediction software and KEGG enrichment analysis to find that these
eight miRNAs mainly control a certain number of oncogenic and onco-suppressive genes from some
crucially cancer-related pathways improving the survival of ccRCC patients. Additionally, we found
that twenty-two TFs could interact with eight miRNAs based on deepCAGE, TransmiR v2.0, and
MirWalk3.0 database [44–46]. To further reveal the possible molecular mechanism that TFs and miRNAs
interplay facilitates the survival of ccRCC patients, we further constructed a interplay network of TFs
and miRNAs and the network analysis revealed that the interplay between twenty-two TFs and eight
miRNAs could synergistically control the expression of oncogenes, driver genes, and tumor suppressor
genes to involve in the regulation of tumorigenesis and progression of ccRCC. Finally, we performed
cox regression analysis to identify eleven genes as a eleven-gene signature, including six miRNAs
and five TFs and the prognostic effect and the credibility of the eleven-gene signature also obviously
outperformed the eight-miRNA signature and the nine-TF signature. Taken together, our findings not
only revealed a novel possible mechanism that TFs and miRNAs interplay could regulate cooperatively
oncogenes, driver genes, and tumor suppressor genes to facilitate the survival of ccRCC patients, but
also identified some new potential prognostic factors and therapeutic targets for ccRCC patients.

2. Results

2.1. Identification of miRNAs as Potential Prognostic Biomarkers

In this work, we found 110 differentially expressed miRNAs between 480 ccRCC tissues and
68 paracancerous tissues, including 50 up-regulated and 60 down-regulated miRNAs (Figure S1A).
Here, to identify these prognostic miRNAs for predicting the overall survival in ccRCC patients,
we grouped 480 patients with at least 90 days into high- and low-expression groups according to
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the median expression level of each of 110 differentially expressed miRNAs. We next performed
survival analysis to find that 37 miRNAs might be associated with the survival of ccRCC patients
(p-value < 0.05) (Table S1). Next, we performed univariate analysis and screened these top 21 miRNAs
with a p-value < 0.001 (Figure 1, Table S2) for multivariate stepwise cox regression analysis to further
determine independently prognostic miRNA biomarkers for ccRCC patients. We finally obtained eight
potential prognostic miRNAs, including four down-regulated miRNAs (hsa-miR-9-5p, hsa-miR-1269a,
hsa-miR-183-5p, hsa-miR-335-3p) and four up-regulated miRNAs (hsa-miR-365b-3p, hsa-miR-223-3p,
hsa-miR-144-5p, hsa-miR-3613-5p), which might be involved in the survival of ccRCC patients. We
divided 480 ccRCC patients into high-risk and low-risk groups according to the median univariate cox
risk score of each of these eight miRNAs to further detect the association between these identified eight
miRNAs and the overall survival of ccRCC patients. Kaplan-Meier survival analysis and log-rank
test indicated that, in all eight independent miRNA cohorts, ccRCC patients with high-risk groups
exhibited the overall survival more badly than low-risk groups (all cohorts p-value < 0.01) (Figure S2).
Interestingly, the range of the AUC value for eight miRNAs was about 0.6~0.7 (Figure S3), which
indicated that the established prognosis model has a very good prognosis effect. Overall, these findings
suggested that any of eight miRNAs might act as a possible prognostic biomarker for the survival of
ccRCC patients.
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Figure 1. The forest plots of hazard ratios (HR) of top 21 most significant survival associated
miRNAs in ccRCC (p-value < 0.001). Red represents the risk factors (HR > 1) and blue represents
protective factors (HR < 1).

2.2. The Exprssion Level of Eight Prognostic miRNAs is Associated with the Survival of ccRCC Patients

To explore whether the eight miRNAs could be used as potential diagnostic biomarkers
for distinguishing patients with ccRCC from controls. Here, we used survival curves to assess
the association between the expression level of these eight miRNAs and the overall survival of
ccRCC patients. We divided ccRCC patients into high-expression and low-expression miRNA
groups according to the median expression level of each of these eight miRNAs. This result
indicated that, in all eight independent miRNA cohorts, ccRCC patients with high-expression
miRNA groups exhibited a worse overall survival rate than the low-expression miRNA groups,
except for hsa-miR-144-5p (Figure 2). These results seemed to indicate that these highly expressed
hsa-miR-9-5p, hsa-miR-1269a, hsa-miR-183-5p, hsa-miR-335-3p, hsa-miR-365b-3p, hsa-miR-223-3p,
and hsa-miR-3613-5p might be associated with a poor prognosis for ccRCC patients. It is noteworthy
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that the highly expressed hsa-miR-144-5p was associated with better overall survival (Figure 2), which
suggested that hsa-miR-144-5p should be a good prognostic factor for ccRCC patients. In addition, we
further calculated the association between the expression level of eight miRNAs and patient’s clinical
diagnostic factors, respectively. Our results showed that eight prognostic miRNAs were significantly
associated with T stage, M stage, G stage, and pathologic stage (Figure S4, Table S3), implying that
these eight miRNAs might be involved in tumorigenesis and progression of ccRCC and could be
served as prognostic biomarkers for the survival of ccRCC patients.
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2.3. Prognostic Value of Combined Eight miRNAs as a Signature in ccRCC Patients

Considering multiple miRNAs could synergistically or antagonistically regulate one or more
target genes to control cell fate. Herein, we further combined these eight miRNAs as an integrative
prognostic predictor. The 480 patients were divided into low-risk group and high-risk group and
then subjected to survival analysis. Our results showed that there was a significant difference in
the overall survival between the two risk groups, and the high-risk group had more worse overall
survival than the low-risk group (p < 0.0001, Figure 3A). In addition, the ROC curve based on the
eight-miRNA signature also, respectively, showed an average 3, 5, and 10 year AUC for 0.762, 0.747,
and 0.746 (Figure 3B). Interestingly, the concordance index (0.7305) of the combined prognostic model
of the eight-miRNA signature was higher than that of all single miRNA (Table S4), whereas the Akaike
information criterion (1622.2491) of the combined prognostic model of the eight-miRNA signature
was lower than that of all single miRNA (Table S4), which indicated that the prognostic effect and
credibility of the eight-miRNA signature were clearly superior to all single miRNA. These findings
suggested that the eight-miRNA signature could act as a prognostic biomarker for promoting the
survival of ccRCC patients.

Cox proportional hazard regression analysis was further used to characterize the impact of
various clinical factors on the overall survival of ccRCC patients (Table 1). Age, gender, tumor size,
metastasis, pathologic stage, neoplasm histologic grade, and the combined eight miRNAs signature
were coded as continuous variables. As shown in Table 1, the univariate analysis showed that all factors,
except for gender, might act as prognostic indicators for ccRCC patients. However, the multivariate
analysis indicated that only age and the eight-miRNA signature can be used as independent prognostic
indicators for ccRCC patients. This result revealed that the eight-miRNA signature could not only
could serve as an independent prognostic factor for overall survival of ccRCC patients, but also act as
an effective risk stratification indicator for ccRCC patient diagnosis.
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riskscore of the eight-miRNA signature. (A): Overall survival curves of high-risk and low-risk based
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low risk from the eight-miRNA signature model.
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Table 1. Univariate and multivariate Cox regression analysis of the overall survival for clinical factors
and risk of the combined eight prognostic miRNAs as a signature.

Variables
Univariate Analysis Multivariate Analysis

Hazard Ratio (95% CI) p-Value Hazard Ratio (95% CI) p-Value

Age 1.029 (1.014–1.043) <0.001 1.028 (1.012–1.044) <0.001
Gender 0.920 (0.660–1.284) 0.624 0.832 (0.590–1.172) 0.292

Tumor_pathologic_T 1.855 (1.556–2.211) <0.001 0.816 (0.525–1.269) 0.367
Metastasis_pathologic_M 4.671 (3.369–6.475) <0.001 1.514 (0.744–3.078) 0.253
Pathologic_stage_Stage 1.884 (1.634–2.172) <0.001 1.605 (0.994–2.590) 0.053

Histologic_grade_G 2.238 (1.800–2.783) <0.001 1.275 (0.996–1.633) 0.054
The eight-miRNA signature 4.009 (2.725–5.898) <0.001 2.666 (1.768–4.020) <0.001

Age, gender, tumor stage, metastasis pathologic, pathologic stage, histologic grade, and the eight-miRNA signature
were coded as continuous variable. Specifically, pathologic stage was coded as I = 1, II = 2, III = 3, IV = 4. Tumor
stage was coded as T1 = 1, T2 = 2, T3 = 3, T4 = 4. Histologic grade was coded as G1 = 1, G2 = 2, G3 = 3, G4 = 4.

2.4. Function Roles of Eight Prognostic miRNAs in ccRCC

To reveal the functional role of eight prognostic miRNAs in ccRCC, we first identified 3672
differentially expressed genes between 480 ccRCC tissues and 68 paracancerous tissues, including 2057
up-regulated genes (of which 116 transcription factors) and 1012 down-regulated genes (of which 61
transcription factors) (Figure S1B). Next, we obtained 357 down-regulated targets of 4 up-regulated
miRNAs (hsa-miR-365b-3p, hsa-miR-223-3p, hsa-miR-144-5p, hsa-miR-3613-5p) and 1012 up-regulated
targets of 4 down-regulated miRNAs (hsa-miR-9-5p, hsa-miR-1269a, hsa-miR-183-5p, hsa-miR-335-3p).

To elucidate the function of these target genes of these eight miRNAs in ccRCC, we further
performed KEGG pathway analysis using clusterProfiler R package. We found that these significantly
up-regulated target genes of four down-regulated miRNAs were widely involved in cancer-related
signaling pathways, such as MAPK, Ras, NF-kappa B, Chemokine and Cytokine-cytokine receptor
(Figure S5A). These results suggested that the interplay among multiple signaling pathways might
synergistically mediate the occurrence and development of ccRCC.

We further picked out these up-regulated target genes of four down-regulated miRNAs from these
main cancer signaling pathways to construct the miRNA-gene regulation network (Figure 4A). As shown
in Figure 4A, some up-regulated target genes were regulated by more than one down-regulated miRNA,
implying that the cooperative regulation of multiple miRNAs might play key roles in the initiation and
progression of ccRCC. In addition, the protein-protein interaction (PPI) network was also constructed
for these up-regulated target genes of four down-regulated miRNAs using the STRING database, which
demonstrated a close interaction within these target genes (Figure 4B). Here, a node with ≥ 20 degrees is
defined as a hub gene, thus we found 30 hub genes (Table S5). We next used multivariate cox regression
analysis for 30 hub genes to further select prognosis-related genes for ccRCC patients. We found ten
potential prognostic genes, including eight tumor suppressor and/or driver genes (VEGFA, CCND1,
BAX, IL7R, SHC1, FLT1, IL7, and JAK3) [47–51], as well as two chemokines (CXCL9 and CXCL10) [50].
Additionally, we combined the above ten hub genes as a signature to perform survival analysis. The
result indicated that the low-risk group has a better overall survival rate than the high-risk group
(p < 0.0001, Figure 4C), whilst the ROC curve also demonstrated that the ten-hub gene signature had
a better prognostic effect and credibility for ccRCC patients with an average 3, 5 and 10 year AUC
for 0.728, 0.751 and 0.796, respectively (Figure 4D). Taken together, our present findings suggested
a possible molecular mechanism that the down-regulated expressed hsa-miR-9-5p, hsa-miR-1269a,
hsa-miR-183-5p, and hsa-miR-335-3p might cooperatively up-regulate the expression level of numerous
tumor suppressor and/or driver genes from some cancer-related pathways to improve the overall
survival of ccRCC patients.
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Figure 4. The cancer signaling pathway and protein network analysis of these up-regulated targets
and the prognostic model of the ten-hub gene signature. (A): Target genes of four down-regulated
miRNAs involve in the network map of cancer-related signaling pathways. The green represents the
down-regulated expression and the red represents up-regulated expression; (B): Target protein interaction
network of four down-regulated miRNAs. The blue line means low credibility and the purple line means
high credibility; (C): Overall survival curves for high-risk and low-risk groups based on the ten-hub gene
model; and, (D): ROC curves for high-risk and low-risk based on the ten-hub gene model.

Compared to four down-regulated miRNAs, these down-regulated target genes of four up-regulated
miRNAs were less enriched in cancer-associated signaling pathways (Figure S5B). However, we
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further analyzed these target genes of three up-regulated miRNAs (hsa-miR-365b-3p, hsa-miR-223-3p,
hsa-miR-3613-5p), finding that many genes of their target genes are involved in some cancer-associated
signaling pathways (Figure 5A). Therefore, here, we reused multivariate cox regression analysis to
screen potential prognostic genes for ccRCC patients. The result showed that five genes (PRKCA,
ADORA1, PPARGC1A, KL, GNG7) could be identified as potentially prognostic factors, and they have
also been suggested as tumor suppressor genes [49]. Interestingly, the survival analysis indicated that the
five-gene signature could significantly stratify ccRCC patients into a high- and low-risk group (p < 0.0001,
Figure 5B), and the AUC value of an average 3, 5 and 10 year is 0.696, 0.698, and 0.708, respectively
(Figure 5C). Overall, we proposed a possibly functional mechanism that three highly expressed miRNAs
(hsa-miR-365b-3p, hsa-miR-223-3p, and hsa-miR-3613-5p) might synergistically down-regulate the
expression of many tumor suppressor genes to decrease the survival of ccRCC patients.
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Figure 5. The heat map of down-regulated targets of three up-regulated miRNAs involve in
cancer-related signaling pathway and the prognostic model of the five-gene signature. (A): The
heat map of these down-regulated targets regulated by has-miR-3613-5p, has-miR-223-3p, and
has-miR-365b-3p involved in cancer-related signaling pathways; (B): Overall survival curves for
high-risk and low-risk groups based on the prognostic model of a five-gene signature; (C): ROC curves
for high and low risk from the prognostic model of a five-gene signature.
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Interestingly, our above results have indicated that the highly expressed hsa-miR-144-5p could
act as a good prognostic factor for ccRCC patients. How does the highly expressed hsa-miR-144-5p
facilitate the survival of ccRCC patients? Thus, we carried out a in-depth analysis for these target
genes of hsa-miR-144-5p. Intriguingly, we found that hsa-miR-144-5p could regulate 55 genes, and, in
particular, twelve genes of them have been reported as oncogenes or driver genes (Table S6) [49]. Thus,
we further used multivariate cox regression analysis for twelve oncogenes and driver genes to screen
potential prognostic factors for ccRCC patients. Consequently, these five genes (MAGI3, CDKL1, CDH1,
PPM1K, MSI2) could be served as potential prognostic factors. We further combined the five genes as
an integrative prognostic predictor for survival analysis. These results showed that the high-risk group
had a worse overall survival than the low-risk group (p < 0.0001, Figure 6A), and the AUC value of an
average 3, 5 and 10 year is 0.659, 0.676 and 0.759, respectively, based on the ROC curve (Figure 6B).
Collectively, our present findings implied that the highly expressed hsa-miR-144-5p might facilitate
the overall survival of ccRCC patients through down-regulating the expression level of some certain
oncogenes and/or driver genes.
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2.5. The Interplay Network Between Twenty-Two TFs and Eight miRNAs

To explore the interplay between TFs and eight prognostic miRNAs, we further used TransmiR2.0
to predict these TFs that may regulate the eight prognostic miRNAs. Here, we found six down-regulated
TFs (KLF5, SREBF2, TFAP2A, HIF1A, GATA3, and GATA2), which could regulate three down-regulated
miRNAs (hsa-miR-9-5p, hsa-miR-183-5p, and hsa-miR-335-3p), but no TF was found for regulating
hsa-miR-1269a (Figure S6A). Whilst, 16 up-regulated TFs (CEBPA, E2F1, FOXM1, FLI1, HEY1, IKZF1,
IRF1, MEF2C, MYC, POU2F2, POU5F1, PRDM1, RARA, RUNX1, RUNX3, and TCF4) were also
found to regulate four up-regulated miRNAs (hsa-miR-365b-3p, hsa-miR-223-3p, hsa-miR-144-5p,
hsa-miR-3613-5p) (Figure S6B). Furthermore, we also predicted these twenty-two TFs regulated by
the eight prognostic miRNAs. These detailed TF-miRNA regulatory pairs were outlined in the Table
S7. Based on the TF-miRNA pairs, we further constructed a TF-miRNA interplay network (Figure 7),
which showed that these up-regulated TFs, such as MYC, IKZF1, and IRF1 could up-regulate the
expression level of hsa-miR-223-3p and hsa-miR-365b-3p to inhibit the expression of some TFs, such
as GATA2 and SREBF2, then reducing the expression of hsa-miR-183-5p and hsa-miR-335-3p to
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up-regulate tumor suppressor gene expression (Figure 7). Whilst these down-regulated TFs, such as
KLF5, SREBF2, TFAP2A, HIF1A, GATA3, and GATA2, could also down-regulate the expression level of
hsa-miR-9-5p, hsa-miR-183-5p, and hsa-miR-335-3p to up-regulate their target TF expression, such as
E2F1, RUNX1, and RUNX3, and then up-regulated the expression of hsa-miR-365b-3p, hsa-miR-223-3p,
hsa-miR-144-5p, and hsa-miR-3613-5p to down-regulate the expression of some tumor suppressor
genes or oncogenes (Figure 7). Specially, TF and miRNA carry out opposing functions. Therefore,
our study seemed to imply that the interplay between twenty-two TFs and eight prognostic miRNAs
might precisely control the expression of oncogenes, driver genes, and tumor suppressor genes to
facilitate the survival of ccRCC patients.
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2.6. Prognostic Value of the Combined Nine TFs as a Signature in ccRCC Patients

Based on these above results, we further used multivariate cox regression analysis for these above
twenty-two TFs to determine independent prognostic TFs for ccRCC patients. Herein, we identified
nine potential prognostic TFs (TFAP2A, KLF5, IRF1, RUNX1, RARA, GATA3, IKZF1, POU2F2, and
FOXM1) that could act as prognostic factors for ccRCC patients. We next combined these nine TFs
as a signature to detect the prognostic effect for ccRCC patients. The 480 patients were divided into
low-risk group and high-risk group and subjected to survival analysis. Our results showed that the
high-risk group had worse overall survival than the low-risk group (p < 0.0001, Figure 8A). In addition,
the ROC curve based on the nine-TF pool also, respectively, showed an average 3, 5, and 10 year AUC
for 0.721, 0.748, and 0.780 (Figure 8B), indicating that the nine-TF signature had very good prognosis
effect and credibility for the survival of ccRCC patients. These findings suggested that the nine-TF
signature could serve as a prognostic biomarker for improving the survival of ccRCC patients.
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2.7. Clinical Value of TFs and miRNAs Interplay as a Prognostic Signature in ccRCC Patients

To further reveal the role of the interaction between TFs and miRNAs in the overall survival of
ccRCC patients, we hypothesized that the interaction between TFs and miRNAs is likely to improve
prognosis. Thus, we next performed multivariate analysis for above twenty-two TFs and eight miRNAs
to identify prognostic TFs and miRNAs for ccRCC patients. We ultimately screened eleven potential
prognostic factors, including hsa-miR-365b-3p, hsa-miR-223-3p, hsa-miR-1269a, hsa-miR-144-5p,
hsa-miR-183-5p, hsa-miR-335-3p, TFAP2A, KLF5, IRF1, MYC, IKZF1. We further combined the above
eleven genes as a signature for survival analysis. We found that the high-risk group had worse
overall survival than the low-risk group (p < 0.0001, Figure 9A). Whilst the ROC curve based on the
eleven-gene signature also, respectively, showed an average 3, 5, and 10 year AUC values for 0.777,
0.771, and 0.785 (Figure 10B). Strikingly, the concordance index (0.7552) of the combined prognostic
model of the eleven-gene signature was more higher than that of the eight-miRNA signature (0.7305)
and the nine-TF signature (0.7281), and the Akaike information criterion (1606.0516) of the combined
prognostic model of the eleven-gene signature was lower than that of the eight-miRNA signature
(1622.2941) and the nine-TF signature (1632.5955) (Table S8), which indicated that the prognostic effect
and the credibility of the eleven-gene signature were better than both the eight-miRNA signature and
the nine-TF signature did. These findings suggested that the eleven-gene signature could act as a
prognostic factor for the overall survival of ccRCC patients.

Here, we also further used Cox proportional hazard regression analysis to characterize the impact
of various clinical factors on overall survival of ccRCC patients (Table 2). Age, gender, tumor-pathologic,
metastasis pathologic, pathologic stage, neoplasm histologic grade, and the eleven-gene signature
were coded as continuous variables. The univariate analysis showed that all factors, except for gender,
might serve as prognostic indicators for ccRCC patients (Table 2). Notably, the multivariate analysis
demonstrated that only age and the eleven-gene signature could be used as independent prognostic
indicators for ccRCC patients (Table 2). Taken together, our present results revealed that the interaction
between TFs and miRNAs might have very important effects on the overall survival of ccRCC patients,
and the eleven-gene signature might serve as an independent factor to improve the prognosis for
ccRCC patients.
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Table 2. Univariate and multivariate Cox regression analysis of overall survival for clinical factors and
risk of the combined five prognostic transcription factors and six miRNAs as a signature.

Variables
Univariate Analysis Multivariate Analysis

Hazard Ratio (95% CI) p-Value Hazard Ratio (95% CI) p-Value

Age 1.029 (1.014–1.043) <0.001 1.028 (1.011–1.044) <0.001
Gender 0.920 (0.6595–1.284) 0.624 0.949 (0.673–1.338) 0.765

Tumor_pathologic_T 1.855 (1.556–2.211) <0.001 0.840 (0.539–1.311) 0.443
Metastasis_pathologic_M 4.671 (3.369–6.475) <0.001 1.707 (0.830–3.513) 0.146
Pathologic_stage_Stage 1.884 (1.634–2.172) <0.001 1.410 (0.865–2.300) 0.178

Histologic_grade_G 2.238 (1.800–2.783) <0.001 1.420 (1.118–1.803) 0.765
The eleven-gene signature 4.349 (2.943–6.428) <0.001 2.590 (1.706–3.930) <0.001

Age, gender, tumor stage, metastasis pathologic, pathologic stage, histologic grade and the eleven-gene signature
were coded as continuous variable. Specifically, pathologic stage was coded as I = 1, II = 2, III = 3, IV = 4. Tumor
stage was coded as T1 = 1, T2 = 2, T3 = 3, T4 = 4. Histologic grade was coded as G1 = 1, G2 = 2, G3 = 3, G4 = 4.

Overall, herein we propose a potential molecular mechanism that the interplay between TFs and
miRNAs facilitates the overall survival of ccRCC patients (Figure 10). On the one hand, down-regulated
expressed TFs could down-regulate some miRNA expression to further up-regulate tumor suppressor
gene expression, whilst the down-regulated miRNAs could also up-regulate TF expression to further
up-regulate the expression of tumor suppressor miRNA to down-regulate the expression of some
oncogenes to improve prognosis for ccRCC. On the other hand, up-regulated TFs could up-regulate
miRNA expression to inhibit the expression of some tumor suppressor genes, whilst the up-regulated
miRNAs could also down-regulate the expression of some TFs to further down-regulate the expression
of some miRNAs to up-regulate the expression of some tumor suppressor genes, which might promote
ccRCC development. Taken together, our results seemed to reveal that the interplay between TFs
and miRNAs might synergistically regulate the expression of a certain number of oncogenes, driver
genes, and tumor suppressor genes to improve prognosis for ccRCC patients in transcriptional and
post-transcriptional levels.
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Figure 10. The molecular mechanism of the interplay between transcription factors and miRNAs
improving the prognosis of ccRCC patients. The red represents an up-regulation of gene expression
and the green represents down-regulation of gene expression. The sharp arrow represents activation
and the flat arrow represents inhibition.

3. Discussion

At present, a number of miRNAs have been suggested as diagnosic and prognosic biomarkers for
ccRCC patients, but, since a single miRNA mainly fine-tunes gene expression to execute its function,
and the functional effect of a single miRNA is relatively weak, which might result in a lack of miRNA
application into the clinical diagnosis and prognosis for ccRCC patients. Many studies have shown
that miRNAs are more likely to regulate a certain number of gene expressions to control cell fate [52,53].
Remarkably, several studies have revealed that TFs can regulate miRNA expressions, whilst miRNAs
may also regulate TF expressions, and TFs and miRNAs interplay can precisely modulate gene
expression in transcriptional and post-transcriptional levels [36,45,54–57]. However, the regulatory
landscape by miRNAs and TFs interplay is still largely unknown in the tumorigenesis and progression
of ccRCC up to now. Especially, the interplay network of miRNA and TF has not yet been systemically
studied in ccRCC. Therefore, in this current work, we have integratedly analyzed miRNA, TF, and
mRNA profilings, and identified some potential diagnostic and prognostic factors participated in the
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survival of ccRCC patients, as well as revealed a possible molecular mechanism that miRNA and TF
interplay can serve as an effective prognostic factor to facilitate the survival of ccRCC patients.

In this study, we have identified eight potentially diagnostic and prognostic miRNAs that could
significantly distinguish the survival and pathological stratification for ccRCC patients. Among
them, four down-regulated miRNAs (hsa-miR-9-5p, hsa-miR-1269a, hsa-miR-183-5p, hsa-miR-335-3p)
could serve as good prognostic factors for clinical application of ccRCC patients, conversely the three
up-regulated hsa-miR-365b-3p, hsa-miR-223-3p and hsa-miR-3613-5p of them might been acted as
poor prognostic factors for ccRCC patients (Figure 2). At present, a few studies have reported that
hsa-miR-183-5p can promote canceration by targeting SRSF2 in renal cancer [58], miR-335 could inhibit
the proliferation and invasion of clear renal cells through suppressing Bcl-w [59], hsa-miR-365b-3p is
poorly associated with ccRCC patient survival [60] and hsa-miR-9-5p is associated with the development
and risk of renal cancer recurrence [61]. Although studies on the function roles of the other three
miRNAs in ccRCC are still less reported to date, some other studies have revealed that hsa-miR-1269a
could function as an onco-miRNA in NSCLC via down-regulating its target SOX6 [62], as well as that
miR-1269a could promote colorectal cancer (CRC) metastasis by targeting Smad7 and HOXD10 [63].
The highly expressed hsa-miR-3613 as a oncogene could inhibit apoptosis via the down-regulation
of target APAF1 in human neuroblastoma BE(2)-C cells, as well as serve as a potential prognostic
biomarker for pancreatic adenocarcinoma [64]. Some recent studies have indicated that miR-223-3p
could down-regulate aNHEJ expression to result in synthetic lethality in human BRCA1-deficient
cancers [65], and also act as an oncogenic miRNA in colon cancer through regulating EMT and
PRDM1 [66]. These previous studies have revealed that the high expression of the seven miRNAs could
down-regulate the respective tumor suppressor genes or driver genes involved in different malignant
tumor occurrences. Especially, the same miRNA might regulate different target genes involved in
specific tumor formation, which suggests that the different roles of same miRNA might depend on
different cell microenvironment and cancer types. Interestingly, our present study has indicated
that the seven aforementioned miRNAs mainly regulate tumor suppressor and/or driver genes to
involve in ccRCC. Thus, we suggest that the seven miRNAs could served as potentially diagnostic and
prognostic factors that may be due to the four down-regulated miRNAs that could restore or elevate
the expression level of a certain number of tumor suppressor or driver genes to improve the survival
of ccRCC patients, whereas the three up-regulated miRNAs might decrease the expression level of
many tumor suppressor genes to result in the worse survival of ccRCC patients. Particularly, our
present findings have shown that the highly expressed hsa-miR-144-5p could reduce the expression
level of multiple oncogenic genes to promote the survival for ccRCC prognosis. A previous study has
also shown that the hsa-miR-144-5p could serve as a tumor-suppressor gene for inhibiting cell growth
and arresting cells in the G1 phase in renal cancer [30], which is also agreement with our present
result. Taken together, we urge that hsa-miR-223-3p, hsa-miR-365b-3p, hsa-miR-3613-5p, hsa-miR-9-5p,
hsa-miR-183-5p, hsa-miR-335-3p, and hsa-miR-1269a could serve as oncogenic miRNAs, as well as the
hsa-miR-144-5p could act as a tumor suppressor miRNA for ccRCC patient diagnosis, but it is still
further experimental verification.

A single miRNA molecule is known to carry out its function through fine-tuning the expression
of target genes [42,43]. Therefore, it is hard to say that the expression of a single gene regulated by
a single miRNA could significantly impact the proliferation and migration of cancer cell. Here, our
findings seem to imply that single miRNA might need to regulate the expression of a lot of genes
involved in the progression of ccRCC, suggesting that a single miRNA might be more suitable for
ccRCC diagnosis and prognosis than a single gene. Specially, multiple miRNAs prefer synergistically
or antagonistically regulating one or more target genes to control the strength and duration of cell
response [42,43]. Thus, the combined multi-miRNAs as diagnosic and prognosic factors might be more
suitable for the clinical application of ccRCC patients than a single miRNA. In the present study, just as
we wish the prognostic effect and the credibility of the eight-miRNA signature are clearly superior
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to a single miRNA (Figure 3, Figure S3 and Table S4), implying that the cooperative regulation of
multi-miRNAs might play very important roles in tumorigenesis and progression of ccRCC.

In the present work, we have found that eight prognostic miRNAs could interplay with twenty-two
TFs. Many studies have revealed that the interplay between miRNA and TFs play key roles in
establishing and maintaining cell phenotype [67–69]. Notably, in the gene regulatory network, TF and
miRNA interplay could constitute positive or negative feedback loops to execute similar and opposing
functions, which can precisely control the regulation of gene expression to reduce noise and maintain
cell homeostasis [40,70,71]. Therefore, while considering the complexity of TFs and miRNAs interplay
regulating gene expression, we further constructed an interplay network of TF-miRNA and propose a
potential molecular mechanism that the interaction between TFs and miRNAs facilitates the survival
of ccRCC patients (Figure 10). As shown in Figure 10, down-regulated transcription factors, such as
KLF5 and GATA2, can down-regulate miR-183-3p and miR-1269a to up-regulated FAS and other tumor
suppressor genes, whilst down-regulated miR-183-3p and miR-1269a can also up-regulate IKZF1 and
IRF1 to down-regulated downstream targets. Additionally, up-regulated MYC and IKZF1 can activate
miR-223-3p and miR-365b-3p to down-regulate RPS6KA6, DEPTOR, and other tumor suppressor genes,
whilst miR-223-3p and miR-365b-3p can also down-regulate TFAP2A and GATA2 to down-regulate
miR-183-5p and miR-1269a to up-regulated FAS and VEGFA. Remarkably, some previous reports
showed that the transcription factor GATA2 could activate the expression of miR-194 to promote this
distant metastasis of prostate cancer by inhibiting SOCS2 [72], and the transcription factor KLF5 could
also promote the expression of miR-145, miR-124, and miR-183 by binding to their promoter involved
in the progression of invasive pituitary adenoma [73], as well as the transcription factor TFAP2C could
promote lung tumorigenesis and aggressiveness through it activating miR-183 and miR-33a-mediated
cell cycle regulation [74]. Especially, the interplay of MYC and hsa-miR-144 has been reported in
chronic myelogenous leukemia cell K562 [75], and the transcription factor E2F1 could also up-regulate
miR-224/452 expressions to inhibit the expression of TXNIP to drive EMT in malignant melanoma [36],
as well as miR-3188, as a tumour suppressor, could control the nasopharyngeal carcinoma proliferation
and chemosensitivity through a mechanism where FOXO1 modulated a positive feedback loop of
mTOR-p-PI3K/AKT-c-JUN [38]. These above results supported our conclusion that the interplays
between transcription factors and miRNAs might play very important roles in the prognosis of ccRCC
patients. Thus, based on the importance of TF and miRNA interplay in gene expression regulation, we
ultimately screened six miRNAs (hsa-miR-365b-3p, hsa-miR-223-3p, hsa-miR-1269a, hsa-miR-144-5p,
hsa-miR-183-5p, hsa-miR-335-3p) and five TFs (TFAP2A, KLF5, IRF1, MYC, IKZF1) as an integrative
prognostic predictor. Interestingly, the prognostic effect and the credibility of the combined six miRNAs
and five TFs signature are better than both the eight-miRNA signature and the nine-TF signature.
The reason might be that not only TFs can regulate the expression of multiple target genes, including
miRNAs, but also miRNAs can fine-tune multiple gene expressions, including TFs, as well as their
closely coordinated regulations control cell homeostasis. This also suggests why TFs and miRNAs
interplay is effective as a clinical prognostic factor for ccRCC patients. Of course, all of these regulatory
pairs predicted by bioinformatics and data integration are still to be further verified experimentally.

4. Materials and Method

4.1. Data Sources and Pre-Processing

All KIRC sample RNA-seq data of mRNA and miRNA isoform and corresponding clinical
information were downloaded from the The Cancer Genome Atlas (TCGA) database (https://portal.
gdc.cancer.gov/, Springer Netherlands, Bethesda, MD, USA). The samples were filtered based on
survival days greater than three months and simultaneous possessing mRNA and miRNA expression
data. Based on the AnimalTFDB3.0 (http://bioinfo.life.hust.edu.cn/AnimalTFDB/, Oxford University
Press, Hubei, China.) and Ensemble (http://asia.ensembl.org/index.html, Oxford University Press,
Cambridgeshire, UK.) annotations, we identified 19,780 coding genes, of which 1400 were transcription
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factors. The expression level of 2,104 miRNA matures was obtained after miRNA isoform alignment.
These lower expressed genes (sum(cpm) < 1) were removed and these genes expressed in at least 50%
of the sample were retained.

4.2. Differentially Expressed Gene Analysis

Difference gene expression analysis between all tumor and paracancerous tissues was performed
while using the edgeR package with filter parameters |log2FC| > 1 and p.adjust < 0.05. Similarly,
differentially expressed miRNA was screened by limma package with criteria: |log2FC| > 1, p.adjust <

0.05. In addition, the mRNA and miRNA expression profiles were further respectively converted to
log2 (normalized value + 1) and log2 (RPKM + 1) to be used for the next operation.

4.3. Survival Analysis and Prognosis Model Establishment

The samples of ccRCC with OS > 90 days were selected for survival analysis. Firstly, according to
the median expression of miRNAs, batch survival analysis was performed to screen out the significantly
differentially expressed miRNAs that are associated with survival. Subsequently, the univariate Cox
regression was used to further assess the miRNAs related to survival. Only those miRNAs with a
p-value < 0.001 were selected as candidate biomarker miRNAs. Finally, these candidate miRNAs were
subjected to multivariate cox regression to determine independent prognostic marker miRNAs and
calculate the risk value constructing prediction model for each miRNA. Based on the above results,
the time-dependent receiver operating characteristic (ROC) curve was drawn using the Survival ROC
R package, and the classification model was evaluated according to the area under the curve (AUC).
In addition, we also analyzed the concordance index (C-index) and the Akaike information criterion
(AIC). The C-index represents the consistency of the probability of the actual occurrence of the outcome
and the probability of the prediction, and the AIC represents a standard for measuring the goodness of
statistical model fitting. The prognostic signature of individual calculated according to the risk values
of each marker miRNA and combined miRNAs. Next, the patient were divided into high and low risk
groups according to the median risk score, and the survival analysis curve was then performed to
check significant difference of patients in two groups over time.

4.4. miRNA Target Prediction and Target Function Analysis

These target genes of prognostic miRNAs were predicted by integrating Mirwalk3.0 (http://mirwalk.
umm.uni-heidelberg.de/, Public Library of Science, Mannheim, Germany.) and a negative correlation
between miRNA and mRNA expression. The Kyoto Encyclopedia of Genes and Genomes (KEGG)
analysis was performed using the clusterProfiler package [76] with the filtration standard: p.adjust <

0.05. The PPI network from target genes was derived from the STING database (https://string-db.org/,
Oxford University Press, Zurich, Switzerland).

4.5. Prediction of Transcription Factors Regulating miRNAs

The TransmiR2.0 (http://www.cuilab.cn/transmir, Oxford University Press, Beijing, China.) has
collected the human regulatory pair of TFs regulating miRNAs (TFs-miRNAs) based on accurate
transcriptional start site (TSS) of miRNA and ChIP-seq sequencing as well as experimental validation.
Combining the TFs-miRNAs regulatory pair with the expression positive correlation of miRNAs and
TFs, and TFs that may regulate these biomarker miRNAs were screened.

4.6. Data Statistics and Visualization

All data analysis was performed using R software (version 3.5.1, R Core Team, Vienna, Austria).
Cytoscape software [77] (version 3.6.1, Cold Spring Harbor Laboratory Press, Washington, WA, USA.)
were used to visualize the network. The survival curve was plotted using Kaplan Meier function, and
the difference significance was evaluated by log-rank test.
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5. Conclusions

In this work, we have identified eight prognostic miRNAs. Among them, seven miRNAs
(hsa-miR-223-3p, hsa-miR-365b-3p, hsa-miR-3613-5p hsa-miR-9-5p, hsa-miR-183-5p, hsa-miR-335-3p,
hsa-miR-1269a) can serve as potential oncogenes, whereas hsa-miR-144-5p might act as a tumor
suppressor gene for ccRCC diagnosis. In addition, the eleven-gene signature (hsa-miR-365b-3p,
hsa-miR-223-3p, hsa-miR-1269a, hsa-miR-144-5p, hsa-miR-183-5p, hsa-miR-335-3p, TFAP2A, KLF5,
IRF1, MYC, IKZF1) can sever as an effective prognostic predictor to significantly improve the overall
survival of ccRCC patients. Especially, our study has revealed a possible molecular mechanism that
TFs and miRNAs interplay can cooperatively regulate the expression of oncogenes, driver genes,
and tumor suppressor genes to facilitate the survival of ccRCC patients. Thus, our findings not only
provide a new insight into the mechanism that TFs and miRNAs interplay control the tumorigenesis
and progression of ccRCC, but also identify several novel diagnostic and prognostic biomarkers as well
as potential therapeutic targets that are very crucial for making individualized therapeutic strategies of
ccRCC patients.
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up-regulated and down-regulated targets. Signaling pathways of KEGG enrichment of up-regulated targets(A)
and down-regulated targets(B), Figure S6: Transcription factors regulating eight miRNAs. Six down-regulated
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S2: These top 21 miRNAs are significant associated with ccRCC survival, Table S3: The correlation between
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Simple Summary: MicroRNAs (miRNAs) are small RNAs that regulate expression of specific target
genes. We observed elevated levels of miR-378a-3p in Burkitt lymphoma (BL) and studied its role
in the pathogenesis of BL. Inhibition of miR-378a-3p reduced growth of BL cells, confirming its
significance in BL. Identification of BL specific target genes of miR-378a-3p revealed four candidates.
For two of them, MNT and IRAK4, miR-378a-dependent regulation was confirmed at the protein
level. Overexpression of MNT and IRAK4 in BL cell lines resulted in a similar effect as observed upon
miR-378a-3p inhibition, suggesting their involvement in the growth regulatory role of miR-378a-3p.

Abstract: MicroRNAs (miRNAs) are small RNA molecules with important gene regulatory roles
in normal and pathophysiological cellular processes. Burkitt lymphoma (BL) is an MYC-driven
lymphoma of germinal center B (GC-B) cell origin. To gain further knowledge on the role of miRNAs
in the pathogenesis of BL, we performed small RNA sequencing in BL cell lines and normal GC-B
cells. This revealed 26 miRNAs with significantly different expression levels. For five miRNAs,
the differential expression pattern was confirmed in primary BL tissues compared to GC-B cells.
MiR-378a-3p was upregulated in BL, and its inhibition reduced the growth of multiple BL cell lines.
RNA immunoprecipitation of Argonaute 2 followed by microarray analysis (Ago2-RIP-Chip) upon
inhibition and ectopic overexpression of miR-378a-3p revealed 63 and 20 putative miR-378a-3p targets,
respectively. Effective targeting by miR-378a-3p was confirmed by luciferase reporter assays for
MAX Network Transcriptional Repressor (MNT), Forkhead Box P1 (FOXP1), Interleukin 1 Receptor
Associated Kinase 4 (IRAK4), and lncRNA Just Proximal To XIST (JPX), and by Western blot for IRAK4
and MNT. Overexpression of IRAK4 and MNT phenocopied the effect of miR-378a-3p inhibition.
In summary, we identified miR-378a-3p as a miRNA with an oncogenic role in BL and identified
IRAK4 and MNT as miR-378a-3p target genes that are involved in its growth regulatory role.

Keywords: Burkitt lymphoma; miR-378a-3p; cell growth; microRNA

65



Cancers 2020, 12, 3546

1. Introduction

Burkitt lymphoma (BL) is one of the fastest growing human tumors with a cell doubling time of
about 24 h. BL mainly affects children and young adults but can also occur at a later age [1]. The tumor
cells are derived from germinal center B (GC-B) cells and usually carry the hallmark translocation
involving MYC and the immunoglobulin heavy or light chain loci which results in high expression of
MYC [2,3].

MicroRNAs (miRNAs) are a class of short noncoding RNAs of about 22 nucleotides. They modulate
gene expression at the post-transcriptional level by translational inhibition or by inducing mRNA
degradation [4,5]. MiRNAs regulate a wide range of cellular processes, including cell cycle, proliferation,
and apoptosis, and they are important determinants of B-cell development and maturation [6].
A widespread deregulation of miRNA expression has been observed in all B-cell lymphoma subtypes [7].

We and others identified distinct miRNA expression patterns in BL and demonstrated the central
role of MYC in regulating miRNA levels [8–12]. Functional studies showed crucial roles for the
miR-17~92 cluster, miR-28, miR-150, and miR-155 as either oncogenic or tumor suppressor miRNAs
in the pathogenesis of BL [9,13–19]. Nevertheless, the role of most of the deregulated miRNAs in BL
remains to be explored.

In this study, we carried out small RNA-sequencing in BL cell lines and normal GC-B cells
and subsequently focused on downstream functional experiments for miR-378a-3p. We show for
the first time that this miRNA is upregulated in BL and confirmed its regulation by MYC. Further
analysis indicated that miR-378a-3p is essential for the growth of BL cells. Using a combination of
genome-wide target gene identification, luciferase reporter assays, and Western blot upon modulating
miR-378a-3p levels, we confirmed targeting of Interleukin 1 Receptor Associated Kinase 4 (IRAK4) and
MAX Network Transcriptional Repressor (MNT) by miR-378a-3p. Overexpression of these two genes
phenocopied the effect of miR-378a-3p inhibition on growth of BL cells.

2. Results

2.1. MiRNA Expression Profiling in BL and GC-B Cells

An overview of the total number of reads and percentages of mapped reads per sample is given in
Table S1. The top 10 most abundantly expressed miRNAs accounted for 73% of all reads in BL and for 71%
in GC-B cells (total GC-B cells sorted on the basis of a CD20+IgD−CD38+ or IgD−CD138−CD3−CD10+

phenotype). Seven of the top 10 most abundantly expressed miRNAs were shared between BL and
GC-B cells (Figure 1A). Twenty-six miRNAs were significantly differentially expressed between BL and
GC-B cells, including eight miRNAs upregulated in BL and 18 downregulated (Figure 1B). qRT-PCR
validation on the same set of samples confirmed differential expression for six out of eight selected
miRNAs (Figure 1C and Figure S1). Of the six validated miRNAs, miR-378a-3p levels were increased
in BL relative to GC-B cells, while expression levels of miR-28-5p, miR-155-5p, miR-363-3p, miR-221-3p,
and miR-222-3p were decreased. Further expression analysis in primary BL tissue samples and GC-B
cells confirmed the differential expression for five of the six miRNAs, excluding miR-221-3p (Figure 1D).
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Figure 1. Deregulated expression patterns of microRNAs (miRNAs) in Burkitt lymphoma (BL) 
compared to germinal center B (GC-B) cells. (A) Overview of the top 10 most abundantly expressed 
miRNAs in Burkitt lymphoma (BL) and normal germinal center B (GC-B) cells as determined by 
small RNA-sequencing. Asterisks indicate miRNAs present in the top 10 of both BL and GC-B cells. 
(B) Heatmap of miRNAs significantly differentially expressed between BL and GC-B cells. (C) 
qRT-PCR validation results for six of the eight tested miRNAs with significantly differential 
expression between BL cell lines and GC-B cells. MiRNA expression levels were normalized to Small 
Nucleolar RNA C/D Box 44 (SNORD44). (D) The differential expression pattern was confirmed for 
five of the six tested miRNAs when BL tissues and GC-B cells were compared. MiRNA expression 
levels were normalized to Small Nucleolar RNA C/D Box 49 (SNORD49). Significant differences 
were calculated using an unpaired t-test. * p < 0.05, ** p < 0.01, *** p < 0.001, and **** p < 0.0001 

2.2. MYC-Induced miR-378a-3p Controls BL Cell Growth 

We selected miR-378a-3p for further functional analysis, because it was the only significantly 
upregulated miRNA with a high expression level in BL. Previous studies demonstrated that 
miR-378a-3p is induced by MYC in human mammary epithelial cells [20]. We assessed the 
regulatory role of MYC in B cells using the P493-6 B-cell model that has a tetracycline-repressible 
MYC allele [21]. Our results showed that this miRNA is also induced by MYC in B cells (Figure 2A). 

To explore the role of miR-378a-3p in growth of BL cells, we inhibited miR-378a-3p using a 
lentiviral miRNA inhibition construct (mZip-378a-3p) in four BL cell lines and followed cell growth 
in a GFP competition assay. Compared to the negative control (mZip-SCR), a significant decrease in 

Figure 1. Deregulated expression patterns of microRNAs (miRNAs) in Burkitt lymphoma (BL)
compared to germinal center B (GC-B) cells. (A) Overview of the top 10 most abundantly expressed
miRNAs in Burkitt lymphoma (BL) and normal germinal center B (GC-B) cells as determined by
small RNA-sequencing. Asterisks indicate miRNAs present in the top 10 of both BL and GC-B cells.
(B) Heatmap of miRNAs significantly differentially expressed between BL and GC-B cells. (C) qRT-PCR
validation results for six of the eight tested miRNAs with significantly differential expression between
BL cell lines and GC-B cells. MiRNA expression levels were normalized to Small Nucleolar RNA C/D
Box 44 (SNORD44). (D) The differential expression pattern was confirmed for five of the six tested
miRNAs when BL tissues and GC-B cells were compared. MiRNA expression levels were normalized
to Small Nucleolar RNA C/D Box 49 (SNORD49). Significant differences were calculated using an
unpaired t-test. * p < 0.05, ** p < 0.01, *** p < 0.001, and **** p < 0.0001

2.2. MYC-Induced miR-378a-3p Controls BL Cell Growth

We selected miR-378a-3p for further functional analysis, because it was the only significantly
upregulated miRNA with a high expression level in BL. Previous studies demonstrated that miR-378a-3p
is induced by MYC in human mammary epithelial cells [20]. We assessed the regulatory role of MYC
in B cells using the P493-6 B-cell model that has a tetracycline-repressible MYC allele [21]. Our results
showed that this miRNA is also induced by MYC in B cells (Figure 2A).

To explore the role of miR-378a-3p in growth of BL cells, we inhibited miR-378a-3p using a lentiviral
miRNA inhibition construct (mZip-378a-3p) in four BL cell lines and followed cell growth in a GFP
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competition assay. Compared to the negative control (mZip-SCR), a significant decrease in the number
of GFP-positive cells was observed in three (ST486, CA46, and DG75) out of four BL cell lines (Figure 2B).
No relationship was observed between the reduction in the percentage of GFP+ cells and the level
of miR-378a-3p expression (Figure S2). Together, our data indicate that inhibition of miR-378a-3p is
disadvantageous for BL cells, suggesting miR-378a-3p is indispensable for growth of BL cells.

Overexpression of miR-378a in ST486 using a lentiviral miRNA overexpression construct
(pCDH-378a) resulted in a ~47-fold increase in miR-378a-3p level. In a GFP competition assay, miR-378a
overexpression had no effects on cell growth, probably due to the already high endogenous levels.

Figure 2. MYC-induced miR-378a-3p is essential for BL cell growth. (A) Levels of MYC and miR-378a-3p
in tetracycline treated (“−”, MYC-off) and non-treated (“+”, MYC-on) P493-6 B-cells. MYC levels were
normalized to RNA Polymerase II Subunit A (POLR2A). MiRNA levels were normalized to SNORD44.
(B) Green fluorescent protein (GFP) growth competition assay upon miR-378a-3p inhibition in four
Burkitt lymphoma (BL) cell lines. The miR-378a inhibitor (mZip-378a-3p) and the scrambled control
(mZip-SCR) were stably transduced in BL cells using a lentiviral vector, which co-expresses GFP. The
GFP percentage was measured for 18 days, and the GFP percentage at the first day of measurement
(day 4) was set to 100%. All assays were performed in triplicate. Significant differences were calculated
using a mixed model analysis. *** p < 0.001 and **** p < 0.0001.

2.3. Identification of miR-378a-3p Targets

To identify miR-378a-3p target genes, we performed Ago2-RIP-Chip upon miR-378a-3p inhibition
and overexpression in ST486 cells (Figure S3A,B). Efficient pulldown of Ago2-containing RISC and
miRNAs was confirmed by qRT-PCR for miR-378a-3p and the unrelated highly expressed miR-181a-5p
(Figure S3C,D) and by Western blot for Ago2 protein (Figures S3E and S4). The number of Ago2
immunoprecipitation (IP)-enriched probes was similar in all four conditions, ranging between 6.3%
and 9.8% of the probes with consistent expression levels (Table 1).

Table 1. Number of genes in the miRNA targetome upon miR-378a-3p overexpression (pCDH) and
inhibition (mZip).

IP/T Ratio
pCDH (n = 9233) mZip (n = 8944)

EV 378a 378a/EV SCR mZip-378a-3p SCR/mZip-378a-3p

≥2 611 586 20 741 878 63
≥4 117 117 2 171 196 4
≥8 25 18 0 53 34 0

EV = pCDH-EV, 378a = pCDH-378a, SCR = mZip-SCR, IP = Ago2 immunoprecipitated fraction, T = total fraction.
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A total of 22 probes corresponding to 20 genes showed a ≥2-fold increased IP enrichment upon
miR-378a overexpression compared to empty vector control infected cells (Figure 3A and Table 2). Nine
of the 20 genes (45%) had at least one putative miR-378a-3p binding site (7mer-A1, 7mer-m8, or/and
8mer). Six of them, i.e., MAX Network Transcriptional Repressor (MNT), Heat Shock Protein Family B
(Small) Member 1 (HSPB1), Interleukin 1 Receptor Associated Kinase 4 (IRAK4), Cyclin K (CCNK),
Cyclin Dependent Kinase Inhibitor 2A (CDKN2A), and Ring Finger Protein 34 (RNF34), had a Gene
Ontology (GO) term related to cell growth, apoptosis, and/or cell cycle. Upon miR-378a-3p inhibition,
74 probes, corresponding to 63 genes, showed a ≥2-fold decreased IP enrichment compared to the
negative control infected cells (Figure 3B and Table 3). Nineteen of these 63 genes (30%) contained at
least one putative miR-378a-3p binding site, including Cytokine Inducible SH2 Containing Protein
(CISH), BCR Activator Of RhoGEF And GTPase (BCR), Tubulin Alpha 1c (TUBA1C), SWI/SNF Related,
Matrix Associated, Actin Dependent Regulator Of Chromatin, Subfamily A, Member 4 (SMARCA4),
and Forkhead Box P1 (FOXP1) with a GO term related to cell growth, apoptosis, or cell cycle. One of
the target genes, i.e., MYC Binding Protein (MYCBP), was identified with both experimental set-ups.

Table 2. Identified targets of miR-378a-3p upon overexpression.

Gene Transcript ID
IP/T Ratio miR-378a-3p Binding Site Growth-Related

GOEV * 378a FC 5′UTR CDS 3′UTR

IRAK4 ENST00000613694 1.0 4.6 4.6 8m yes
CDKN2A ENST00000304494 1.0 4.0 4.0 yes

JPX ENST00000415215 1.5 5.8 3.9 8m **
PLGRKT ENST00000223864 1.0 3.0 3.0 8m

TMEM245 ENST00000374586 1.0 2.9 2.9 7m8/8m
TOMM6 ENST00000398884 1.5 4.1 2.7

CDK1 ENST00000395284 1.0 2.6 2.6 yes
FAM117A ENST00000240364 1.4 3.6 2.6
WDR83OS ENST00000596731 1.3 3.2 2.5 7m8

CCNK ENST00000389879 1.0 2.4 2.4 8m yes
MYCBP ENST00000397572 2.3 5.4 2.3 7mA1
RNF34 ENST00000392465 1.3 3.0 2.3 yes
UBC ENST00000339647 1.0 2.3 2.3 yes
POP4 ENST00000585603 1.0 2.3 2.3
MNT ENST00000174618 1.2 2.7 2.3 7m8 7mA1 yes

HSPB1 ENST00000248553 1.8 3.9 2.2 7mA1 yes
INAFM1 ENST00000552360 1.3 2.8 2.2

PCNA ENST00000379160 1.0 2.1 2.1 yes
SP100 ENST00000264052 1.2 2.5 2.1

RPP25L ENST00000297613 1.2 2.4 2.0

* IP/T ratios in pCDH-EV (EV) were set to 1.0 in cases where the ratios were <1.0. ** The binding site in the
noncoding RNA is listed in the 3′-UTR column. 7mA1 = 7mer-A1, 7m8 = 7mer-m8, 8m = 8mer, FC = fold change,
378a = pCDH-378a, IP = Ago2 immunoprecipitated fraction, T = Total fraction, 5′UTR = 5′ untranslated region,
CDS = coding sequence, 3′UTR = 3′ untranslated region, GO = gene ontology.

Table 3. Identified targets of miR-378a-3p upon inhibition.

Gene Transcript ID
IP/T Ratio miR-378a-3p Binding Site Growth-Related

GOmZip-378a-3p * SCR FC 5′UTR CDS 3′UTR

DYNLRB1 ENST00000357156 1.0 6.4 6.4
VPS18 ENST00000220509 8.5 43.4 5.1

NAPA-AS1 ENST00000594367 1.2 5.2 4.3 7mA1 **
C11orf95 ENST00000433688 1.0 4.2 4.2
HOMEZ ENST00000357460 1.2 4.3 3.5
TMEM79 ENST00000405535 1.7 5.7 3.4
FOXP1 ENST00000493089 4.5 14.9 3.3 7m8/8m yes
PCIF1 ENST00000372409 1.0 3.2 3.2 7m8

ATP6V0C ENST00000330398 1.0 3.1 3.1
CISH ENST00000348721 2.1 6.6 3.1 8m yes

lnc-FOXB1-8 lnc-FOXB1-8:1 1.0 3.3 3.1
MT1B ENST00000334346 1.1 3.5 3.1 yes
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Table 3. Cont.

Gene Transcript ID
IP/T Ratio miR-378a-3p Binding Site Growth-Related

GOmZip-378a-3p * SCR FC 5′UTR CDS 3′UTR

lnc-EGLN1-1 lnc-EGLN1-1:6 1.0 2.9 2.9
NELFA ENST00000382882 1.0 3.0 2.9

BCR ENST00000305877 1.0 2.8 2.8 7m8 7m8 yes
MT1L ENST00000565768 1.2 3.2 2.8
FAT3 ENST00000409404 1.0 2.7 2.7 8m 7mA1

TRAF3IP2-AS1 ENST00000525151 1.0 2.7 2.7
C22orf39 ENST00000611555 1.0 2.6 2.6

KRTCAP2 ENST00000295682 1.6 4.1 2.6
LINC01122 ENST00000427421 11.2 29 2.6 7mA1 **
ACTG1P20 ENSG00000241547 1.3 3.2 2.5

lnc-KRTAP5-10-1 lnc-KRTAP5-10-1:1 1.5 3.5 2.4 7m8 **
MT1E ENST00000306061 1.1 2.8 2.4 yes

NUDT19 ENST00000397061 1.0 2.5 2.4 7mA1
PRDX4 ENST00000379341 1.0 2.4 2.4 yes

TMEM258 ENST00000537328 1.1 2.6 2.4
XLOC_l2_005952 TCONS_l2_00011050 6.6 15.6 2.4 7m8

BTG3 ENST00000629582 1.6 3.7 2.3 yes
EVI5L ENST00000270530 1.3 3.0 2.3

LINC01534 ENST00000433232 1.0 2.3 2.3
lnc-ADA-1 lnc-ADA-1:2 1.0 2.3 2.3

lnc-ZNF431-4 lnc-ZNF431-4:1 1.1 2.6 2.3
MT1A ENST00000290705 2.5 5.6 2.3 yes
CSRP2 ENST00000311083 2.7 5.9 2.2
FYCO1 ENST00000296137 1.0 2.2 2.2 7m8
HYAL3 ENST00000336307 2.0 4.3 2.2
KCNQ1 ENST00000632153 1.0 2.2 2.2

lnc-RP11-158I9.5.1-2 TCONS_00019776 1.5 3.3 2.2
PCNX ENST00000304743 3.8 8.3 2.2 7mA1/8m

PRSS36 ENST00000268281 1.4 2.8 2.2
SMARCA4 ENST00000344626 1.0 2.2 2.2 7m8 yes
TNRC6C ENST00000335749 8.5 18.3 2.2 7m8
TOLLIP ENST00000317204 1.3 2.8 2.2 7mA1
ARF4 ENST00000303436 1.0 2.1 2.1 yes

ATG4D ENST00000309469 1.4 2.8 2.1 yes
CSE1L ENST00000262982 1.2 2.5 2.1 yes

lnc-PCF11-1 lnc-PCF11-1:12 1.5 3.2 2.1
MARS ENST00000262027 1.7 3.6 2.1
NANS ENST00000210444 1.0 2.1 2.1

ORMDL2 ENST00000243045 1.1 2.3 2.1
PFKFB2 ENST00000367080 1.4 3.0 2.1 7m8 7mA1
PGM2L1 ENST00000298198 1.8 3.7 2.1
PTPN23 ENST00000265562 1.5 3.1 2.1
TSACC ENST00000368255 1.5 3.1 2.1

TUBA1C ENST00000301072 1.1 2.4 2.1 7mA1 yes
XLOC_l2_013031 TCONS_l2_00024809 6.5 13.7 2.1

C15orf61 ENST00000342683 1.3 2.6 2.0 8m
LAT ENST00000360872 1.0 2.0 2.0

LOC101929494 N/A 1.6 3.2 2.0
MYCBP ENST00000397572 1.5 3.1 2.0 7mA1
NDRG4 ENST00000394279 1.1 2.2 2.0 yes
TUBE1 ENST00000368662 1.1 2.2 2.0 yes

* IP/T ratios in mZip-378a-3p were set to 1.0 if <1.0. ** Binding sites on noncoding RNAs are listed in 3′-UTR column.
7mA1 = 7mer-A1, 7m8 = 7mer-m8, 8m = 8mer, FC = fold change, SCR = mZip-SCR, N/A = not available, IP = Ago2
immunoprecipitated fraction, T = total fraction, 5′UTR = 5′ untranslated region, CDS = coding sequence, 3′UTR = 3′
untranslated region, GO = gene ontology.

2.4. IRAK4 and MNT Are Involved in the Function of miR-378a-3p

For further analysis, we selected MYCBP that was identified in both approaches and six candidates
that had at least one 7mer-A1, 7mer-m8, or an 8mer and a GO term related to cell growth, apoptosis,
or/and cell cycle (CISH, BCR, TUBA1C, FOXP1, MNT, and IRAK4). We also included the lncRNA JPX,
as it showed a strong enrichment upon miR-378a-3p overexpression and contained an 8-mer seed
binding site (Figure 3C).
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Figure 3. Identification and validation of miR-378a-3p targets. MiR-378a-3p targets identified by 
Ago2-RIP-Chip upon (A) miR-378a overexpression relative to empty vector (EV) and (B) scrambled 
vector relative to miR-378a-3p inhibition (SCR/mZip-378a). The black bars indicate genes with 
miR-378a-3p seed binding sites. (C) Schematic representations of the eight genes selected for 
luciferase reporter assay validation. Black boxes indicate positions of the open reading frames 
(ORFs). Positions and types of miR-378a-3p binding sites are indicated relative to the ORF. The 
binding site in MNT indicated by an asterisk was not tested. (D) Luciferase reporter assay results 
upon co-transfection of ST486 and DG75 cells with the Psi-check-2 construct containing the wildtype 
(WT) or mutated (MUT) miR-378a-3p binding sites from the selected genes and either an 
miR-378a-3p mimic or a negative control mimic. Significant differences were calculated using a 
paired t-test. * p < 0.05, ** p < 0.01, ns = not significant. 

  

Figure 3. Identification and validation of miR-378a-3p targets. MiR-378a-3p targets identified by
Ago2-RIP-Chip upon (A) miR-378a overexpression relative to empty vector (EV) and (B) scrambled
vector relative to miR-378a-3p inhibition (SCR/mZip-378a). The black bars indicate genes with
miR-378a-3p seed binding sites. (C) Schematic representations of the eight genes selected for luciferase
reporter assay validation. Black boxes indicate positions of the open reading frames (ORFs). Positions
and types of miR-378a-3p binding sites are indicated relative to the ORF. The binding site in MNT
indicated by an asterisk was not tested. (D) Luciferase reporter assay results upon co-transfection of
ST486 and DG75 cells with the Psi-check-2 construct containing the wildtype (WT) or mutated (MUT)
miR-378a-3p binding sites from the selected genes and either an miR-378a-3p mimic or a negative
control mimic. Significant differences were calculated using a paired t-test. * p < 0.05, ** p < 0.01,
ns = not significant.

To confirm targeting of the eight selected genes by miR-378a-3p, we carried out luciferase reporter
assays for 10 putative miR-378a-3p binding sites in ST486 and DG75. This revealed a strong reduction
in the Renilla/firefly ratio for four of the miR-378a-3p binding sites in four genes (IRAK4, FOXP1 (site
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1), MNT, and JPX) (Figure S5). To further confirm specific binding by miR-378a-3p, we generated
constructs with mutations in these four miR-378a-3p binding sites. For IRAK4 (trend), FOXP1, and
MNT (both significant), wildtype binding sites showed lower Renilla/firefly ratios compared to the
mutated binding sites (black bars in Figure 3D), indicating binding of endogenous miR-378a-3p to
these sequences. Upon miR-378a-3p overexpression a significantly reduced Renilla/firefly ratio was
observed for the wildtype, but not for the mutated target sites, confirming efficient and specific
targeting (Figure 3D).

To validate the regulatory role of miR-378a-3p on endogenous IRAK4, FOXP1, and MNT protein
levels, we analyzed protein levels upon modulation of miR-378a-3p levels in ST486 and DG75
cells (Figure 4 and Figure S6). For IRAK4, this revealed a significant decrease upon miR-378a-3p
overexpression and a significant increase upon miR-378a-3p inhibition in DG75. In ST486, the same
pattern was observed albeit not significant. MNT levels were significantly decreased upon miR-378a-3p
overexpression in DG75 and ST486. Increased MNT levels upon miR-378a-3p inhibition were observed
only in DG75 cells although the increase was not significant. No significant differences in FOXP1
expression were observed in either cell line.
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Figure 4. Analysis of the effect of modulating miR-378a-3p levels upon the protein levels of the target
genes. Representative examples of the effect of miR-378a overexpression on IRAK4 (A), FOXP1 (C), and
MNT (E). Representative examples of the effect of miR-378a-3p inhibition on IRAK4 (B), FOXP1 (D),
and MNT (F). cells. Graphs show the quantification of the protein levels of three to four independent
infections. For each protein, the part of the total protein lane corresponding to the position of the
protein band is shown as an indication for protein loading. Protein levels were quantified relative to
the total protein amount as measured in the complete lane. Uncropped blots can be found in Figure S6.
Significant differences were calculated using a paired t-test. * p < 0.05, ** p < 0.01, ns = not significant.

Next, we performed gain-of-function experiments to determine whether overexpression of
the validated targets IRAK4 and MNT could phenocopy the effect of miR-378a-3p inhibition.
Overexpression of IRAK4 in DG75 cells resulted in a 74% decrease in GFP+ cells in 11 days (Figure 5).
Overexpression of MNT resulted in a >90% decrease in GFP+ cells in 11 days in DG75. Thus, our
results indicate that overexpression of IRAK4 and MNT could phenocopy the effect of miR-378a-3p
inhibition on growth of BL cells. Altogether, our results suggest that growth of BL cells depends on
high miR-378a-3p levels through regulating IRAK4 and MNT.
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Figure 5. Overexpression of IRAK4 and MNT phenocopies the effect of miR-378a-3p inhibition in
DG75 cells. (A) Validation of the IRAK4 and MNT overexpression in DG75. An empty vector (EV)
was used as a control. For each protein, the part corresponding to the position of the protein band is
shown as control of protein loading. Protein levels were quantified relative to the total protein amount
in the complete lanes. Uncropped blots can be found in Figure S7. (B) GFP competition assays upon
overexpression of IRAK4 and MNT resulted in a strong decrease in GFP+ cells over time, while no or
only a mild effect was observed for the EV control. The GFP percentages were measured for 11 days,
and the GFP percentage as measured on day 4 was set to 100%. Assays were performed in duplicate.
Significant differences between IRAK4 and MNT overexpression and EV control were calculated using
a mixed model analysis. ** p < 0.01 and **** p < 0.0001.

3. Discussion

In this study, we identified 26 miRNAs differentially expressed in BL cell lines compared to GC-B
cells. For five of the miRNAs, deregulated expression levels were confirmed in both BL cell lines and
primary tissues. Among them, miR-378a-3p is MYC-induced, highly abundant (top 10 within BL),
and overexpressed in BL compared to GC-B cells. Inhibition of miR-378a-3p showed a negative effect
on BL cell growth. In a genome-wide Ago2-RIP-Chip analysis, 20 and 63 genes were identified as
the potential targets of miR-378a-3p upon miR-378a-3p overexpression and inhibition, respectively.
MNT and IRAK4 were confirmed as novel targets of miR-378a-3p in BL, and their overexpression
phenocopied the effect of miR-378a-3p on BL cell growth.

Six of the 26 identified differentially expressed miRNAs were reported to be deregulated in BL by
Oduor et al. in a previous study [8]. These six included miR-155-5p, miR-221-3p, miR-222-3p, and
miR-28-5p which we validated by qRT-PCR in BL cell lines and tissue samples. Nine additional miRNAs
were proven to be differentially expressed in BL compared to other B-cell lymphomas [9–12,20]. Thus,
our small RNA sequencing data confirmed some of the previously identified deregulated miRNAs in
BL. Moreover, we showed for the first time that miR-378a-3p is an MYC-induced and significantly
upregulated miRNA in BL. Since the role of miR-378a-3p in BL was not studied before, we focused on
this miRNA for further functional analysis.

Inhibition of miR-378a-3p resulted in a strong reduction of BL cell growth, suggesting a possible
oncogenic role of miR-378a-3p in BL. The effect on growth upon miR-378a-3p was most pronounced in
ST486. DG75 and CA46 showed intermediate phenotypes while no significant effect was observed in
Ramos. There was no obvious relationship between endogenous miR-378a-3p levels and the decrease in
percentage of GFP+ cells upon miR-378a-3p inhibition. Given the complex interactions between miRNAs
and target genes, i.e., multiple targets per miRNA and multiple miRNAs per target, the differences
in the observed phenotypes might be related to endogenous levels of other miRNAs or target genes.
Previous studies have shown opposite roles of miR-378a-3p in different cancer types. MiR-378a-3p
was reported to inhibit growth or promote apoptosis and, thus, act as a tumor suppressor in colorectal
cancer, lung cancer, ovarian cancer, prostate cancer, and rhabdomyosarcoma [22–26]. In contrast, in line
with our findings, miR-378a-3p was shown to promote proliferation and reduce apoptosis in gastric
cancer, nasopharyngeal carcinoma, colorectal cancer, and acute myeloid leukemia [27–30].
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Using an unbiased genome-wide experimental approach, we identified 83 putative miR-378a-3p
target genes. Luciferase reporter assays confirmed targeting of four out of eight selected genes, i.e.,
the protein-coding genes MNT, IRAK4, and FOXP1, and the lncRNA JPX. Targeting of the endogenous
MNT and IRAK4 transcripts by miR-378a-3p was confirmed at the protein level, albeit with limited
effects. For FOXP1, we could not confirm targeting by miR-378a-3p at the protein level, while we did
not follow up potential targeting of endogenous JPX transcripts in BL. Moreover, we showed that
overexpression of MNT and IRAK4 strongly inhibited the growth of DG75 cells. Together, these data
suggest that the effect of miR-378a-3p might at least in part be dependent on targeting MNT and IRAK4.
The apparent discrepancy between the limited effect of miR-378a-3p on the levels of these proteins and
the relatively strong phenotype on growth is in line with the general thought that miRNAs most often
do not work as on/off switches but rather fine-tune the expression of their targets [5]. A combined
moderate effect on MNT, IRAK4, and possible others might explain the strong effect on cell growth.
Further experiments in additional cell lines using, e.g., phenotype rescue approaches with more precise
control of the overexpression levels are required to confirm the relevance of these targets for the
miR-378a-3p-induced phenotype.

Previous studies showed a dual role of MNT in tumorigenesis. On the one hand, MNT was
reported as a facilitator of MYC-driven T-cell proliferation and survival [31]. In line with this, a study
in Eµ-MYC mice showed that reduced MNT levels reduced tumorigenesis [32], suggesting that MNT
is indispensable for MYC-driven oncogenesis. However, in most studies, MNT acted as a tumor
suppressor and was a functional antagonist of MYC by repressing its activities related to cell cycle,
proliferation, and apoptosis [33,34]. Loss of MNT in mouse embryonic fibroblasts (MEFs) phenocopied
the effect of MYC overexpression [35–37]. These findings are in line with our results and suggest that
high levels of miR-378a-3p could promote BL tumorigenesis by reducing MNT levels, thereby enabling
MYC to execute its oncogenic effects in BL.

IRAK4 plays an essential role in the Toll-like receptor (TLR) pathway [38], which mediates
inflammatory signals in B cells and causes activation of nuclear factor kappa-light-chain-enhancer of
activated B cells (NF-κB). The TLR pathway is hyperactive in mantle cell lymphoma and diffuse large
B-cell lymphoma (DLBCL), and activation of NF-κB promotes B-cell survival and proliferation [39–41].
Depletion of IRAK4 showed a negative effect on NF-κB activity and autocrine IL-6/IL-10 engagement of
the Janus Kinase (JAK)-Signal Transducer and Activator of Transcription 3 (STAT3) pathway, reducing
survival of DLBCL cells [42,43]. Despite the pro-survival role of NF-κB in DLBCL, activation of NF-κB
has been reported to be disadvantageous in MYC positive BL consistent with our data, supporting a
role of miR-378a-3p-dependent repression of IRAK4 in limiting the activation of NF-κB [44,45].

Although we could not show that FOXP1 protein levels are affected by miR-378a-3p, we cannot
exclude that expression changes in FOXP1 are more subtle and not captured by our experimental
set-up. FOXP1 is a member of the forkhead box (Fox) transcription factor family and a regulator of
early B-cell development [46]. Interestingly FOXP1 expression is downregulated during the normal
GC reaction. In BL, FOXP1 levels are comparable to GC-B cells, but lower than the level in other B-cell
lymphomas [47,48]. The potential relevance of maintaining low FOXP1 in BL is further supported by
the finding that aberrant expression of FOXP1 cooperates with (constitutive) NF-κB activity [49], which
might be disadvantageous for the survival of BL. The relevance of the long noncoding RNA JPX in the
phenotype induced by miR-378a-3p inhibition remains to be elucidated. JPX is an activator of X Inactive
Specific Transcript (XIST) and acts as a molecular switch for X chromosome inactivation [50]. JPX was
reported to act as an oncogene in ovarian cancer and non-small-cell lung cancer by promoting cell
proliferation, invasion, and migration [51,52]. In hepatocellular carcinoma, JPX-dependent induction
of XIST suppresses hepatocellular carcinoma progression by binding to the miR-155-5p oncomiR [53].
The potential role of miR-378a-3p in regulating FOXP1 and JPX levels need to be further established.
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4. Materials and Methods

4.1. BL Cell Lines, Germinal Center (GC) B Cells, and BL Patient Material

BL cell lines were purchased from American Type Culture Collection (ATCC/LGC Standards,
Molsheim Cedex, France) (ST486 and Ramos) and German Collection of Microorganisms and Cell
Cultures (DSMZ, Braunschweig, Germany) (CA46 and DG75). BL cells were cultured at 37 ◦C
under an atmosphere containing 5% CO2 in Roswell Park Memorial Institute (RPMI)-1640 medium
(Cambrex Biosciences, Walkersville, MD, USA) supplemented with 2 nM ultra-glutamine, 100 U/mL
penicillin, 0.1 mg/mL streptomycin, and 10% (CA46, DG75, and Ramos) or 20% (ST486) fetal bovine
serum (Sigma-Aldrich, Zwijndrecht, The Netherlands). P493-6 B-cells were cultured as described
previously [54]. We routinely confirmed cell line identity using the PowerPlex® 16HS System (Promega,
Leiden, The Netherlands) and absence of mycoplasma contamination.

GC-B cells and frozen BL tissue sections were obtained previously as described in [9,54,55].
GC-B cells (defined as CD20+IgD−CD38+, n = 6 or IgD−CD138−CD3−CD10+, n = 1) were sorted
from routinely removed tonsil specimens of children. Specifically, for small RNA seq experiments,
fluorescence-activated cell sorter (FACS)-sorted (CD20+IgD−CD38+, n = 2) and magnetic-activated
cell sorter MACS-sorted (IgD−CD138−CD3−CD10+, n = 1) GC-B cells were used as controls, while
FACS-sorted (CD20+IgD−CD38+, n = 4) GC-B cells were used for qRT-PCR validation experiments.
Written permission for the use of the tonsil tissues to isolate GC-B cells was obtained from the parents
of the children. The study protocol was consistent with international ethical guidelines (the Declaration
of Helsinki and the International Conference on Harmonization Guidelines for Good Clinical Practice).
According to the Medical ethics review board of the University Medical Center Groningen our studies
fulfilled requirements for patient anonymity and were in accordance with their regulations. The Medical
ethics review board waives the need for approval if rest material is used under law in the Netherlands,
and waives the need for informed consent when patient anonymity is assured (BL tissue samples).

4.2. RNA Isolation

RNA was isolated using miRNeasy Mini or Micro kit (Qiagen, Hiden, Germany) according
to the manufacturer’s instructions. RNA concentration was measured by a NanoDropTM 1000
Spectrophotometer (Thermo Fisher Scientific Inc., Waltham, MA, USA) and integrity was evaluated on
a 1% agarose gel.

4.3. Small RNA Library Preparation and Sequencing

Firstly, 1–2 µg of total RNA from four BL cell lines and three samples of GC-B cells was used
to generate small RNA libraries using Truseq Small RNA Sample Preparation Kit and TruSeq small
RNA indices (Illumina, San Diego, CA, USA). Sequencing was performed on an Illumina 2000 HiSeq
platform. After removal of 3′- and 5′-adaptor sequences from the raw reads using the CLC Genomics
Workbench (CLC Bio, Cambridge, MA, USA), sequencing data were analyzed using miRDeep version
2.0 (Max Delbrück Center for Molecular Medicine in the Helmholtz Association, https://www.mdc-
berlin.de/8551903/en) [56] and annotated against miRbase version 21 (http://www.mirbase.org) [57]
allowing one nucleotide mismatch. Read counts of miRNAs with the same mature miRNA sequence
were merged. Total read counts per sample were normalized to 1,000,000. For statistical analysis,
we included all unique miRNAs with at least 50 read counts in all seven samples. Genesis software
v1.7.6 (Institute for Genomics and Bioinformatic Graz, Graz, Austria) was used to generate the heat
map. The small RNA sequencing data were deposited in the Gene Expression Omnibus database
(http://www.ncbi.nlm.nih.gov/geo; accession number GSE92616).

4.4. qRT-PCR

For validation of small RNA sequencing results, we selected differentially expressed miRNAs
with expression log2 reads per million (RPM) >8 in BL or GC-B cells. We selected the most optimal

75



Cancers 2020, 12, 3546

Taqman assay on the basis of isoform abundance as observed in the small RNA sequencing data
(Table S2). The miRNA expression levels were analyzed using Taqman miRNA quantitative PCR
assays (Thermo Fisher Scientific Inc.) in a multiplexed fashion as described previously [58]. Cycle
crossing point (Cp) values were determined with Light Cycler 480 software version 1.5.0 (Roche, Basel,
Switzerland). Relative expression levels of miRNAs to the housekeeping gene (SNORD44 or SNORD49)
were determined by calculating 2−∆Cp (∆Cp = CpmiRNA − Cphouse-keeping gene). MYC transcript levels
were analyzed as indicated previously [54].

4.5. Lentiviral Constructs, Transduction, and GFP Competition Assay

Lentiviral constructs to inhibit (mZip-378a-3p) or overexpress (pCDH-miR-378a) miR-378a-3p
were purchased from System Biosciences (Palo Alto, CA, USA). A nontargeting mZip-scrambled
(SCR) and an empty vector pCDH (EV) construct were used as negative controls. Lentiviral
pLV-EGFP:T2A:Puro-EF1A IRAK4, MNT, and empty vector control constructs were purchased
from VectorBuilder (Chicago, IL, USA). Lentiviral particles were produced in HEK-293T cells by
calcium phosphate precipitation transfection using a third-generation packaging system as described
previously [55]. Briefly, HEK-293T cells were seeded in six-well plates and grown until ~80% confluence.
A plasmid mix consisting of 15 µL of CaCl2 (2.5 M), 1 µg of pMSCV-VSV-G, 1 µg of pRSV.REV, 1 µg of
pMDL-gPRRE, 2 µg of lentiviral vector, and 150 µL of 2× HEPES buffered saline (HBS) was prepared
to transfect the HEK-293T cells. The virus was harvested and filtered using a 0.45 µm filter 48 h after
transfection. The virus was either used directly or stored at −80 ◦C.

For GFP competition assays, BL cell lines were infected with the mZip-378a-3p and the negative
control mZip-SCR in three biological replicates per construct, aiming at an infection efficiency of 20%
to 50% GFP+ cells on day 4. The percentage of GFP+ cells was monitored by flow cytometry (BD
Biosciences, San Jose, CA, USA) three times per week for a total period of 18 days. For the IRAK4
and MNT GFP competition assays, two biological replicates per construct were performed, and the
percentage of GFP+ cells was monitored for 11 days.

4.6. AGO2-IP Procedure

Immunoprecipitation (IP) of the Ago2-containing RNA-induced silencing complex (RISC)
(Ago2-IP) procedure was done as described previously [59]. To identify miR-378a-3p target
genes, we applied the Ago2-RIP-Chip on BL cells infected with lentiviral miR-378a-3p inhibition or
overexpression constructs. For both constructs, a parallel infection with appropriate control constructs
(nontargeting or empty vector) was performed. We aimed at a high infection percentage and harvested
the cells at day 5, either directly or after sorting to reach a GFP+ percentage >95% for inhibition and
>85% for overexpression. For each AGO2-IP experiment, we started with ~30 million cells. RNA was
isolated from the Ago2-IP and total (T) fractions. Efficiency of the Ago2-IP procedure was confirmed
by qRT-PCR for miR-378a-3p and miR-181a and by Western blot for the Ago2 protein.

4.7. Western Blotting

Infected cells were harvested and lysed in lysis buffer (#9803, Cell Signaling Technology, Danvers,
MA, USA) supplemented with protease inhibitor. After centrifugation at 14,000 rpm for 10 min
(4 ◦C), supernatants were collected, and protein concentrations were measured using the bicinchoninic
acid (BCA) Protein Assay Kit (Thermo Fisher Scientific Inc., Waltham, MA, USA) according to the
manufacturer’s protocol. Then, 20 µg of protein was separated on a polyacrylamide gel and transferred
to a nitrocellulose membrane followed by incubation overnight at 4 ◦C with primary antibodies,
anti-Ago2 (2E12-1C9, Abnova, Taipei, Taiwan), anti-MNT (#A303-626A, Bethyl Lab, Montgomery,
TX, USA), anti-IRAK4 (ab32511, Cambridge, UK), and anti-FOXP1 (#2005, Cell Signaling Technology,
Danvers, MA, USA)). All antibodies were diluted 1000× in 5% milk in Tris-buffered saline with
Tween-20 (TBST). After incubation with the secondary and tertiary (for MNT, IRAK4, and FOXP1)
antibodies and with the enhanced chemiluminescence (ECL) substrate (Thermo Fisher Scientific
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Inc.), chemiluminescence was detected. Ago2 was quantified with Image Lab 4.0.1 software (BioRad,
Hercules, CA, USA), and MNT, IRAK4, and FOXP1 were quantified using ImageJ (NIH, Bethesda, MD,
USA). MNT, IRAK4, and FOXP1 protein levels were normalized relative to the total protein amount in
the complete lane.

4.8. Microarray Analysis

About 50 ng RNA of both the total (T) and the IP fractions were labeled and hybridized on an
Agilent gene expression microarray (AMADID no.: 072363, SurePrint G3 Human Gene Exp v3 array
kit, Agilent Technologies, Santa Clara, CA, USA). The microarray contained 58,341 probes against
coding and noncoding transcripts. The procedure and data analysis were performed as previously
described [54]. Briefly, after complementary RNA (cRNA) synthesis and amplification, labeling was
done with cyanine 3-CTP (Cy3) or cyanine 5-CTP (Cy5) using the LowInput QuickAmp Labeling kit
(catalog no.: 0006322867). Equal amounts of Cy3- or Cy5-labeled cRNA samples were mixed and
hybridized on the microarray slide overnight. Raw data were quantile normalized without baseline
transformation using GeneSpring GX 12.5 software (Agilent Technologies). Probes were selected for
further analysis if they were flagged present in all samples, expressed in the 25th to 100th percentile in
at least half of the total (T) fractions, and showed consistent expression in the duplicate measurements
(<2-fold change). The average signals of replicates were used to calculate the IP/T ratio, and probes
with a ≥ 2-fold enrichment in the IP fraction as compared to total (T) fraction were considered as
potential miRNA targets.

For pCDH-378a transduced cells, we next assessed miR-378a-3p targets by identifying probes that
were enriched at least ≥2-fold higher in miR-378a-overexpressing cells as compared to empty vector
(pCDH-EV). For mZip-378a-3p transduced cells, we assessed miR-378a-3p targets by identifying probes
with at least ≥2-fold higher enrichment in mZip-SCR transduced cells as compared to mZip-378a-3p
cells. Gene expression microarray data are deposited in the Gene Expression Omnibus database
(http://www.ncbi.nlm.nih.gov/geo; accession number: GSE141691).

4.9. Identification of miR-378a-3p Seed Sites and Gene Ontology (GO) Terms

For all Ago2-RIP-Chip identified targets of miR-378a-3p, we used a Perl script to search for 7mer-A1,
7mer-m8, and 8mer [60] miR-378a-3p seed sites in 5′-untranslated region (UTR), coding sequence
(CDS), and 3′-UTR). Ensemble transcript isoforms were selected on the basis of a refseq identifier (ID)
conversion using Biomart (https://www.ensembl.org/biomart). For lncRNA transcripts without an
Ensembl ID, we used the LNCipedia or a XLOC/TCONS (BROAD Institute, Cambridge, MA, USA)
transcript ID. The growth-related Gene Ontology (GO) terms (proliferation, cell cycle, and apoptosis)
for selected genes were retrieved from the Ensembl database (https://www.ensembl.org/biomart).

4.10. Cloning of miRNA Binding Sites and Luciferase Reporter Assay

We adapted the psi-Check-2 vector (Promega, Madison, WI, USA) to remove the predicted
miR-378a-3p target site (7mer-A1) in the open reading frame of the Renilla luciferase gene. The binding
site was mutated by changing two nucleotides in the seed region without affecting the amino-acid
sequence. This was accomplished by substituting the 460 nt long fragment between the EcoRV and
XhoI sites of the psi-Check-2 vector (Figure S8; Integrated DNA Technologies, Leuven, Belgium).
Effective Renilla luciferase production independent of miR-378a-3p levels was confirmed before cloning
putative binding sites of target genes.

Ten potential miRNA binding sites of eight miR-378a-3p target genes were ordered as 58-mer
oligo duplexes (Integrated DNA technologies) and cloned into the XhoI and NotI restriction sites
of the modified luciferase reporter vector (Table S3). For the binding sites with a positive result in
the first luciferase reporter assay, mutant controls were generated by cloning oligo duplexes with
mutations in three nucleotides in the seed region. The reporter vectors with miR-378a-3p wildtype
or mutated binding sites were co-transfected with 10 µM of either miR-378a pre-miRNA (Cat. NO.:
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AM17100, Ambion, Austin, TX, USA) or control oligos (Cat. NO.: AM17111, Ambion) to ST486 and
DG75 cells using an Amaxa nucleofector device (program A23) and the Amaxa Cell Line Nucleofector
Kit V (Cat NO.: VACA-1003) (Amaxa, Gaithersburg, MD, USA). Cells were harvested 24 h after
transfection. Renilla and firefly luciferase activity in cell lysates was measured using a Dual-Luciferase
Reporter Assay System (Promega). Each experiment was measured in duplicate and results were
averaged per experiment. For each construct, the luciferase assay was performed in three independent
biological replicates.

4.11. Statistical Analysis

MiRNAs significantly differentially expressed in the small RNA-seq profiling were identified with
a moderated t-test and Benjamini–Hochberg correction for multiple testing using the GeneSpring GX
software (version 12.5, Agilent Technologies, Santa Clara, CA, USA). For confirmation of differentially
expressed miRNAs by qRT-PCR, we used the nonparametric Mann–Whitney U-test (GraphPad
Software Inc., San Diego, CA, USA). Statistical analysis of GFP competition assays was performed
as described previously [55]. Briefly, the percentage of mZip-378a-3p infected cells at day 4 was
set to 100% and compared to percentages in the control over time using a mixed model, with time
and the interaction of time and miRNA construct type as a fixed effect and the measurement repeat
within miRNA construct type as a random effect in SPSS (22.0.0.0 version, IBM, Armonk, NY, USA).
For the luciferase reporter assay, significance was calculated on the basis of the Renilla-to-firefly (RL/FL)
luciferase ratios between experimental samples and negative controls using a paired t-test (GraphPad
Software Inc.). MNT, IRAK4, and FOXP1 protein levels were normalized to total protein loading as
visualized with Ponceau S staining. The average change in protein levels of three to four experiments
was calculated relative to pCDH-EV and miRZip-SCR controls, which were set to 1. Significance was
calculated using a one-tailed paired t-test (GraphPad Software Inc.).

5. Conclusions

In conclusion, we identified 26 miRNAs differentially expressed between BL cells and GC-B cells
and confirmed deregulated expression of five out of eight miRNAs in both BL cell lines and tissue
samples. For one of the differentially and highly abundant (top 10 in BL) miRNAs, miR-378a-3p,
we showed a negative effect on BL cell growth upon inhibition. Overexpression of two experimentally
proven miR-378a-3p targets, i.e., IRAK4 and MNT, phenocopied the effect observed upon miR-378a-3p
inhibition. Together, our data show a critical role for miR-378a-3p in promoting BL cell growth and
suggest that this involves controlling IRAK4 and MNT levels.
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Abstract: One of the goals of personalized medicine is to understand and treat diseases with greater
precision through the molecular profile of the patient. This profiling is becoming a powerful tool for
the discovery of novel biomarkers that can guide physicians in assessing, in advance, the disease
stage, and monitoring disease progression. Circulating miRNAs and exosomal miRNAs, a group
of small non-coding RNAs, are considered the gold standard diagnostic biomarkers for human
diseases. We have previously demonstrated that osteosarcoma-derived exosomes are able to influence
crucial mechanisms inside tumor niches, inducing osteoclast differentiation, and sustaining bone
resorption activity. Here we discovered, through Next-Generation Sequencing (NGS), eight novel
microRNAs in three different osteosarcoma cell lines, and assessed the selective packaging into the
exosomes released. We then investigated, as proof-of-principle, the presence of the novel microRNAs
in osteosarcoma patient samples, and found that 5 of the 8 novel microRNAs were more present
in circulating exosomes of osteosarcoma patients compared with the controls. These results raise
a question: Could the 8 novel microRNAs play a role for osteosarcoma pathogenesis? Although
still premature, the results are encouraging, and further studies with a validation in a larger cohort
are needed.

Keywords: microRNAs; exosomes; liquid biopsy

1. Introduction

Next-generation sequencing (NGS) and liquid biopsies, also through circulating microRNAs
(miRNAs), are both tools that may provide therapeutic strategies to oncologists, which contribute to
the development of precision medicine. Several research groups have already investigated circulating
miRNAs for their diagnostic and prognostic potential, suggesting them as useful cancer biomarkers [1–4].
In osteosarcoma (OS), some clinical studies have investigated the prognostic and diagnostic potential
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of microRNAs [5,6]. Moreover, the identification of novel circulating miRNAs, released through
exosomes into the blood from malignant cells, can provide novel biomarkers and therapeutic targets
for cancer patients [6]. OS is the most common type of primary bone tumor of the skeleton, occurring
mainly in children and adolescents, in the metaphyseal region of the long bones, typically in the distal
femur, proximal tibia, and humerus [7].

Multidisciplinary treatment, combined with surgery for localized tumors, have led to a five-year
survival rate of 60–70% in non-metastatic patients. However, approximately 20% of patients diagnosed
with metastatic OS at presentation, primarily in the lungs, are instead characterized by a worse clinical
outcome [8]. Among the novel approaches that do not require surgical biopsy, liquid biopsy is useful
in improving the prognosis, and monitoring disease course and survival rates of OS patients, offering
information on micro-metastasis at diagnosis and minimal residual disease, the latter only partially
detectable by conventional diagnostic methods [9].

In our previous study, we highlighted, by RNA sequencing methods, a packaging of specific
miRNAs within OS cell-derived exosomes. In detail, we first demonstrated the role of OS cell-derived
exosomes, inside the tumor microenvironment, in bone metabolism and tumor angiogenesis; we then
focused our attention on some of these specific exosomal miRNAs, and demonstrated their involvement
in osteoclast differentiation, bone resorption activity, and angiogenesis [10].

In the present study, in taking advantage of the NGS approach, we discovered and analyzed the
expression of eight novel miRNAs in OS cell lines and OS cell-derived exosomes. We also analyzed
their expression in a panel of human tissues and in a small group of OS patients. Notably, we found
selective packaging of some of these novel miRNAs into the exosomes released by OS cells and into the
circulating exosomes from plasma of OS patients. Although, the functional role of exosome-encapsuled
miRNAs must be investigated in depth, the results obtained lead us to hypothesize a role for these novel
miRNAs as having a circulating biomarker potential in OS, and for enabling personalized treatments
in precision medicine.

2. Results

2.1. RNA Profiles of Osteosarcoma Cell Lines and Osteosarcoma Cell-Derived Exosomes

In order to discover novel microRNA specific for OS, we start with three OS cell lines: SAOS-2,
MG-63, U-2 OS, and the exosomes released by those cell lines. Exosomes were isolated and characterized
as previously described [10]. After assessing the RNA quality, we performed small RNA sequencing
on the MG-63 cell line and MG-63 exosomes; the U-2 OS cell line and U-2 OS exosomes; and the
SAOS-2 cell line and SAOS-2 exosomes. Due to the NGS approach, we were able to determine, not
only the differences in the expression of known miRNAs in the parent cells and the exosomes, but also
novel sequences expressed among the different cell lines in relation to their exosome miRNA cargo.
Novel miRNA profiles were analyzed in three OS cell lines: MG-63, U-2 OS, and SAOS-2, and their
exosomes through miRDeep2. 3116, 5916, and 3381, novel putative miRNA sequences from MG-63,
SAOS-2, and U-2 OS, respectively, remained after filtering for known contaminant and highly common
sequences, such as rRNA and tRNA, for all known miRNA sequences from miRBase v22 and for exon
(https://www.ncbi.nlm.nih.gov/sra/PRJNA575520). We further filtered the miRDeep2 results by score.
MiRDeep2 scores ranged from -10 to 10, with a higher number corresponding to increased likelihood
that the miRNA is genuine. A cut-off of 0 was used to be included in this study. We chose to validate
two miRNAs for MG-63, three for U-2 OS, and three for SAOS-2, with the highest raw counts for each
cell line (Table 1). In Supplementary Table S1 and Supplementary Material 2, we report the sequences,
the genomic locations and predicted structures of the 8 pre-miRNA candidates.
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Table 1. Sequence and location information for the eight candidate miRNAs.

Novel ID Location (hg19) Strand Mature Sequence

Candidate 1 chr9:136204572..136204654 − CCCCACACUGCUAAAUUUGAC
Candidate 2 chr3:14436198..14436257 + GGAAUAACGGGUGCUGUAGGCU
Candidate 3 chr9:89037929..89037970 − CCCCUCACUGCUAAAUUUGAC
Candidate 4 chrX:102411053..102411132 − CCAUCUGUGGGAUUAUGACUGA
Candidate 5 chr16:33962833..33962878 + UGCGCAGUGGCAGUAUCGUAGCC
Candidate 6 chr8:56821958..56822010 − UAUGUGCCUAGUGGCUGCUGUCU
Candidate 7 chr13:27259470..27259536 + UCUGGGCAACAAGGUGAGACC
Candidate 8 chr9:89037927..89037972 − AUGGAUUUUUGGAAAUAGGAGA

2.2. Validation of the Candidates’ Novel microRNAs

Once we obtained the 8 candidate microRNA sequences (Table 1) with a high score through
miRDeep2, we used custom Taqman assays to first validate on the SAOS-2, MG-63, and U-2 OS
cell lines and their exosomes (Supplementary Figure S1). We then measured the expression of the
candidate microRNAs across a panel of 10 different human tissue RNA (skeletal muscle, stomach,
testis, kidney, lung, brain, prostate, liver, spleen, and bone) to assess the presence in different body
parts and eventually the tissue specificity. Custom Taqman assays gave reproducible and consistent
results, and were able to amplify the target novel miRNAs in most of the tissue types tested. The liver,
kidney, and brain RNAs showed the highest candidate microRNAs expression, while skeletal muscle,
lung, spleen and bone showed the lowest candidate microRNAs expression (Figure 1).Cancers 2019, 11, x 4 of 10 
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Figure 1. Novel candidate miRNA validation. The graphs (A–H) show quantitative RT-PCR results of
the 8 novel candidate miRNAs expression, respectively, in 10 different human tissue types. Results are
displayed as mean levels to the average expression reported as 2ˆ-dCT, and are normalized to U6.

2.3. Candidate Novel microRNA Expression Circulating in Osteosarcoma Samples

Once validated in different human tissues, we wanted to investigate the presence of the candidate
microRNAs discovered in OS cell lines, and eventually the differential in samples of OS patients. As
proof-of-principle, to test the prognostic potential of the novel candidate microRNAs in liquid biopsies,
we analyzed plasma from 5 OS patients whose clinical features are reported in Table 2, and 3 controls
by digital PCR.

Table 2. Clinical characteristics of Osteosarcoma patients.

Patient ID Gender Age Site of
Origin

Histologic
Subtype metastasis Treatments

Patient 1 M 14 sx prox Tibia High Grade
Surface OS No Chir

Patient 2 M 17 dx distal
Femur OS G3 No CHT (CDDP/ADM

MTX HD × 2)

Patient 3 M 18 dx prox Tibia OS condrobastic
G3 No CHT (CDDP/ADM

MTX HD × 2)

Patient 4 M 19 sx Tibia OS fibroblastic Lung CHT (CDDP/ADM
MTX HD × 2)

Patient 5 M 16 dx Pelvis OS G3 Lung CHT (CDDP/ADM
MTX HD × 2)

We choose this approach because of such advantages as the partitioning of the PCR reaction
into thousands of individual reactions; the end-point measurement enables nucleic acid quantitation
independent of the reaction efficiency. In this set of samples, 5 novel candidate microRNAs (candidates
2, 4, 5, 6, and 8) out of eight showed a significant differential expression in OS samples compared with
the controls (Figure 2). One novel candidate microRNA (candidate 7) did not amplify in any sample;
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one novel candidate microRNA (candidate 3) showed no difference between the two groups, and novel
candidate 1 showed the highest expression in the control group compared with the OS group.
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quantitative RT-PCR results of the novel candidate miRNAs 2/4/5/6/8 respectively that resulted highly 
expressed circulating in osteosarcoma sample compared with the controls. Results are displayed as mean 
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We further determined the biologic pathways affected by novel candidate miRNAs using 
TargetScan web platform able to predict biological targets of microRNAs by searching for the 
presence of sites that match the seed region of each miRNA. We reported in Table 3 the KEGG 
biological processes significantly enriched (pathways with p < 0.05). All clearly involved with 
carcinogenesis for each candidate microRNAs determined by Enrichr web platform. 

Table 3. Biologic pathways enriched by differentially expressed novel candidate miRNAs. 

Candidate 2 KEGG pathway p-value Genes 
 FoxO signaling pathway 6.37 × 10−5 SMAD2;SMAD4;CCND2;MAPK1;PIK3R1;IGF1 
 TGF-beta signaling pathway 1.208 × 10−3 SMAD2;SMAD4;MAPK1;ACVR1B;BMPR1B;SKP1 
 Hippo signaling pathway 1.29 × 10−3 FZD1;SMAD2;PRKCI;SMAD4;CCND2;NF2 
 Proteoglycans in cancer 1.41 × 10−3 FZD1;SMAD2;PDCD4;MAPK1;PIK3R1;IGF1 
 Hepatocellular carcinoma 1.75 × 10−3 FZD1;SMAD2;SMAD4;CDK6;MAPK1;PIK3R1 

Figure 2. Novel candidate miRNAs expression in osteosarcoma patient samples. The graphs (A–E)
show quantitative RT-PCR results of the novel candidate miRNAs 2/4/5/6/8 respectively that resulted
highly expressed circulating in osteosarcoma sample compared with the controls. Results are displayed
as mean levels to the average expression calculated as Target Copies per ng Imput RNA, and are
normalized to U6. One star (*) indicates p < 0.05, two-tailed Student’s test.

We further determined the biologic pathways affected by novel candidate miRNAs using
TargetScan web platform able to predict biological targets of microRNAs by searching for the presence
of sites that match the seed region of each miRNA. We reported in Table 3 the KEGG biological
processes significantly enriched (pathways with p < 0.05). All clearly involved with carcinogenesis for
each candidate microRNAs determined by Enrichr web platform.
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3. Discussion

In the management of OS, a proper diagnosis and staging of the disease is a major prerequisite
for effective surgical and pharmacological treatments. Conventional diagnostic approaches, such as
tissue biopsy and imaging, remain the most common diagnostic tests. Nevertheless, tissue biopsy may
sometimes be difficult to obtain and not be easily repeatable. In addition, information concerning
micro-metastasis or minimal residual disease can sometimes be lost with conventional diagnostic
methods [11]. Liquid biopsy may be highly advantageous, given the difficulty of recovering the bone
sample for disease staging. In fact, it is a non-invasive and also time-saving approach; moreover, it may
offer more precise and accurate information on early detection, therapeutic decisions, and response to
therapy in OS [12,13].

In this paper we identified eight novel microRNAs in OS cell lines (MG-63, SAOS-2, and U-2 OS)
and their released exosomes. The eight sequences remained after filtering for known contaminant
from 3116, 5916, and 3381, novel putative miRNA sequences, obtained by MG-63, SAOS-2, and U-2 OS,
respectively. We chose to validate two miRNAs for MG-63, three for U-2 OS, and three for SAOS-2,
with the highest raw counts for each cell line. To assess the tissue specificity, we analyzed, by custom
TaqMan assays, the expression of the eight candidate microRNAs across a panel of 10 different human
tissue RNAs (skeletal muscle, stomach, testis, kidney, lung, brain, prostate, liver, spleen and bone).
The candidate microRNAs were found highly expressed in the liver, kidney, and brain, while skeleton
muscle, lung, spleen and bone showed the lowest candidate microRNAs expression.

To fill the current gaps and needs advanced by clinical oncologists, we decided to investigate the
presence of the novel candidate microRNAs circulating in OS patients, and compare them with controls.
Five of eight novel candidate microRNAs were found highly and significantly expressed in OS samples
compared with the controls. This fact, together with the low expression of these microRNAs in the
healthy bone tissue, make the novel candidates potential disease biomarkers.

Through TargetScan web platform, we identified the putative genes regulated by these five
candidate microRNAs. We further determined, through the web platform Enrichr, the biologic
pathways predicted and potentially affected. The KEGG biological processes significantly enriched
(pathways with p < 0.05), reported in Table 3, resulted clearly involved with carcinogenesis for each
candidate; Among these, candidate microRNA 5 is predicted to bind and strongly regulate VEGFA
which expression is crucial for OS growth and metastasis [14]. Another example is candidate microRNA
2, predicted to bind SMAD2 and SMAD4, genes already related with Osteosarcoma [15], and resulting
potentially interesting for further in vitro studies.

Overall, these results allowed us to hypothesize that these 8 novel candidate miRNAs could
potentially represent biomarkers for OS. As a result, we plan to carry out future clinical studies on
large cohorts of OS patients in order to better analyze and compare the expression of novel miRNAs
in patient subgroups, distinguishing metastatic patients from non-metastatic ones. We suppose that
such information could correlate the expression of miRNAs with the disease progression. At the same
time, functional studies, by in vitro assays, may shed light on the molecular mechanisms beyond the
possible pathologic role of these microRNAs.

4. Materials and Methods

4.1. Ethics Approval

The Bioethics Committee of the IFO_AOO - AOO - Istituti Fisioterapici Ospitalieri on February 16,
2017 (resolution number899/17) or osteosarcoma patients approved this study.

The aim of the study, study stages, and sample collection procedures were explained to all subjects.
All subjects gave their written informed consent to participate in the study, including for blood sample
collection and use of clinical data for research.
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4.2. Cell Lines and Reagents

SAOS-2, MG-63, and U-2 OS cell lines were purchased from ECACC (Sigma-Aldrich, Milano, Italy),
and grown in DMEM high glucose (Thermo Fisher Scientific, Cambridge, MA, USA) supplemented
with 10% fetal bovine serum (FBS, Lonza Group, Basel, Switzerland).

4.3. Exosome Purification

Exosomes released by OS cells (SAOS-2, MG-63, and U-2 OS) during a 48-hour culture period were
isolated from conditioned culture medium supplemented with 10% FBS, previously ultra-centrifuged
by differential centrifugations as previously described. Exosome protein content was determined by the
Bradford assay [16]. Exosomes from plasma of OS patients were isolated with Total Exosome Isolation
Kit (Thermo Fisher Scientific, Cambridge, MA, USA), according to the manufacturer’s instructions.

4.4. Small RNA Library Construction and Sequencing

To test the quality and assess the quantity of total RNA extracted, we used the RNA ScreenTape
assay on a 2200 TapeStation system (Agilent Technologies, Santa Clara, CA, USA). For small RNA-Seq,
1 µg of total RNA per sample was used for library preparation using TruSeq Small RNA Sample Prep
Kits (Illumina, San Diego, CA, USA). Size-distribution was measured with the DNA ScreenTape assay
on a 2200 TapeStation system (Agilent Technologies, Santa Clara, CA, USA). A total library pool of
4 nM was sequenced using a MiSeq Reagent Kit v3 150 cycle on a MiSeq System (Illumina, San Diego,
CA, USA).

4.5. Small RNA-Seq in Silico Analysis

We used the Trimmomatic software [17], v. 0.3633 to remove adaptors, low-quality bases, and
reads with less than 16 nucleotides. The parameter “ILLUMINACLIP TruSeq3-SE.fa:2:30:10” was used
to remove read adaptors according to Illumina-specific sequences. A sliding window cut was applied
to remove bases with average quality below 22 using the parameter “SLIDINGWINDOW:3:22,” and
reads with less than 16 nucleotides were removed using “MINLEN:16.”

Alignment of miRNA sequencing reads to the human reference genome build hg19 was performed
using Bowtie v. 1.2.2 [18]. More stringent read length filtering was carried out by miRDeep2 [19] before
the identification of novel miRNAs, discarding reads with length less than 18 nucleotides and greater
than 23 nucleotides. We used the miRDeep2 v.2.0.1.1 software (Berlin Institute for Medical Systems
Biology at Max-Delbrück-Center for Molecular Medicine, Berlin-Buch, Germany) default parameters,
using the Fasta format sequences of all mature and hairpin miRNA sequences obtained from miRBASE
v.22 database.

4.6. Real-time PCR Validation and Digital PCR of Novel microRNAs

For miRNA validation, total RNA from 10 human tissues (H. Skeletal Muscle, H. Stomach, H. Testis,
H. Kidney, H. Lung, H. Brain, H. Prostate, H. Liver, H. spleen from Gentaur S.r.l. Italy and H. Bone from
OriGene Technologies GmbH, MD, USA) were reverse transcripted with TaqMan MicroRNA Reverse
Transcription Kit, according to the manufacturer’s instructions (Thermo Fisher Scientific, Cambridge,
MA, USA). Custom TaqMan microRNA Assay are listed in Supplementary Table S2). Novel candidate
miRNA expression results are displayed as 2ˆ−dCT, and are normalized to U6 (Thermo Fisher Scientific,
Cambridge, MA, USA). Twenty ng of RNA extracted from plasma of OS patients and controls were
reverse transcripted with TaqMan MicroRNA Reverse Transcription, according to the manufacturer’s
instructions (Thermo Fisher Scientific, Cambridge, MA, USA). The Droplet Digital™ PCR (ddPCR)
reactions were prepared in 20 µL total volumes, according to the manufacturer’s instructions (Bio-Rad
Laboratories, Irvine, CA, USA). The thermal cycling conditions of the droplets generated were as
follows: 95 °C for 10 min (1 cycle); then 40 cycles of 94 °C for 30 s, and 60 °C for 1 min, 98 °C for 10 min,
and then held at 4 °C. After thermal cycling, droplets were analyzed for positive and negative signals
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using the QX200 droplet reader (Bio-Rad Laboratories, Irvine, CA, USA). Data analysis was done when
the number of droplets produced was more than 20,000. For data analysis, QuantaSoft Version 1.7.4
software (Bio-Rad Laboratories, Irvine, CA, USA) was used to statistically analyze the obtained data.
Novel candidate miRNA expression was normalized on U6 (Thermo Fisher Scientific, Cambridge, MA,
USA) and the results are displayed as Target Copies per ng Imput RNA [20].

4.7. miRNA Pathway Analysis

To identify potential target genes and pathways of the differentially expressed novel candidate
miRNAs found, we conducted in silico analysis using TargetScan web platform [21], in order to identify
the putative genes and Enrichr web platform [22] to determine the putative pathways.

5. Conclusions

We have identified eight novel microRNAs, through NGS, in three osteosarcoma cell lines and
demonstrated the selective packaging into their released exosomes. Below, the expression of the novel
miRNAs was confirmed in circulating exosomes from plasma of osteosarcoma patients. The exact
role of the novel miRNAs will be assessed through future clinical and molecular studies. The data
obtained suggest these novel miRNAs as having a circulating biomarker potential in osteosarcoma
cancer, assuming a role in personalized medicine.

Supplementary Materials: The following are available online at http://www.mdpi.com/2072-6694/11/12/1924/s1,
Figure S1: Novel candidate miRNA validation. Table S1: Sequence and location information for the eight pre-miR
candidate. Table S2: List of Custom Assay ID for novel candidate miRNA validation. The sequencing raw data
are available online at https://www.ncbi.nlm.nih.gov/sra/PRJNA575520.
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Simple Summary: Pancreatic cancer is an aggressive disease with a high mortality rate. Radiotherapy
is one treatment option within a multimodal therapy approach for patients with locally advanced,
non-resectable pancreatic tumors. However, radiotherapy is only effective in about one-third of
the patients. Therefore, biomarkers that can predict the response to radiotherapy are of utmost
importance. Recently, microRNAs, small non-coding RNAs regulating gene expression, have come
into focus as there is growing evidence that microRNAs could serve as diagnostic, predictive and
prognostic biomarkers in various cancer entities, including pancreatic cancer. Moreover, their high
stability in body fluids such as serum and plasma render them attractive candidates for non-invasive
biomarkers. This article describes the role of microRNAs as suitable blood biomarkers and outlines
an overview of radiation-induced microRNAs changes and the association with radioresistance in
pancreatic cancer.

Abstract: Today, pancreatic cancer is the seventh leading cause of cancer-related deaths worldwide
with a five-year overall survival rate of less than 7%. Only 15–20% of patients are eligible for curative
intent surgery at the time of diagnosis. Therefore, neoadjuvant treatment regimens have been
introduced in order to downsize the tumor by chemotherapy and radiotherapy. To further increase
the efficacy of radiotherapy, novel molecular biomarkers are urgently needed to define the subgroup
of pancreatic cancer patients who would benefit most from radiotherapy. MicroRNAs (miRNAs)
could have the potential to serve as novel predictive and prognostic biomarkers in patients with
pancreatic cancer. In the present article, the role of miRNAs as blood biomarkers, which are associated
with either radioresistance or radiation-induced changes of miRNAs in pancreatic cancer, is discussed.
Furthermore, the manuscript provides own data of miRNAs identified in a pancreatic cancer mouse
model as well as radiation-induced miRNA changes in the plasma of tumor-bearing mice.

Keywords: pancreatic cancer; miRNA; radiotherapy; radioresistance; personalized medicine;
biomarker; target
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1. Introduction

Pancreatic cancer is one of the most lethal cancers and could be the second leading cause of
cancer-related deaths within the next decade [1]. The most common type of malignant pancreatic
neoplasms is of ductal origin and is classified as pancreatic ductal adenocarcinoma (PDAC) [2].
Despite intense research efforts, the prognosis of patients with PDAC still remains very poor, with a
five-year overall survival (OS) rate of less than 7%, without any significant improvements over the
past years. The majority of patients are diagnosed in locally advanced or metastatic stages because
of unspecific symptoms, a lack of early sensitive and specific markers, and difficulties in imaging
early-stage tumors [2].

The only potentially curative treatment option for patients with pancreatic cancer is surgical
resection. However, only 15–20% of patients are eligible for surgery at the time of diagnosis due to
highly aggressive tumor growth with perineural and vascular invasion and early distant metastases [3].
Therefore, the importance of neoadjuvant treatments, including chemotherapy, radiotherapy (RT),
or combined chemoradiotherapy (CRT), is evident. In particular, the aim of neoadjuvant strategies is a
tumor downsizing enabling a secondary resection to improve a long-term prognosis in patients with
borderline and primary non-resectable, locally advanced pancreatic cancer (LAPC) [4].

Clinical trials have shown the efficacy of RT in about 30% of pancreatic cancer patients [5]. However,
international standardized therapeutic guidelines are lacking and the role of RT as a treatment option
for patients with LAPC is controversially discussed in the literature [6]. Different clinical trials reported
conflicting results regarding the benefit of combining RT and chemotherapy. While no benefit of subsequent
RT was observed in various clinical trials when compared to chemotherapy alone [7,8], others reported an
improvement in OS for LAPC patients treated with CRT [9]. Concurrent chemotherapy agents comprising
capecitabine, 5-fluorouracil, or gemcitabine are used in neoadjuvant CRT treatment regimens for patients
with LAPC [10]. Addition of 5-fluorouracil to RT significantly improved OS compared to RT alone [11].
Capecitabine-based CRT showed a trend toward preferable progression free survival (PFS) in comparison
to gemcitabine-based CRT after induction chemotherapy for LAPC [12]. More prospective studies are
needed to elucidate the benefits of associating RT with systemic therapy.

The recent focus of neoadjuvant treatment strategies for LAPC lies in investigating more
effective chemotherapy schemes, such as FOLFIRINOX (leucovorin, 5-fluorouracil, irinotecan,
and oxaliplatin) [13–17], and subsequent CRT or RT with modern techniques (e.g., stereotactic, intensity
modulated, and particle RT) [18]. The high failure rate of RT in PDAC can be attributed to the high intrinsic
radioresistance of the tumors [6]. Additionally, pancreatic cancer is characterized by high heterogeneity,
genetic diversity, presence of a dense desmoplastic tumor stroma, cancer stem cells, and a complex tumor
microenvironment. These factors contribute to a high resistance to conventional treatment options such as
RT, chemotherapy, and molecularly targeted therapies [19,20].

Consideration of molecular profiles or tumor subtypes for therapy decisions is not yet implemented
in clinical routine. To further increase the efficacy of CRT, novel molecular biomarkers are urgently
needed to define the subgroup of pancreatic cancer patients who benefit from CRT more precisely [21].

MicroRNAs (miRNAs) are highly conserved small non-coding RNAs consisting of 20–24 nucleotides
and regulate protein output and gene expression at transcriptional or post-transcriptional levels [22].
Previous studies have attributed critical roles to miRNAs in biological processes such as cell proliferation,
differentiation, and survival. Furthermore, miRNAs have been implicated as crucial players during
development, physiology, homeostasis, and disease, and have been shown to regulate the initiation and
progression of many malignancies by controlling oncogenic and tumor-suppressive pathways [23,24].
Therefore, miRNAs could have potential as novel biomarkers for diagnosis, monitoring of recurrence,
and predicting prognosis and survival of patients with pancreatic cancer [22]. A recently published
review article analyzed the association between miRNAs and response to chemotherapy (gemcitabine
and 5-fluorouracil) in pancreatic cancer [25]. Multiple miRNAs were identified that might contribute to
chemotherapeutic resistance or sensitivity.

96



Cancers 2020, 12, 3703

Our article provides an overview of the current literature concerning miRNAs as blood biomarkers
and miRNAs associated with radioresistance as well as radiation-induced changes of miRNAs in
pancreatic cancer. Additionally, own data identifying miRNAs in a pancreatic cancer mouse model as
well as radiation-induced miRNA changes in the plasma of tumor-bearing mice are included.

2. Results

2.1. miRNAs as Biomarker in Pancreatic Cancer

It has been reported that serum and other body fluids contain stable miRNAs signatures.
Circulating miRNAs in PDAC blood samples represent a valuable source of information for either
defining eligible therapy options, monitoring therapeutic response or predicting prognosis [26]. In a
meta-study, Chhatriya et al. published a list of in total 21 miRNAs, which are designated as a
“meta-signature” of miRNAs in PDAC altered in both serum and cancer tissue [27].

Ouyang et al. showed that miR-10b levels in PDAC plasma samples are highly increased
compared to healthy controls or patients with chronic pancreatitis [28]. The authors claim that miR-10b
is not only suitable as a diagnostic marker but could serve as a therapeutic target by interrupting
the growth-promoting deleterious EGF-TGF-β interactions and antagonizing the metastatic process.
In addition, a study published in 2017 by Qu et al. described that miR-21-5p might be a stable
and high-accuracy diagnostic biomarker for PDAC patients [29]. Recent studies confirmed the high
discriminative impact of miR-21-5p for PDAC [30] and uncovered an association with a significant
unfavorable prognostic outcome [31]. miR-221 seems to be a plasma marker for monitoring the
tumor status due to its high preoperative plasma concentration and significantly reduced levels
post-surgery [32]. These findings suggest that miR-221 may be released from the tumor into the
bloodstream and therefore reflects tumor dynamics, which could be used for monitoring a possible
tumor recurrence.

Several altered miRNA expression signatures, e.g., the downregulation of miR-141 and miR-720
activating ZEB-1 and TWIST1 transcription, have been identified to discriminate between PDAC
patients with and without nodal metastasis [33]. A very recent study established a 4-miRNA signature
(miR-29c, miR-125a, miR-200b, miR-155) that predicts local-regional failure and overall survival of
pancreatic cancer patients who underwent tumor resection with and without chemotherapy but did
not receive radiotherapy [34]. Therefore, defining the miRNA expression profile of individual tumors
could improve the diagnosis, the ability to select better treatment options, e.g., aggressive treatment
for patients with lymph node metastasis or adjuvant chemoradiation for patients with local-regional
failure and ultimately predict the respective patient’s outcome.

The Carbohydrate antigen CA19-9 is a blood antigen, and its increased level is approved as a
biomarker for pancreatic cancer [35]. CA19-9 is released from the cell surface of pancreatic cancer cells,
and its serum concentration is related to tumor mass and recurrence. Nevertheless, despite its low
specificity and sensitivity, it is the most common diagnostic marker in PDAC patients. Recent studies
postulate that the combination of CA19-9 together with plasma miRNAs can effectively be used for
screening of early tumor stages and prognostic stratification due to improved specificity and sensitivity.
This strategy has already been validated by combining CA19-9 with miR-16 and miR-196a [36] or
miR-33a-3p and miR-320a [30].

The study from LaConti et al. analyzed serum miRNAs in a transgenic PDAC mouse model to
establish novel circulating biomarkers for PDAC progression [37]. This study uncovered that miRNA
changes show remarkable similarities between pancreatic cancer in patients and a transgenic pancreatic
cancer mouse model. In summary, the authors analyzed eight different miRNAs and identified two
miRNAs, miR-10 and miR-155, that were increased in serum of PDAC mice compared to control
mice [37].

In our study, we aimed to identify all tumor-specific miRNAs—without pre-selecting
miRNAs—that are present in the plasma of mice harboring human MIA PaCa-2 tumors compared to
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non-tumor-bearing mice (supplementary methods and Table S1). Principal component analysis
of miRNA expression distinguished tumor-bearing from non-tumor-bearing mice (Figure 1A).
Seven miRNAs that are significantly upregulated in the plasma of tumor-bearing mice were identified
(Figure 1B): miR-339-3p, miR-320d, miR-92b-3p, miR-584-5p, miR-197-3p, miR-1307-3p, and miR-1246.
The predicted targets of these miRNA are summarized in Table S1.
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Figure 1. Detection of tumor-specific miRNAs in the plasma. (A). Principal component analysis
of miRNA expression in plasma derived from non-tumor and tumor-bearing (MIA PaCa-2) mice.
Analysis of all miRNAs in the dataset separates plasma samples derived from control mice
(no tumor) to tumor-bearing (MIA PaCa-2) mice (PC1) and PC2 shows intra-group variability.
(B). The upregulated miRNAs in the plasma of tumor-bearing (MIA PaCa-2) mice compared to the
plasma of non-tumor-bearing mice are shown. Significant miRNAs were selected based on a log2 fold
change ≥ |1| and an adjusted p-value of ≤0.05. Only transcripts with a base mean ≥50 were included.

Hereinafter, the miRNAs upregulated in plasma samples of tumor-bearing mice are discussed in
the context of the recent literature and summarized in Table 1.

Table 1. Overview of miRNAs found to be deregulated in our analysis of plasma samples of
tumor-bearing mice and associated publications.

miRNA (Tumor) Entity Expression Source Reference

miR-339-3p Vater’s papilla adenocarcinoma downregulated tissue [38]
colorectal cancer downregulated tissue [39]

miR-320d
chronic pancreatitis upregulated tissue [40]

colorectal cancer downregulated plasma and tissue [41]
hepatocellular carcinoma (HCC) downregulated serum exosomes [42]

miR-92b-3p
pancreatic ductal

adenocarcinoma (PDAC) downregulated tissue [43]

gastric cancer upregulated serum exosomes [44]

miR-584-5p gastric cancer downregulated tissue [45]
lung cancer upregulated plasma [46]

miR-197-3p HCC downregulated tissue [47]

miR-1307-3p breast cancer upregulated serum [48]

miR-1246 breast cancer upregulated serum [48]
PDAC upregulated plasma exosomes [49]
PDAC upregulated serum [50]
PDAC upregulated serum exosomes [51]

gastric cancer upregulated serum exosomes [52]
esophageal squamous cell

carcinoma (SCC) upregulated serum [53]

cervical cancer upregulated serum [54]
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miR-339-3p was found to be deregulated in Vater’s papilla adenocarcinoma [38]. In addition,
miR-339-3p was downregulated in colorectal cancer (CRC) and its low-level expression was associated
with lymph node metastasis in patients with CRC [39].

In relationship to pancreatic disorders, miR-320d was identified as a potential marker for late
chronic pancreatitis [40]. miR-320d was recognized as a promising biomarker for early diagnosis
of CRC because miR-320d expression could discriminate adenoma and CRC patients from healthy
controls [41]. In serum samples of hepatocellular carcinoma (HCC) patients, the expression level of
exosomal serum miR-320d was remarkably reduced compared to the respective controls [42].

A study from Long et al. described reduced miR-92b-3p expression levels in human PDAC tissues
and a correlation with advanced tumor/node/metastasis (TNM) stages. Moreover, it was postulated
that miR-92b-3p might act as a tumor suppressor in PDAC [43]. In gastric cancer, the serum level of
exosomal miR-92b-3p was found to be higher than in healthy individuals, thus serving as a potential
non-invasive biomarker for early diagnosis of gastric cancer [44].

miR-584-5p was negatively associated with tumor size in gastric cancer and therefore highlighted
as a tumor suppressor and potential therapeutic target [45]. In lung adenocarcinoma, miR-584-5p was
one of six upregulated miRNAs which might serve as circulating biomarkers for the early tumor
detection [46].

The analysis from Ni et al. showed that miR-197-3p was downregulated in HCC tissues and
low levels were correlated with larger tumor size and enhanced invasion, indicating an aggressive
subtype [47].

Interestingly, miR-1307-3p and miR-1246, which were also deregulated in our study (Figure 1B),
are two of five miRNAs (miR-1246, miR-1307-3p, miR4634, miR-6861-5p, and miR-6875-5p) that are
suitable for early detection of breast cancer [48]. In addition, the authors claim that the combination
of these five serum miRNAs can be used to differentiate breast cancer from benign diseases of the
pancreas, biliary tract, and prostate, or from other cancers.

Additionally, the upregulation of miR-1246 in combination with miR-196a in plasma exosomes was
found to be a potential indicator for localized pancreatic cancer. Therefore, these miRNAs might serve
as circulating biomarkers for the early detection of this severe disease [49]. The study from Wei et al.
showed that the expression level of serum miR-1246 was upregulated in PDAC patients compared to
healthy controls and strongly reduced after tumor resection [50]. In addition, miR-1246 was part of a
four-miRNA panel that was significantly upregulated in the serum of pancreatic cancer patients [51].
Further studies described elevated serum exosomal miR-1246 as a potential biomarker for the early
diagnosis of gastric cancer [52] as well as esophageal squamous cell carcinoma (SCC) [53] and cervical
cancer [54].

The listed publications demonstrate that circulating miRNAs represent a rich source of potential
biomarkers for the early diagnosis, classification, therapeutic success, and recurrence monitoring in
various human cancers, especially PDAC. Therefore, miRNA-based liquid biopsy holds promising
impact for further implementation in the clinical routine.

2.2. miRNA Response to Ionizing Radiation

Radiation therapy uses ionizing radiation (IR) to induce double-strand breaks in the genomic
DNA of tumor cells. Failure to restore genomic integrity before mitosis can lead to cell death or
malignant transformation. Therefore, cells trigger the DNA double-strand repair. In this complex
process, first sensor proteins recognize the DNA damage. Subsequently, transducer proteins recruit
effector proteins responsible for cell cycle arrest, apoptosis, transcription arrest, and DNA repair [55].

Increasing evidence demonstrates that miRNAs play a critical role in the cellular response to IR,
as multiple examples of miRNA expression changes in response to IR have been reported [56,57]. It was
shown that miRNAs are responsible for regulating almost every cellular pathway, including the DNA
damage response (DDR), after IR [55]. Whereas some miRNAs involved in the DDR are upregulated
by IR (e.g., miR-34a, miR-100, and miR-143), others (e.g., miR-15b, miR-222, and miR-181a) are
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downregulated [55]. Interestingly, several miRNAs participating in the DDR (e.g., let-7 family, miR-15a,
miR-16, miR-21, miR-24, miR-155, miR-182, and miR-302 cluster) have been reported to be both
down- and upregulated, depending on the cell type, radiation dose, and time point of measurement
post-RT [55].

Conversely, different members of the DDR pathway are involved in radiation-induced miRNA
regulation. Ataxia telangiectasia mutated (ATM), a DDR pathway member, plays an important role in
the regulation of miRNA biogenesis [58]. ATM-dependent activation of KH-type splicing regulatory
protein (KSRP) upon DNA damage increases miRNA processing and expression of a specific class of
miRNAs. miR-21 and miR-16, both playing a role in DDR, belong to the miRNAs that are upregulated
by ATM-KSRP. Activation of the transcription factor p53 by IR leads to enhanced expression of the
miR-34 family and also regulates other miRNAs, including let-7a and let-7b [59,60]. IR also affects the
activity of other transcription factors (e.g., NF-kB, Myc, and E2F), which modulate the expression of
several miRNAs in the DDR [57].

For pancreatic cancer, only few in vitro studies investigated radiation-induced miRNA changes [61].
Radiation significantly reduced the levels of miR-99b, leading to enhanced mTOR expression and
radioresistance [61]. Very recently Jiang et al. performed miRNA sequencing and identified miR-196b-5p
and miR-194-5p to be upregulated after irradiation in exosomes derived from dying pancreatic cancer
cells (SW1990, Panc-1) [62]. Furthermore, irradiation with 10 Gy induced miR-194-5p upregulation in
different pancreatic cancer cell lines (SW1990, Panc-1, MIA Paca-2) [62]. miR-194-5p mimics reduced
the DNA damage in irradiated pancreatic cancer cells suggesting that miR-194-5p promotes survival
and radioresistance of pancreatic cancer cells [62].

A very recent systematic review and meta-analysis summarize the effects of RT on circulating
miRNAs in humans, nonhuman primates, and mice [63]. Radiation treatment in the included studies
was very heterogeneous, including total body irradiation and local tumor-specific irradiation with
different fractionation schemes and irradiation doses. Nevertheless, the meta-analysis identified
28 miRNAs with significant radiation-induced changes (18 miRNAs upregulated and 10 miRNAs
downregulated). Whereas in this meta-analysis nine publications analyzed the effect of total body
irradiation on the miRNA levels in plasma/serum of healthy mice, only one study used a tumor
xenograft model (breast cancer) and investigated the impact of localized radiotherapy on tumor-specific
miRNA plasma levels [64]. In this xenograft mammary tumor mouse model, decreased plasma levels
of miR-155, miR-10b, and miR-21 have been detected after RT [64]. Specifically, for pancreatic cancer,
only one study analyzed the impact of RT on the expression level of one specific miRNA and found
enhanced miR-194-5p levels in exosomes derived from the plasma of irradiated PDX (patient derived
xenograft) mice [62]. No in vivo studies describing the effect of RT on the expression levels of different
miRNAs in pancreatic cancer were found in the literature.

Therefore, we investigated the impact of radiation on circulating miRNA levels in a pancreatic
cancer xenograft mouse model (supplementary methods and Table S2). MIA PaCa-2 tumors were
irradiated with a single dose of 5 Gy. Sham-irradiated (0 Gy) tumor-bearing mice served as control.
Mice were sacrificed 24 h after irradiation and the plasma was collected. Small RNA sequencing revealed
21 miRNAs that were significantly modified (Figure 2). Interestingly, 20 miRNAs were down-regulated
after irradiation with 5 Gy, and only one miRNA (miR-184) was upregulated. The predicted targets of
these miRNAs are summarized in Table S2.

From an earlier study, it is known that miR-374b functions as an oncogene by targeting PTEN,
resulting in the activation of the PI3K/Akt signaling cascade in human gastrointestinal stromal tumor
cells [65]. However, there are no reports concerning the role of miR-374b in pancreatic cancer yet. It is
known that the miR-15b family is involved in cell cycle regulation, proliferation, and apoptosis [66].
A recent study showed that the expression of SMURF2, a tumor suppressor gene, is inhibited by
miR-15b in pancreatic cancer [67]. There is also evidence of the downregulation of miR-652 in various
cancerous diseases, but its role in the radiation response is still unknown [68].
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Figure 2. Radiation-induced changes in plasma miRNA levels. The deregulated miRNAs in the plasma
of tumor-bearing (MIA PaCa-2) mice after 5 Gy irradiation of the tumor when compared with the
plasma of tumor-bearing (MIA PaCa-2) mice receiving sham (0 Gy) irradiation are shown. Positive log2
fold changes indicate miRNAs upregulated in the plasma of irradiated mice compared to plasma of
unirradiated mice whereas negative log2 fold changes indicate miRNAs downregulated in plasma of
irradiated mice. Significant miRNAs were selected based on a log2 fold change ≥ |1| and an adjusted
p-value of ≤0.05. Only transcripts with a base mean ≥50 were included.

In PDAC, the overexpression of miR-144-3p reduces cell migration, proliferation, and invasion [69].
Currently, an increasing number of miR-93 and miR-106b target genes have been identified,
suggesting miR-93 and miR-106b may differentially affect the behavior of tumors. A study found
that the upregulation of miR-93/106b enhances PD-L1 in response to irradiation [70]. It is known
that the PD-1/PD-L1 pathway serves as a mechanism for tumors to evade an antigen-specific T cell
immunologic response. However, pancreatic cancer patients have been shown to be mostly resistant to
PD-1 inhibition [71].

The downregulation of the tumor-suppressive miR-451a leads to enhanced cancer cell migration
and invasion in hypopharyngeal SCC [72]. miR-186 overexpression has been observed in PDAC and
was shown to contribute to its invasive potential [73]. Different studies revealed upregulation of miR-17
in pancreatic cancer, leading to increased proliferation and invasion [74,75]. Furthermore, inhibition of
miR-17 increased the sensitivity of pancreatic cancer cell lines to chemotherapy by upregulation of
Bim [76]. miR-421 has been found to be upregulated in pancreatic cancer as an oncogene and potential
regulator of DPC4/Smad4 [77].

miR-98, a member of the let-7 family, regulates many cellular biological responses, including
cell migration and apoptosis, after irradiation. The radiation-induced inhibition of miR-98 is closely
related to both the p53 and ATM signaling pathways [78,79]. In a recent publication, it was shown
that downregulation of miR-98-5p and other members of the let-7 family leads to increased PDAC
proliferation and metastasis by reversely regulating the MAP4K4 pathway [80]. In the study of Morimura
and colleagues, miR-20a levels in the plasma of pancreatic cancer patients were increased compared
with healthy donors [81]. It was shown that the expression of miR-20a promotes radioresistance in
nasopharyngeal cancer cells [82]. Higher levels of miR-20a activate the PTEN/PI3K/Akt signaling
pathway and induce radioresistance of HCC [83]. A recent study identified miR-103 as one of the most
important miRNAs in a functional screen for DNA damage disrupting agents. The authors identified
Rad51 and Rad51D as key targets of miR-103 in tumor cells [84].
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Another in vitro study demonstrated that miR-142 has a regulatory relationship with HIF-1α.
miR-142 inhibits pancreatic cancer cell proliferation and invasion, partly by targeting HIF-1α at its
binding site [85]. An earlier study analyzed the role of miR-26a in pancreatic tissue by quantifying
its expression levels in 106 PDAC tissue samples [86]. The authors found that miR-26a expression
was downregulated in PDAC compared to adjacent normal tissue. miR-140 inhibits cell viability,
proliferation, and invasion in PDAC [87]. One study showed that miR-16 can enhance radiation
sensitivity by regulating the TLR1/NF-κB signaling pathway and act as a potential therapeutic
approach to overcome radioresistance for lung cancer treatment [88]. Jiao et al. compared the miRNA
expression profile in PDAC with benign cystic tumors to identify miRNAs deregulated during
PDAC development [89]. Amongst others, let-7i and let-7d were downregulated in tissue samples of
PDAC [89].

The only miRNA that was significantly upregulated after irradiation in our study was miR-184.
In recent years, miR-184 has been extensively explored in various cancer types. miR-184 was not only
found to be upregulated in pancreatic cancer but can also facilitate the proliferation and invasion of
tumor cells while suppressing apoptosis [90].

2.3. miRNAs and Radioresistanc

miRNAs are well known to affect the radiosensitivity by modulating DNA damage repair, cell cycle
checkpoints, apoptosis, signal transduction pathways, and the tumor microenvironment [91]. Both DNA
double-strand repair pathways, the non-homologous end-joining (NHEJ) and homologous recombination
(HR), are targeted by miRNAs. Furthermore, miRNAs can influence signaling pathways mediating
radioresistance, such as PI3-K/Akt, NF-κB (nuclear factor-kappa B), MAPK (mitogen-activated protein
kinase), and TGFβ (transforming growth factor-β). Prominent examples of miRNA targets affecting
radioresistance are H2AX, BRCA1, ATM, DNA-PK, RAD51, Chk1, Cdc25, and p53 [91]. Overexpression of
miR-138 and miR-24 was reported to reduce the expression of H2AX and subsequently diminishes DNA
repair capacity [92,93]. miR-21 targets the cell cycle checkpoint gene Cdc25 and thereby modulates
radiosensitivity [94]. miR-421 and miR-101 suppress ATM expression and sensitize tumor cells to
radiation [95,96].

In the following section the role of the miRNAs—that were found to be down- or upregulated by
irradiation (Figure 2)—in mediating radioresistance/radiosensitivity was investigated. Whereas five
of these miRNAs contribute to increased radioresistance (miR-374b, miR-93, miR-20a, miR-106b,
miR-140), nine miRNAs (miR-15b, miR-451, miR-186, miR-421, miR-98, miR-142, miR-26b, miR-16,
let-7 family) mediate decreased radioresistance (Table 2). Two miRNAs (mir-144, miR-17) are
controversially described in the literature concerning their effect on radioresistance. For miR-652,
miR-103a, and miR-184, no data regarding their impact on the radioresponse have been found in
the literature.

Table 2. miRNAs from Figure 2 and their association with radioresistance. miRNAs, their effect on
radioresistance (increased or decreased), the entity, the identified target genes, and proteins/pathways.

miRNA from
Figure 2

miRNA in
Reference Radio-Resistance Entity

(In Vitro/In Vivo) * Targets # Proteins/Pathways § Ref.

miR-374b-5p miR-374b-5p increased
Canine oral melanoma

(in vitro)
PTEN 1

[97]

miR-15b-3p
miR-15b decreased

Breast cancer
(in vitro)

Chk1, Wee1 1
[98]

miR-144-5p/
miR-144-3p

miR-144-5p decreased
NSCLC

(in vitro/in vivo)
ATF2 1

[99]

miR-144-3p decreased
Glioblastoma

(in vitro)
c-MET 1 Phosphorylation of STAT3, ERK1/2,

AKT, mTOR (all down) 4 [100]

miR-144 increased Breast cancer
(in vitro)

PTEN (down) 4

AKT, Snail, N-cadherin, Vimentin
(all up) 4

[101]

miR-144 decreased Prostate cancer
(in vitro)

PIM1 1 [102]
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Table 2. Cont.

miRNA from
Figure 2

miRNA in
Reference Radio-Resistance Entity

(In Vitro/In Vivo) * Targets # Proteins/Pathways § Ref.

miR-93-5p miR-93-5p increased Colorectal cancer(in vitro) FOXA1 1 TGFB3 (up) 4 [103]

miR-93 increased
Esophageal squamous

carcinoma (in vitro)

BTG3 1

[104]

miR-451a miR-451a decreased Mouse colorectal cancer
(in vitro)

CAB39, EMSY,
MEX3C,
EREG 2

[105]

miR-451 decreased NSCLC (in vitro) PTEN (up) 4 [106]

miR-451 decreased
Lung adenocarcinoma

(in vitro)
c-MYC 1 Survivin, rad-51

(both down) 4 [107]

miR-451 decreased
Nasopharyngeal carcinoma

(in vitro)
RAB14 1

[108]

miR-186-5p
miR-186 decreased

Nasopharyngeal carcinoma
(in vitro)

FOXD1 1
[109]

miR-17-5p
miR-17-5p decreased

Esophageal adenocarcinoma
(in vitro)

PRKACB,
C6orf120 3 PRKACB, C6orf120 (both down) 5 [110]

miR-17-5p increased Oral squamous cell
carcinoma

(in vitro/in vivo)

p21, p-p53, TNF RI, FADD (all down) 4

cIAP1, HIF-1α, TRAIL R1 (all up) 4
[111]

miR-421 miR-421 decreased Glioma (in vitro) MEF2D 1 [112]

miR-421 decreased
Cervix carcinoma, NSCLC

and SCCHN (in vitro)
ATM 1

[113]

miR-98-5p
miR-98 decreased

Esophageal squamous cell
carcinoma (in vitro)

BCL2 1

[114]

miR-20a-5p miR-20a-5p increased
Nasopharyngeal cancer

(in vitro)
NPAS2 1

Notch pathway (down) 6 [82]

miR-106b-5p
miR-106b increased Prostate cancer (in vitro) p21 (down) 4 [115]

miR-142-3p miR-142-3p decreased Breast cancer (in vitro) β-catenin (down) 4 [116]

miR-142-3p decreased
Umbilical cord blood

mononuclear cells
(in vitro)

CD133 1

[117]

miR-26b-5p miR-26b-5p decreased
Hepatocellular carcinoma

(in vitro)
EphA2 1

[118]

miR-140-5p
miR-140 increased

Lung fibroblasts
(in vitro/in vivo)

[119]

miR-16-5p miR-16-5p decreased
Prostate cancer

(in vitro)
Cyclin D1,
Cyclin E1 1

pRb, E2F1
(both down) 4 [120]

let 7i-5p
let 7d-5p

let-7 family
(let-7e)

decreased Colorectal cancer
(in vitro)

IGF-1R (down) 4 [121]

* If not otherwise indicated, human. # Targets: all down-regulated by respective miRNA, 1 identified by
luciferase assay, 2 identified by miR-TRAP assay, 3 predicted. § Proteins/pathways regulated by respective miRNA,
4 demonstrated by Western Blot, 5 demonstrated by RT-PCR, 6 demonstrated by signaling pathway assay.

Direct targets of the miRNAs that mediate radioresistance comprise PTEN, FOXA1, BTG3,
and NPAS2. miRNAs that evoke enhanced radiosensitivity target Chk1, Wee1, ATF2, c-MET,
PIM1, c-MYC, RAB14, FOXD1, MEF2D, ATM, BCL2, CD133, EphA2, Cyclin D1, and Cyclin E1.
Several of these targets (Chk1, c-Myc, ATM, Bcl-2, Cyclins) are prominent key players in the DNA
damage response, cell cycle control, and apoptosis [91]. Consequently, the down-regulation of these
targets by the respective miRNA (miR-15b, miR-451, miR421, miR-98, miR-16) leads to increased
radiosensitivity. However, for other miRNAs the interrelation between target gene expression and
radioresistance/radiosensitivity is not evident. Therefore, more research in this field is essential to
understand the function and regulation of these miRNAs and their targets in mediating radioresistance,
and finally to implement the data in clinical routine to improve the effectiveness of RT.

2.4. miRNAs and Radioresistance in Pancreatic Cancer

For pancreatic cancer specifically, there are only a few publications about the interplay between
miRNAs and radioresistance. The details of miRNA expression and radioresistance in pancreatic
cancer are described below and summarized in Table 3.
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Table 3. miRNAs associated with radioresistance in pancreatic cancer. miRNAs, their effect on
radioresistance (reduced or increased), the used cell lines, the identified target genes, and the intervention
are listed.

miRNA Radioresistance Cell Lines Targets Intervention Ref.

miR-502 reduced Mia PaCa-2, PaTuT,
PaTu02 Ku70, XLF miR-502 overexpression [122]

miR-23b reduced Panc-1, BxPc3 ATG12 miR-23b mimic/inhibitor [123]

miR-216a reduced Panc-1, BxPc3 beclin-1 miR-216a mimic [124]

miR-99b reduced Panc-1, BxPc3, Capan-2 mTOR miR-99b precursor/inhibitor [61]

miR-181b reduced Panc-1, MIA PaCa-2 ETS (c-Met) miR-181b precursor [125]

miR-34 reduced BxPc3, MIA PaCa-2 Bcl-2, Notch1-2 miR-34 mimic [126]

miR-193a increased Panc-1, SW1990, AsPc-1 TGF-β2/TGF-βRIII, E2F6 miR-193a antagonist [127]

miR-620 increased MIA PaCa-2 HPGD miR-620 mimic [128]

Let-7a reduced AsPc-1 K-Ras Lin28 siRNA (repressor of let-7a) [129]

miR-374 unchanged/reduced Panc-1, MIA PaCa-2 - miR-374 overexpression [130]

A recent paper showed that miR-502 overexpression increased the radiosensitivity of pancreatic
cancer cell lines by targeting two proteins of the classical NHEJ repair pathway, Ku70 and XLF [122].
Mechanistically, miR-502 directly inhibits the DNA double-strand repair and also attenuates the cell
cycle response upon radiation.

In radioresistant pancreatic cancer cell lines that were established by repeated exposure to
radiation, miR-23b expression was reduced compared to the parental cell lines [123]. Overexpression of
miR-23b rendered the radioresistant cells more sensitive to radiation. Furthermore, the expression
of ATG12 (Ubiquitin-like protein), a target of miR-23b, was increased in the radioresistant cells.
As ATG12 is involved in vesicle formation during autophagy, enhanced ATG12 expression increased
autophagy and, subsequently, radioresistance. Furthermore, an association between decreased
ATG12 expression and elevated miR-23b levels was observed in human pancreatic cancer tissue,
indicating that miR-23b might affect autophagy activity in pancreatic cancer cells [123]. Another study
showed that miR-216a can render radioresistant pancreatic cancer cells radiosensitive by inhibiting
beclin-1-mediated autophagy [124]. Additionally, in a xenograft mouse model, miR-216a expression
reduced the tumor growth after irradiation.

Tomihara et al. observed that high c-Met expression is associated with lower PFS and OS in
pancreatic cancer patients receiving preoperative radiochemotherapy [125]. Further investigations
revealed that miR-181b is downregulated in radioresistant pancreatic cancer cell lines leading to the
upregulation of the transcription factor ETS1 and the c-Met pathway [125].

mTOR expression and subsequent mTOR signaling pathways have been upregulated after RT
in human pancreatic cancer biopsies [61]. In vitro, mTOR was also upregulated upon radiation and
mTOR expression has been shown to contribute to radioresistance. As mTOR is a miR-99b target,
down-regulation of miR-99b enhanced mTOR expression and radioresistance in vitro [61].

Increased miR-193a levels have been found in irradiated dying pancreatic cancer cells, leading to
elevated miR-193a levels in surviving cells [127]. Furthermore, miR-193a promotes proliferation
and repopulation of the surviving cells via TGF-β2/TGF-βRIII signaling [127]. In patient-derived
xenograft mouse models, radiation in combination with miR-193 antagonist inhibited cell repopulation
and metastasis, and improved the survival. These data suggest that inhibition of miR-193 might
increase radiosensitivity.

Transfection with a miR-620 mimic increased the radioresistance of MIA PaCa-2 cells and also of
breast and prostate cancer cell lines [128]. The tumor suppressor gene HPGD (15-hydroxyprostaglandin
dehydrogenase) was identified as a target of miR-620. miR-620 overexpression leads to degradation of
HPGD, enhanced prostaglandin E2 (PGE2) levels and signaling through the EP2 receptor promoting
the survival and radioresistance of tumor cells.
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Pancreatic cancer cell lines have reduced miR-34a expression compared to normal pancreatic ductal
epithelial cells [131]. p53 has been shown to directly regulate miR-34 family members, and subsequently,
the expression of miR-34 is strongly reduced in p53-mutant cancer cells [132]. miR-34 restoration in
p53-mutant pancreatic cancer cells, which have initially low miR-34 levels leads to the downregulation
of anti-apoptotic Bcl-2 and the Notch signaling pathway, which is involved in the maintenance of
cancer stem cells [126,132,133]. Furthermore, miR-34 restoration reduces clonogenic cell growth and
enhances radio- and chemosensitivity [126]. Therefore, miR-34 may restore the tumor-suppressing
function of p53 in p53-deficient human pancreatic cancer cells and might constitute a new approach to
treating p53-mutated pancreatic cancer.

Inhibition of Lin28 by siRNA abrogates posttranscriptional degradation of let-7a and increases
radiosensitivity of AsPc-1 cells presumably through down-regulation of Kras expression [129].

Baek et al. investigated both the influence of miRNA expression on the radiosensitivity to
gamma-rays and to carbon ion beam RT [130]. Overexpression of miR-374 did not affect the sensitivity
to conventional gamma-ray radiation, but the sensitivity to carbon ion beam radiation was enhanced.
These data suggest that miR-374 could be a potential radiosensitizer for carbon ion RT.

In summary, only a few miRNAs associated with radioresistance in pancreatic cancer have
been identified so far. Therefore, comprehensive studies analyzing miRNA expression profiles are
necessary to identify miRNAs, which can predict the individual radiosensitivity or constitute targets
for radiosensitization.

3. Discussion

Nowadays, early diagnosis is essential for the successful treatment of pancreatic cancer, and surgical
resection is the only potentially curative therapy [3]. Since pancreatic cancer is a locally invasive as
well as a systemic disease, the disease recurs in most patients, which leads to a five-year survival rate
of only 30% after complete resection [134]. miRNAs could help to detect pancreatic cancer in an earlier
stage, leading to increased curative treatments. In addition, more research into neoadjuvant treatment
options, including RT or combined CRT, is urgently needed. The goal of RT is mainly to downsize the
tumor to enable a secondary resection. Therefore, neoadjuvant RT may lead to improved long-term
prognosis in patients with borderline and primary non-resectable, locally advanced pancreatic cancer [4].
While RT was historically a central treatment component, its role has been called into question based
on the publication of clinical trials with conflicting results and due to the effectiveness of combined
chemotherapeutic regimes (e.g., FOLFIRINOX) [135].

Novel molecular biomarkers are required to increase the efficacy of RT and to define which
patients benefit most from it [21]. Especially, miRNAs could have the potential as novel biomarkers for
diagnosis, monitoring of recurrence, and predicting prognosis and survival of patients with pancreatic
cancer [22,136]. Our present study provides an identification of miRNAs in an in vivo pancreatic cancer
mouse model. A panel of seven miRNAs was significantly upregulated in plasma of tumor-bearing
mice (Figure 1). In the next step, this biomarker panel should be validated in plasma of pancreatic cancer
patients. Especially, circulating miRNAs represent a valuable source and are easily accessible [26].

Several miRNAs have been shown to play a role in radioresistance in different tumor entities [56,91].
Furthermore, significant changes in the expression levels of miRNAs can be observed after exposure to
IR. It is known that miRNAs are responsible for regulating almost every cellular pathway, including the
DNA damage response after IR [57]. Understanding the regulation and function of miRNAs is essential
to improve the effectiveness of RT. To determine radiation-induced miRNA changes in the plasma of
tumor-bearing mice, local irradiation of subcutaneous MIA PaCa-2 tumors was performed. Small RNA
sequencing revealed 21 miRNAs that were significantly regulated (Figure 2). Interestingly, 20 out of
these 21 miRNAs were downregulated. Although a mechanistic basis is not yet available, the reduced
levels can be assumed to promote translation of specific miRNA target proteins [137]. A current literature
search reveals an association between the expression of these miRNAs, their targets (e.g., Chk1, c-Myc,
ATM and Cyclins) and either radioresistance or radiosensitivity (Table 2) [98,107,113,120]. Most of
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these miRNAs (miR-15b, miR-451, miR-186, miR-421, miR-98, miR-142, miR-26b, miR-16, let-7 family)
mediate radiosensitivity [98,105–109,112–114,116–118,120,121] suggesting that the radiation-induced
downregulation of these miRNAs might enhance radioresistance.

Specifically, for pancreatic cancer, only very few publications about the interplay between miRNAs
and radioresistance exist, which were reviewed in this manuscript (Table 3).

Although radioresistance is rather complex, emerging evidence has demonstrated that epigenetic
alterations, including miRNA changes, play important roles in resistance to RT. Therefore,
more comprehensive preclinical and clinical studies analyzing miRNA expression profiles in context
with radioresistance are urgently needed to identify miRNAs that can predict the individual
radiosensitivity. Moreover, further studies are required to confirm the molecular mechanisms of
the deregulated circulating miRNAs as diagnostic biomarkers for pancreatic cancer. In addition,
miRNAs can help to develop innovative cancer therapies, which is of great significance for improving
the life expectancy of pancreatic cancer patients [138].

The possibility to detect miRNAs in blood samples makes them a promising tool for rapid PDAC
diagnosis, as well as patient stratification, to allow personalized therapy [139]. However, miRNAs are
not yet routinely used for cancer management, and we should consider the challenges behind this
strategy. One of them is the need to standardize protocols [140]. From sample collection and preparation
to miRNA detection, inter-laboratory reproducibility must be ensured. In this regard, sampling tubes,
patient-related factors, sample storage, and sample processing can affect RNA yield and purity [141].
The high heterogeneity of PDAC should also be regarded as an additional challenge, as it makes it harder
to select reliable biomarkers [139]. Concerning miRNAs applications in RT, it should also be considered
that there is still insufficient knowledge about their functions in different RT concepts such as dose
fractionation. Information is also lacking regarding the use of alternative radiation qualities such as
protons or carbon ions and the tumor microenvironment such as hypoxia. Additionally, the translation
of preclinical data from in vitro or xenograft models into clinical routine using patient materials is still
poorly realized [137]. Preclinical miRNA candidates will have to be investigated in large prospective
trials of different PDAC patient populations to gain confidence in the selected biomarkers [142].
Future trials should be designed to evaluate miRNA biomarkers in a temporal manner, by collecting
samples before and after RT, leading us towards personalized RT for PDAC [142].

4. Conclusions

In the last decade, miRNAs have become promising tools as prognostic and diagnostic biomarkers
as well as therapeutic targets for innovative and personalized cancer treatment. Several miRNAs have
been found differentially expressed and to be predictive for the treatment outcome in multiple cancer
entities. With a five-year survival rate of less than 7%, pancreatic cancer presents an urgent need to
identify the subset of patients which could benefit from treatment intensification and to establish novel
individualized CRT treatment options. In this article, we focused on the role of miRNAs in pancreatic
cancer, radioresistance, and radiation-induced changes, which could lead the way to personalized
treatment in the future.

Supplementary Materials: The following are available online at http://www.mdpi.com/2072-6694/12/12/3703/s1,
Supplementary Methods, Table S1: miRNAs significantly upregulated in the plasma of tumor-bearing mice,
Table S2: miRNAs significantly down- or upregulated in plasma of tumor-bearing mice after irradiation with 5 Gy.

Author Contributions: Conceptualization, project administration, and funding acquisition S.E.C.; Writing—original
draft preparation: L.N., D.S., S.D., S.R., M.S.F., T.E.S., Methodology and investigation: L.N., D.B., M.W.P. All authors
have read and agreed to the published version of the manuscript.

Funding: This work was funded in part by the Deutsche Forschungsgemeinschaft (DFG, German Research
Foundation) Projektnummer 329628492—SFB 1321 Project 15 and by “Translational & Clinical Projects”,
Helmholtz Zentrum München, the German Consortium for Translational Cancer Research, Munich/TUM site
and the Medical Faculty of TUM. S.D. acknowledges the “Hans und Klementia Langmatz Stiftung” and the KKF,
Medical Faculty of the Technical University of Munich (TUM), for research support.

Acknowledgments: The graphical abstract was created with BioRender.com.

106



Cancers 2020, 12, 3703

Conflicts of Interest: The authors declare no conflict of interest.

References

1. Rahib, L.; Smith, B.D.; Aizenberg, R.; Rosenzweig, A.B.; Fleshman, J.M.; Matrisian, L.M. Projecting Cancer
Incidence and Deaths to 2030: The Unexpected Burden of Thyroid, Liver, and Pancreas Cancers in the United
States. Cancer Res. 2014, 74, 2913–2921. [CrossRef] [PubMed]

2. Kleeff, J.; Korc, M.; Apte, M.; La Vecchia, C.; Johnson, C.D.; Biankin, A.V.; Neale, R.E.; Tempero, M.; Tuveson, D.A.;
Hruban, R.H.; et al. Pancreatic cancer. Nat. Rev. Dis. Prim. 2016, 2, 16022. [CrossRef] [PubMed]

3. Kandel, P.; Wallace, M.B.; Stauffer, J.; Bolan, C.; Raimondo, M.; Woodward, T.A.; Gomez, V.; Ritter, A.W.;
Asbun, H.; Mody, K. Survival of Patients with Oligometastatic Pancreatic Ductal Adenocarcinoma Treated with
Combined Modality Treatment Including Surgical Resection: A Pilot Study. J. Pancreat. Cancer 2018, 4, 88–94.
[CrossRef] [PubMed]

4. Combs, S.E.; Habermehl, D.; Kessel, K.A.; Bergmann, F.; Werner, J.; Naumann, P.; Jäger, D.; Büchler, M.W.;
Debus, J. Prognostic Impact of CA 19-9 on Outcome after Neoadjuvant Chemoradiation in Patients with
Locally Advanced Pancreatic Cancer. Ann. Surg. Oncol. 2014, 21, 2801–2807. [CrossRef]

5. Gillen, S.; Schuster, T.; Büschenfelde, C.M.Z.; Friess, H.; Kleeff, J. Preoperative/Neoadjuvant Therapy in
Pancreatic Cancer: A Systematic Review and Meta-analysis of Response and Resection Percentages. PLoS Med.
2010, 7, e1000267. [CrossRef]

6. Dobiasch, S.; Fietkau, R.; Goerig, N.L.; Combs, S.E. Essential role of radiation therapy for the treatment of
pancreatic cancer. Strahlenther. Onkol. 2017, 194, 185–195. [CrossRef]

7. Chauffert, B.; Mornex, F.; Bonnetain, F.; Rougier, P.; Mariette, C.; Bouché, O.; Bosset, J.F.; Aparicio, T.;
Mineur, L.; Azzedine, A.; et al. Phase III trial comparing intensive induction chemoradiotherapy (60 Gy,
infusional 5-FU and intermittent cisplatin) followed by maintenance gemcitabine with gemcitabine alone
for locally advanced unresectable pancreatic cancer. Definitive results of the 2000–01 FFCD/SFRO study.
Ann. Oncol. 2008, 19, 1592–1599. [CrossRef]

8. Hammel, P.; Huguet, F.F.; Van Laethem, J.-L.; Goldstein, D.D.; Glimelius, B.; Artru, P.P.; Borbath, I.; Bouché, O.;
Shannon, J.J.; André, T.; et al. Effect of Chemoradiotherapy vs Chemotherapy on Survival in Patients With
Locally Advanced Pancreatic Cancer Controlled after 4 Months of Gemcitabine with or without Erlotinib.
JAMA 2016, 315, 1844–1853. [CrossRef]

9. Loehrer, P.J., Sr.; Feng, Y.; Cardenes, H.; Wagner, L.; Brell, J.M.; Cella, D.; Flynn, P.; Ramanathan, R.K.; Crane, C.H.;
Alberts, S.R.; et al. Gemcitabine Alone Versus Gemcitabine Plus Radiotherapy in Patients With Locally Advanced
Pancreatic Cancer: An Eastern Cooperative Oncology Group Trial. J. Clin. Oncol. 2011, 29, 4105–4112. [CrossRef]

10. Brunner, M.; Wu, Z.; Krautz, C.; Pilarsky, C.; Grützmann, R.; Weber, G.F. Current Clinical Strategies of
Pancreatic Cancer Treatment and Open Molecular Questions. Int. J. Mol. Sci. 2019, 20, 4543. [CrossRef]

11. Moertel, C.G.; Frytak, S.; Hahn, R.G.; O’Connell, M.J.; Reitemeier, R.J.; Rubin, J.; Schutt, A.J.; Weiland, L.H.;
Childs, D.S.; Holbrook, M.A.; et al. Therapy of locally unresectable pancreatic carcinoma: A randomized
comparison of high dose (6000 rads) radiation alone, moderate dose radiation (4000 rads + 5-fluorouracil),
and high dose radiation + 5-fluorouracil. The gastrointestinal tumor study group. Cancer 1981, 48, 1705–1710.
[CrossRef]

12. Mukherjee, S.; Hurt, C.N.; Bridgewater, J.; Falk, S.; Cummins, S.; Wasan, H.; Crosby, T.; Jephcott, C.; Roy, R.;
Radhakrishna, G.; et al. Gemcitabine-based or capecitabine-based chemoradiotherapy for locally advanced
pancreatic cancer (SCALOP): A multicentre, randomised, phase 2 trial. Lancet Oncol. 2013, 14, 317–326.
[CrossRef]

13. Suker, M.; Nuyttens, J.J.; Koerkamp, B.G.; Eskens, F.A.L.M.; Van Eijck, C.H. FOLFIRINOX and radiotherapy for
locally advanced pancreatic cancer: A cohort study. J. Surg. Oncol. 2018, 118, 1021–1026. [CrossRef] [PubMed]

14. Mancini, B.R.; Stein, S.; Lloyd, S.; Rutter, C.E.; James, E.; Chang, B.W.; Lacy, J.; Johung, K.L. Chemoradiation
after FOLFIRINOX for borderline resectable or locally advanced pancreatic cancer. J. Gastrointest. Oncol.
2018, 9, 982–988. [CrossRef] [PubMed]

15. Murphy, J.E.; Wo, J.Y.; Ryan, D.P.; Jiang, W.; Yeap, B.Y.; Drapek, L.C.; Blaszkowsky, L.S.; Kwak, E.L.;
Allen, J.N.; Clark, J.W.; et al. Total Neoadjuvant Therapy with FOLFIRINOX Followed by Individualized
Chemoradiotherapy for Borderline Resectable Pancreatic Adenocarcinoma. JAMA Oncol. 2018, 4, 963–969.
[CrossRef]

107



Cancers 2020, 12, 3703

16. Tran, N.H.; Sahai, V.; Griffith, K.A.; Nathan, H.; Kaza, R.; Cuneo, K.C.; Shi, J.; Kim, E.; Sonnenday, C.J.;
Cho, C.S.; et al. Phase 2 Trial of Neoadjuvant FOLFIRINOX and Intensity Modulated Radiation Therapy
Concurrent With Fixed-Dose Rate-Gemcitabine in Patients With Borderline Resectable Pancreatic Cancer.
Int. J. Radiat. Oncol. 2020, 106, 124–133. [CrossRef]

17. Katz, M.H.G.; Ou, F.S.; Herman, J.M.; Ahmad, S.A.; Wolpin, B.; Marsh, R.; Behr, S.; Shi, Q.; Chuong, M.;
Schwartz, L.H.; et al. Alliance for clinical trials in oncology (ALLIANCE) trial A021501: Preoperative extended
chemotherapy vs. chemotherapy plus hypofractionated radiation therapy for borderline resectable
adenocarcinoma of the head of the pancreas. BMC Cancer 2017, 17, 505. [CrossRef]

18. Ng, S.P.; Koay, E.J. Current and emerging radiotherapy strategies for pancreatic adenocarcinoma: Stereotactic,
intensity modulated and particle radiotherapy. Ann. Pancreat. Cancer 2018, 1, 22. [CrossRef]

19. Neesse, A.; Bauer, C.A.; Öhlund, D.; Lauth, M.; Buchholz, M.; Michl, P.; Tuveson, D.; Gress, T.M.
Stromal biology and therapy in pancreatic cancer: Ready for clinical translation? Gut 2019, 68, 159–171.
[CrossRef]

20. Wu, X.; Tang, W.; Marquez, R.T.; Li, K.; Highfill, C.A.; He, F.; Lian, J.; Lin, J.; Fuchs, J.R.; Ji, M.; et al.
Overcoming chemo/radio-resistance of pancreatic cancer by inhibiting STAT3 signaling. Oncotarget
2016, 7, 11708–11723. [CrossRef]

21. Wang, F.; Xia, X.; Yang, C.; Shen, J.; Mai, J.; Kim, H.-C.; Kirui, D.; Kang, Y.; Fleming, J.B.; Koay, E.J.;
et al. SMAD4Gene Mutation Renders Pancreatic Cancer Resistance to Radiotherapy through Promotion of
Autophagy. Clin. Cancer Res. 2018, 24, 3176–3185. [CrossRef] [PubMed]

22. Su, Q.; Zhu, E.C.; Qu, Y.-L.; Wang, D.-Y.; Qu, W.-W.; Zhang, C.; Wu, T.; Gao, Z.-H. Serum level of co-expressed
hub miRNAs as diagnostic and prognostic biomarkers for pancreatic ductal adenocarcinoma. J. Cancer
2018, 9, 3991–3999. [CrossRef] [PubMed]

23. Quattrochi, B.; Gulvady, A.; Driscoll, D.R.; Sano, M.; Klimstra, D.S.; Turner, C.E.; Lewis, B.C. MicroRNAs of
the mir-17~92 cluster regulate multiple aspects of pancreatic tumor development and progression. Oncotarget
2017, 8, 35902–35918. [CrossRef] [PubMed]

24. Vidigal, J.A.; Ventura, A. The biological functions of miRNAs: Lessons from in vivo studies. Trends Cell Biol.
2015, 25, 137–147. [CrossRef]

25. Royam, M.M.; Ramesh, N.; Shanker, R.; Sabarimurugan, S.; Kumarasamy, C.; Muthukaliannan, G.K.; Baxi, S.;
Gupta, A.; Krishnan, S.; Jayaraj, R. miRNA Predictors of Pancreatic Cancer Chemotherapeutic Response:
A Systematic Review and Meta-Analysis. Cancers 2019, 11, 900. [CrossRef]

26. Fesler, A.; Ju, J. Development of microRNA-based therapy for pancreatic cancer. J. Pancreatol. 2019, 2, 147–151.
[CrossRef]

27. Chhatriya, B.; Mukherjee, M.; Ray, S.K.; Sarkar, P.; Chatterjee, S.; Nath, D.; Das, K.; Goswami, S. Comparison of
tumour and serum specific microRNA changes dissecting their role in pancreatic ductal adenocarcinoma:
A meta-analysis. BMC Cancer 2019, 19, 1175. [CrossRef]

28. Ouyang, H.; Gore, J.; Deitz, S.; Korc, M. microRNA-10b enhances pancreatic cancer cell invasion by suppressing
TIP30 expression and promoting EGF and TGF-β actions. Oncogene 2013, 33, 4664–4674. [CrossRef]

29. Qu, K.; Zhang, X.; Lin, T.; Liu, T.; Wang, Z.; Liu, S.; Zhou, L.; Wei, J.; Chang, H.; Li, K.; et al.
Circulating miRNA-21-5p as a diagnostic biomarker for pancreatic cancer: Evidence from comprehensive
miRNA expression profiling analysis and clinical validation. Sci. Rep. 2017, 7, 1692. [CrossRef]

30. Vila-Navarro, E.; Duran-Sanchon, S.; Vila-Casadesús, M.; Moreira, L.; Ginès, À.; Cuatrecasas, M.; Lozano, J.J.;
Bujanda, L.; Castells, A.; Gironella, M. Novel Circulating miRNA Signatures for Early Detection of Pancreatic
Neoplasia. Clin. Transl. Gastroenterol. 2019, 10, e00029. [CrossRef]

31. Karasek, P.; Gablo, N.; Hlavsa, J.; Kiss, I.; Vychytilova-Faltejskova, P.; Hermanova, M.; Kala, Z.; Slaby, O.;
Prochazka, V. Pre-operative Plasma miR-21-5p Is a Sensitive Biomarker and Independent Prognostic Factor
in Patients with Pancreatic Ductal Adenocarcinoma Undergoing Surgical Resection. Cancer Genom. Proteom.
2018, 15, 321–327. [CrossRef] [PubMed]

32. Kawaguchi, T.; Komatsu, S.; Ichikawa, D.; Morimura, R.; Tsujiura, M.; Konishi, H.; Takeshita, H.; Nagata, H.;
Arita, T.; Hirajima, S.; et al. Clinical impact of circulating miR-221 in plasma of patients with pancreatic
cancer. Br. J. Cancer 2013, 108, 361–369. [CrossRef] [PubMed]

33. Lemberger, M.; Loewenstein, S.; Lubezky, N.; Nizri, E.; Pasmanik-Chor, M.; Barazovsky, E.; Klausner, J.M.;
Lahat, G. MicroRNA profiling of pancreatic ductal adenocarcinoma (PDAC) reveals signature expression
related to lymph node metastasis. Oncotarget 2019, 10, 2644–2656. [CrossRef] [PubMed]

108



Cancers 2020, 12, 3703

34. Wolfe, A.R.; Wald, P.; Webb, A.; Sebastian, N.; Walston, S.; Robb, R.; Chen, W.; Vedaie, M.; Dillhoff, M.;
Frankel, W.L.; et al. A microRNA-based signature predicts local-regional failure and overall survival after
pancreatic cancer resection. Oncotarget 2020, 11, 913–923. [CrossRef]

35. Schmiegel, W.-H.; Kreiker, C.; Eberl, W.; Arndt, R.; Classen, M.; Greten, H.; Jessen, K.; Kalthoff, H.;
Soehendra, N.; Thiele, H.-G. Monoclonal antibody defines CA 19-9 in pancreatic juices and sera. Gut
1985, 26, 456–460. [CrossRef]

36. Liu, J.; Gao, J.; Du, Y.; Li, Z.; Ren, Y.; Gu, J.; Wang, X.; Gong, Y.; Wang, W.; Kong, X. Combination of plasma
microRNAs with serum CA19-9 for early detection of pancreatic cancer. Int. J. Cancer 2012, 131, 683–691.
[CrossRef]

37. LaConti, J.J.; Shivapurkar, N.; Preet, A.; Mays, A.D.; Peran, I.; Kim, S.E.; Marshall, J.L.; Riegel, A.T.;
Wellstein, A. Tissue and Serum microRNAs in the KrasG12D Transgenic Animal Model and in Patients with
Pancreatic Cancer. PLoS ONE 2011, 6, e20687. [CrossRef]

38. Mazza, T.; Copetti, M.; Capocefalo, D.; Fusilli, C.; Biagini, T.; Carella, M.; De Bonis, A.; Mastrodonato, N.;
Piepoli, A.; Pazienza, V.; et al. MicroRNA co-expression networks exhibit increased complexity in pancreatic
ductal compared to Vater’s papilla adenocarcinoma. Oncotarget 2017, 8, 105320–105339. [CrossRef]

39. Zhou, C.; Lu, Y.; Li, X. miR-339-3p inhibits proliferation and metastasis of colorectal cancer. Oncol. Lett.
2015, 10, 2842–2848. [CrossRef]

40. Xin, L.; Gao, J.; Wang, D.; Lin, J.-H.; Liao, Z.; Ji, J.-T.; Du, T.-T.; Jiang, F.; Hu, L.-H.; Li, Z. Novel blood-based
microRNA biomarker panel for early diagnosis of chronic pancreatitis. Sci. Rep. 2017, 7, 40019. [CrossRef]

41. Liu, X.; Xu, X.; Pan, B.; He, B.; Chen, X.; Zeng, K.; Xu, M.; Pan, Y.; Sun, H.; Xu, T.; et al. Circulating miR-1290
and miR-320d as Novel Diagnostic Biomarkers of Human Colorectal Cancer. J. Cancer 2019, 10, 43–50.
[CrossRef] [PubMed]

42. Li, W.; Ding, X.; Wang, S.; Xu, L.; Yin, T.; Han, S.; Geng, J.; Sun, W. Downregulation of serum exosomal
miR-320d predicts poor prognosis in hepatocellular carcinoma. J. Clin. Lab. Anal. 2020, 34, e23239. [CrossRef]
[PubMed]

43. Long, M.; Zhan, M.; Xu, S.; Yang, R.; Chen, W.; Zhang, S.; Shi, Y.; Yongheng, S.; Mohan, M.; Liu, Q.; et al.
miR-92b-3p acts as a tumor suppressor by targeting Gabra3 in pancreatic cancer. Mol. Cancer 2017, 16, 167.
[CrossRef] [PubMed]

44. Tang, S.; Cheng, J.; Yao, Y.; Lou, C.; Wang, L.; Huang, X.; Zhang, Y. Combination of Four Serum Exosomal
MiRNAs as Novel Diagnostic Biomarkers for Early-Stage Gastric Cancer. Front. Genet. 2020, 11, 237. [CrossRef]

45. Li, Q.; Li, Z.; Wei, S.; Wang, W.; Chen, Z.; Zhang, L.; Chen, L.; Li, B.; Sun, G.; Xu, J.; et al. Overexpression of
miR-584-5p inhibits proliferation and induces apoptosis by targeting WW domain-containing E3 ubiquitin
protein ligase 1 in gastric cancer. J. Exp. Clin. Cancer Res. 2017, 36, 59. [CrossRef]

46. Zhou, X.; Wen, W.; Shan, X.; Zhu, W.; Xu, J.; Guo, R.; Cheng, W.; Wang, F.; Qi, L.-W.; Chen, Y.; et al.
A six-microRNA panel in plasma was identified as a potential biomarker for lung adenocarcinoma diagnosis.
Oncotarget 2017, 8, 6513–6525. [CrossRef]

47. Ni, J.; Zheng, H.; Huang, Z.; Hong, Y.; Ou, Y.; Tao, Y.; Wang, M.; Wang, Z.; Yang, Y.; Zhou, W. MicroRNA-197-3p
acts as a prognostic marker and inhibits cell invasion in hepatocellular carcinoma. Oncol. Lett. 2018, 17, 2317–2327.
[CrossRef]

48. Shimomura, A.; Shiino, S.; Kawauchi, J.; Takizawa, S.; Sakamoto, H.; Matsuzaki, J.; Ono, M.; Takeshita, F.;
Niida, S.; Shimizu, C.; et al. Novel combination of serum microRNA for detecting breast cancer in the early
stage. Cancer Sci. 2016, 107, 326–334. [CrossRef]

49. Xu, Y.-F.; Hannafon, B.N.; Zhao, Y.D.; Postier, R.G.; Ding, W.-Q. Plasma exosome miR-196a and miR-1246 are
potential indicators of localized pancreatic cancer. Oncotarget 2017, 8, 77028–77040. [CrossRef]

50. Wei, J.; Yang, L.; Wu, Y.-N.; Xu, J. Serum miR-1290 and miR-1246 as Potential Diagnostic Biomarkers of
Human Pancreatic Cancer. J. Cancer 2020, 11, 1325–1333. [CrossRef]

51. Madhavan, B.; Yue, S.; Galli, U.; Rana, S.; Gross, W.; Müller, M.; Giese, N.A.; Kalthoff, H.; Becker, T.;
Büchler, M.W.; et al. Combined evaluation of a panel of protein and miRNA serum-exosome biomarkers
for pancreatic cancer diagnosis increases sensitivity and specificity. Int. J. Cancer 2015, 136, 2616–2627.
[CrossRef] [PubMed]

52. Shi, Y.; Wang, Z.; Zhu, X.; Chen, L.; Ma, Y.; Wang, J.; Yang, X.-Z.; Liu, Z. Exosomal miR-1246 in serum as a
potential biomarker for early diagnosis of gastric cancer. Int. J. Clin. Oncol. 2019, 25, 89–99. [CrossRef]

109



Cancers 2020, 12, 3703

53. Takeshita, N.; Hoshino, I.; Mori, M.; Akutsu, Y.; Hanari, N.; Yoneyama, Y.; Ikeda, N.; Isozaki, Y.; Maruyama, T.;
Akanuma, N.; et al. Serum microRNA expression profile: miR-1246 as a novel diagnostic and prognostic
biomarker for oesophageal squamous cell carcinoma. Br. J. Cancer 2013, 108, 644–652. [CrossRef] [PubMed]

54. Nagamitsu, Y.; Nishi, H.; Sasaki, T.; Takaesu, Y.; Terauchi, F.; Isaka, K. Profiling analysis of circulating
microRNA expression in cervical cancer. Mol. Clin. Oncol. 2016, 5, 189–194. [CrossRef] [PubMed]

55. Czochor, J.R.; Glazer, P.M. microRNAs in Cancer Cell Response to Ionizing Radiation. Antioxid. Redox Signal.
2014, 21, 293–312. [CrossRef]

56. Chaudhry, M.A. Radiation-induced microRNA: Discovery, functional analysis, and cancer radiotherapy.
J. Cell. Biochem. 2014, 115, 436–449. [CrossRef] [PubMed]

57. Mao, A.; Liu, Y.; Zhang, H.; Di, C.; Sun, C. microRNA Expression and Biogenesis in Cellular Response to
Ionizing Radiation. DNA Cell Biol. 2014, 33, 667–679. [CrossRef]

58. Zhang, X.; Wan, G.; Berger, F.G.; He, X.; Lu, X. The ATM Kinase Induces MicroRNA Biogenesis in the DNA
Damage Response. Mol. Cell 2011, 41, 371–383. [CrossRef]

59. He, L.; He, X.; Lim, L.P.; De Stanchina, E.; Xuan, Z.; Liang, Y.; Xue, W.; Zender, L.; Magnus, J.F.; Ridzon, D.;
et al. A microRNA component of the p53 tumour suppressor network. Nat. Cell Biol. 2007, 447, 1130–1134.
[CrossRef]

60. Saleh, A.D.; Savage, J.E.; Cao, L.; Soule, B.P.; Ly, D.; DeGraff, W.; Harris, C.C.; Mitchell, J.B.; Simone, N.L.
Cellular Stress Induced Alterations in MicroRNA let-7a and let-7b Expression Are Dependent on p53.
PLoS ONE 2011, 6, e24429. [CrossRef]

61. Wei, F.; Liu, Y.; Guo, Y.; Xiang, A.; Wang, G.-Y.; Xue, X.; Lu, Z. miR-99b-targeted mTOR induction contributes
to irradiation resistance in pancreatic cancer. Mol. Cancer 2013, 12, 81. [CrossRef] [PubMed]

62. Jiang, M.-J.; Chen, Y.-Y.; Dai, J.-J.; Gu, D.-N.; Mei, Z.; Liu, F.-R.; Huang, Q.; Tian, L. Dying tumor cell-derived
exosomal miR-194-5p potentiates survival and repopulation of tumor repopulating cells upon radiotherapy
in pancreatic cancer. Mol. Cancer 2020, 19, 1–15. [CrossRef] [PubMed]

63. Małachowska, B.; Tomasik, B.; Stawiski, K.; Kulkarni, S.; Guha, C.; Chowdhury, D.; Fendler, W. Circulating
microRNAs as Biomarkers of Radiation Exposure: A Systematic Review and Meta-Analysis. Int. J.
Radiat. Oncol. 2020, 106, 390–402. [CrossRef]

64. Farsinejad, S.; Rahaie, M.; Alizadeh, A.M.; Mir-Derikvand, M.; Gheisary, Z.; Nosrati, H.; Khalighfard, S.
Expression of the circulating and the tissue microRNAs after surgery, chemotherapy, and radiotherapy in
mice mammary tumor. Tumor Biol. 2016, 37, 14225–14234. [CrossRef]

65. Long, Z.-W.; Wu, J.-H.; Hong, C.; Wang, Y.-N.; Zhou, Y. MiR-374b Promotes Proliferation and Inhibits
Apoptosis of Human GIST Cells by Inhibiting PTEN through Activation of the PI3K/Akt Pathway. Mol. Cells
2018, 41, 532–544.

66. Sun, W.; Lan, J.; Chen, L.; Qiu, J.; Luo, Z.; Li, M.; Wang, J.; Zhao, J.; Zhang, T.; Long, X.; et al. A mutation in
porcine pre-miR-15b alters the biogenesis of MiR-15b\16-1 cluster and strand selection of MiR-15b. PLoS ONE
2017, 12, e0178045. [CrossRef]

67. Zhang, W.-L.; Zhang, J.; Wu, X.-Z.; Yan, T.; Lv, W. miR-15b promotes epithelial-mesenchymal transition by
inhibiting SMURF2 in pancreatic cancer. Int. J. Oncol. 2015, 47, 1043–1053. [CrossRef]

68. Yang, W.; Zhou, C.; Luo, M.; Shi, X.; Li, Y.; Sun, Z.; Zhou, F.; Chen, Z.; He, J. MiR-652-3p is upregulated in
non-small cell lung cancer and promotes proliferation and metastasis by directly targeting Lgl1. Oncotarget
2016, 7, 16703–16715. [CrossRef]

69. Liu, S.; Luan, J.; Ding, Y. miR-144-3p Targets FosB Proto-oncogene, AP-1 Transcription Factor Subunit (FOSB)
to Suppress Proliferation, Migration, and Invasion of PANC-1 Pancreatic Cancer Cells. Oncol. Res. Featur.
Preclin. Clin. Cancer Ther. 2018, 26, 683–690. [CrossRef]

70. Cioffi, M.; Trabulo, S.M.; Vallespinos, M.; Raj, D.; Kheir, T.B.; Lin, M.-L.; Begum, J.; Baker, A.-M.; Amgheib, A.;
Saif, J.; et al. The miR-25-93-106b cluster regulates tumor metastasis and immune evasion via modulation of
CXCL12 and PD-L1. Oncotarget 2017, 8, 21609–21625. [CrossRef]

71. Brahmer, J.R.; Tykodi, S.S.; Chow, L.Q.M.; Hwu, W.-J.; Topalian, S.L.; Hwu, P.; Drake, C.G.; Camacho, L.H.;
Kauh, J.; Odunsi, K.; et al. Safety and Activity of Anti–PD-L1 Antibody in Patients with Advanced Cancer.
N. Engl. J. Med. 2012, 366, 2455–2465. [CrossRef] [PubMed]

110



Cancers 2020, 12, 3703

72. Fukumoto, I.; Kinoshita, T.; Hanazawa, T.; Kikkawa, N.; Chiyomaru, T.; Enokida, H.; Yamamoto, N.; Goto, Y.;
Nishikawa, R.; Nakagawa, M.; et al. Identification of tumour suppressive microRNA-451a in hypopharyngeal
squamous cell carcinoma based on microRNA expression signature. Br. J. Cancer 2014, 111, 386–394. [CrossRef]
[PubMed]

73. Zhang, Z.-L.; Bai, Z.-H.; Wang, X.-B.; Bai, L.; Miao, F.; Pei, H.-H. miR-186 and 326 Predict the Prognosis of
Pancreatic Ductal Adenocarcinoma and Affect the Proliferation and Migration of Cancer Cells. PLoS ONE
2015, 10, e0118814. [CrossRef]

74. Yu, J.; Ohuchida, K.; Mizumoto, K.; Fujita, H.; Nakata, K.; Tanaka, M. MicroRNAmiR-17-5pis overexpressed
in pancreatic cancer, associated with a poor prognosis, and involved in cancer cell proliferation and invasion.
Cancer Biol. Ther. 2010, 10, 748–757. [CrossRef]

75. Zhu, Y.; Gu, J.; Li, Y.; Peng, C.; Shi, M.; Wang, X.; Wei, G.; Ge, O.; Wang, D.; Zhang, B.; et al. MiR-17-5p
enhances pancreatic cancer proliferation by altering cell cycle profiles via disruption of RBL2/E2F4-repressing
complexes. Cancer Lett. 2018, 412, 59–68. [CrossRef]

76. Yan, H.-J.; Liu, W.-S.; Sun, W.-H.; Wu, J.; Ji, M.; Wang, Q.; Zheng, X.; Jiang, J.; Wu, C. miR-17-5p Inhibitor
Enhances Chemosensitivity to Gemcitabine Via Upregulating Bim Expression in Pancreatic Cancer Cells.
Dig. Dis. Sci. 2012, 57, 3160–3167. [CrossRef]

77. Hao, J.; Zhang, S.; Zhou, Y.; Liu, C.; Hu, X.-G.; Shao, C. MicroRNA 421 suppresses DPC4/Smad4 in pancreatic
cancer. Biochem. Biophys. Res. Commun. 2011, 406, 552–557. [CrossRef]

78. Siragam, V.; Rutnam, Z.J.; Yang, W.; Fang, L.; Luo, L.; Yang, X.; Li, M.; Deng, Z.; Qian, J.; Peng, C.; et al.
MicroRNA miR-98 inhibits tumor angiogenesis and invasion by targeting activin receptor-like kinase-4 and
matrix metalloproteinase-11. Oncotarget 2012, 3, 1370–1385. [CrossRef]

79. Wang, L.; Yuan, C.; Lv, K.; Xie, S.; Fu, P.; Liu, X.; Chen, Y.; Qin, C.; Deng, W.; Hu, W. Lin28 Mediates
Radiation Resistance of Breast Cancer Cells via Regulation of Caspase, H2A.X and Let-7 Signaling. PLoS ONE
2013, 8, e67373. [CrossRef]

80. Fu, Y.; Liu, X.; Chen, Q.; Liu, T.; Lu, C.; Yu, J.; Miao, Y.; Wei, J. Downregulated miR-98-5p promotes PDAC
proliferation and metastasis by reversely regulating MAP4K4. J. Exp. Clin. Cancer Res. 2018, 37, 130. [CrossRef]

81. Morimura, R.; Komatsu, S.; Ichikawa, D.; Takeshita, H.; Tsujiura, M.; Nagata, H.; Konishi, H.; Shiozaki, A.;
Ikoma, H.; Okamoto, K.; et al. Novel diagnostic value of circulating miR-18a in plasma of patients with
pancreatic cancer. Br. J. Cancer 2011, 105, 1733–1740. [CrossRef]

82. Zhao, F.; Pu, Y.; Qian, L.; Zang, C.; Tao, Z.; Gao, J. MiR-20a-5p promotes radio-resistance by targeting NPAS2
in nasopharyngeal cancer cells. Oncotarget 2017, 8, 105873–105881. [CrossRef]

83. Zhang, Y.; Zheng, L.; Ding, Y.; Li, Q.; Wang, R.; Liu, T.; Sun, Q.; Yang, H.; Peng, S.; Wang, W.; et al.
MiR-20a Induces Cell Radioresistance by Activating the PTEN/PI3K/Akt Signaling Pathway in Hepatocellular
Carcinoma. Int. J. Radiat. Oncol. 2015, 92, 1132–1140. [CrossRef]

84. Huang, J.-W.; Wang, Y.; Dhillon, K.K.; Calses, P.; Villegas, E.; Mitchell, P.S.; Tewari, M.; Kemp, C.J.; Taniguchi, T.
Systematic Screen Identifies miRNAs That Target RAD51 and RAD51D to Enhance Chemosensitivity.
Mol. Cancer Res. 2013, 11, 1564–1573. [CrossRef] [PubMed]

85. Lu, Y.; Ji, N.; Wei, W.; Sun, W.; Gong, X.; Wang, X. MiR-142 modulates human pancreatic cancer proliferation
and invasion by targeting hypoxia-inducible factor 1 (HIF-1α) in the tumor microenvironments. Biol. Open
2017, 6, 252–259. [CrossRef] [PubMed]

86. Deng, J.; He, M.; Chen, L.; Chen, C.; Zheng, J.; Cai, Z. The Loss of miR-26a-Mediated Post-Transcriptional
Regulation of Cyclin E2 in Pancreatic Cancer Cell Proliferation and Decreased Patient Survival. PLoS ONE
2013, 8, e76450. [CrossRef] [PubMed]

87. Liang, S.; Gong, X.; Zhang, G.; Huang, G.; Lu, Y.; Li, Y.-X. MicroRNA-140 regulates cell growth and invasion in
pancreatic duct adenocarcinoma by targeting iASPP. Acta Biochim. Biophys. Sin. (Shanghai) 2016, 48, 174–181.
[CrossRef]

88. Lan, F.; Yue, X.; Ren, G.; Li, H.; Ping, L.; Wang, Y.; Xia, T. miR-15a/16 Enhances Radiation Sensitivity of
Non-Small Cell Lung Cancer Cells by Targeting the TLR1/NF-κB Signaling Pathway. Int. J. Radiat. Oncol.
2015, 91, 73–81. [CrossRef] [PubMed]

89. Jiao, L.R.; Frampton, A.E.; Jacob, J.; Pellegrino, L.; Krell, J.; Giamas, G.; Tsim, N.; Vlavianos, P.; Cohen, P.;
Ahmad, R.; et al. MicroRNAs Targeting Oncogenes Are Down-Regulated in Pancreatic Malignant
Transformation from Benign Tumors. PLoS ONE 2012, 7, e32068. [CrossRef] [PubMed]

111



Cancers 2020, 12, 3703

90. Li, H.; Xiang, H.; Ge, W.; Wang, H.; Wang, T.; Xiong, M. Expression and functional perspectives of miR-184
in pancreatic ductal adenocarcinoma. Int. J. Clin. Exp. Pathol. 2015, 8, 12313–12318.

91. Zhao, L.; Bode, A.M.; Cao, Y.; Dong, Z. Regulatory mechanisms and clinical perspectives of miRNA in tumor
radiosensitivity. Carcinogenesis 2012, 33, 2220–2227. [CrossRef]

92. Lal, A.; Pan, Y.; Navarro, F.; Dykxhoorn, D.M.; Moreau, L.; Meire, E.; Bentwich, Z.; Lieberman, J.;
Chowdhury, D. miR-24–mediated downregulation of H2AX suppresses DNA repair in terminally
differentiated blood cells. Nat. Struct. Mol. Biol. 2009, 16, 492–498. [CrossRef] [PubMed]

93. Yang, H.; Luo, J.; Liu, Z.; Zhou, R.; Luo, H. MicroRNA-138 Regulates DNA Damage Response in Small Cell
Lung Cancer Cells by Directly Targeting H2AX. Cancer Investig. 2015, 33, 126–136. [CrossRef] [PubMed]

94. Wang, P.; Zou, F.; Zhang, X.; Li, H.; Dulak, A.; Tomko, R.J.; Lazo, J.S.; Wang, Z.; Zhang, L.; Yu, J.; et al.
microRNA-21 negatively regulates Cdc25A and cell cycle progression in colon cancer cells. Cancer Res.
2009, 69, 8157–8165. [CrossRef]

95. Yan, D.; Ng, W.L.; Zhang, X.; Wang, P.; Zhang, Z.; Mo, Y.-Y.; Mao, H.; Hao, C.; Olson, J.J.; Curran, W.J.; et al.
Targeting DNA-PKcs and ATM with miR-101 Sensitizes Tumors to Radiation. PLoS ONE 2010, 5, e11397.
[CrossRef]

96. Hu, H.; Du, L.; Nagabayashi, G.; Seeger, R.C.; Gatti, R.A. ATM is down-regulated by N-Myc-regulated
microRNA-421. Proc. Natl. Acad. Sci. USA 2010, 107, 1506–1511. [CrossRef]

97. Noguchi, S.; Ogusu, R.; Wada, Y.; Matsuyama, S.; Mori, T. PTEN, A Target of Microrna-374b, Contributes to
the Radiosensitivity of Canine Oral Melanoma Cells. Int. J. Mol. Sci. 2019, 20, 4631. [CrossRef]

98. Mei, Z.; Su, T.; Ye, J.; Yang, C.; Zhang, S.; Xie, C. The miR-15 Family Enhances the Radiosensitivity of Breast
Cancer Cells by Targeting G2Checkpoints. Radiat. Res. 2015, 183, 196–207. [CrossRef] [PubMed]

99. Song, L.; Peng, L.; Hua, S.; Li, X.; Ma, L.; Jie, J.; Chen, D.; Wang, Y.; Li, D. miR-144-5p Enhances the Radiosensitivity
of Non-Small-Cell Lung Cancer Cells via Targeting ATF2. BioMed Res. Int. 2018, 2018, 5109497. [CrossRef]

100. Lan, F.; Yu, H.; Hu, M.; Xia, T.; Yue, X. miR-144-3p exerts anti-tumor effects in glioblastoma by targeting
c-Met. J. Neurochem. 2015, 135, 274–286. [CrossRef]

101. Yu, L.; Yang, Y.; Hou, J.; Zhai, C.; Song, Y.; Zhang, Z.; Qiu, L.; Jia, X. MicroRNA-144 affects radiotherapy sensitivity
by promoting proliferation, migration and invasion of breast cancer cells. Oncol. Rep. 2015, 34, 1845–1852.
[CrossRef] [PubMed]

102. Gu, H.; Liu, M.; Ding, C.; Wang, X.; Wang, R.; Wu, X.; Fan, R. Hypoxia-responsive miR-124 and miR-144
reduce hypoxia-induced autophagy and enhance radiosensitivity of prostate cancer cells via suppressing
PIM 1. Cancer Med. 2016, 5, 1174–1182. [CrossRef] [PubMed]

103. Chen, X.; Liu, J.; Zhang, Q.; Liu, B.; Cheng, Y.; Zhang, Y.; Sun, Y.; Ge, H.; Liu, Y. Exosome-mediated
transfer of miR-93-5p from cancer-associated fibroblasts confer radioresistance in colorectal cancer cells by
downregulating FOXA1 and upregulating TGFB3. J. Exp. Clin. Cancer Res. 2020, 39, 65. [CrossRef]

104. Cui, H.; Zhang, S.; Zhou, H.; Guo, L. Direct Downregulation of B-Cell Translocation Gene 3 by microRNA-93
Is Required for Desensitizing Esophageal Cancer to Radiotherapy. Dig. Dis. Sci. 2017, 62, 1995–2003.
[CrossRef] [PubMed]

105. Ruhl, R.; Rana, S.; Kelley, K.; Espinosa-Diez, C.; Hudson, C.; Lanciault, C.; Thomas, C.R., Jr.; Liana Tsikitis, V.;
Anand, S. microRNA-451a regulates colorectal cancer proliferation in response to radiation. BMC Cancer
2018, 18, 517. [CrossRef] [PubMed]

106. Tian, F.; Han, Y.; Yan, X.; Zhong, D.; Yang, G.; Lei, J.; Li, X.; Wang, X. Upregulation of microrna-451 increases the
sensitivity of A 549 cells to radiotherapy through enhancement of apoptosis. Thorac. Cancer 2015, 7, 226–231.
[CrossRef] [PubMed]

107. Wang, R.; Chen, D.-Q.; Huang, J.-Y.; Zhang, K.; Feng, B.; Pan, B.-Z.; Chen, J.; De, W.; Chen, L.-B. Acquisition
of radioresistance in docetaxel-resistant human lung adenocarcinoma cells is linked with dysregulation of
miR-451/c-Myc-survivin/rad-51 signaling. Oncotarget 2014, 5, 6113–6129. [CrossRef]

108. Zhang, T.; Sun, Q.; Liu, T.; Chen, J.; Du, S.; Ren, C.; Liao, G.; Yuan, Y. MiR-451 increases radiosensitivity of
nasopharyngeal carcinoma cells by targeting ras-related protein 14 (RAB14). Tumor Biol. 2014, 35, 12593–12599.
[CrossRef]

109. Zhang, Y.; Zhang, W. FOXD1, negatively regulated by miR-186, promotes the proliferation, metastasis and
radioresistance of nasopharyngeal carcinoma cells. Cancer Biomark. 2020, 28, 511–521. [CrossRef]

112



Cancers 2020, 12, 3703

110. Lynam-Lennon, N.; Heavey, S.; Sommerville, G.; Bibby, B.A.; Ffrench, B.; Quinn, J.; Gasch, C.; O’Leary, J.J.;
Gallagher, M.F.; Reynolds, J.V.; et al. MicroRNA-17 is downregulated in esophageal adenocarcinoma cancer
stem-like cells and promotes a radioresistant phenotype. Oncotarget 2016, 8, 11400–11413. [CrossRef]

111. Wu, S.-Y.; Wu, A.T.; Liu, S.-H. MicroRNA-17-5p regulated apoptosis-related protein expression and
radiosensitivity in oral squamous cell carcinoma caused by betel nut chewing. Oncotarget 2016, 7, 51482–51493.
[CrossRef] [PubMed]

112. Liu, L.; Cui, S.; Zhang, R.; Shi, Y.; Luo, L. MiR-421 inhibits the malignant phenotype in glioma by directly
targeting MEF2D. Am. J. Cancer Res. 2017, 7, 857–868. [PubMed]

113. Mansour, W.Y.; Bogdanova, N.V.; Kasten-Pisula, U.; Rieckmann, T.; Köcher, S.; Borgmann, K.; Baumann, M.;
Krause, M.; Petersen, C.; Hu, H.; et al. Aberrant overexpression of miR-421 downregulates ATM and leads to a
pronounced DSB repair defect and clinical hypersensitivity in SKX squamous cell carcinoma. Radiother. Oncol.
2013, 106, 147–154. [CrossRef] [PubMed]

114. Jin, Y.-Y.; Chen, Q.-J.; Wei, Y.; Wang, Y.-L.; Wang, Z.-W.; Xu, K.; He, Y.; Ma, H. Upregulation of microRNA-98
increases radiosensitivity in esophageal squamous cell carcinoma. J. Radiat. Res. 2016, 57, 468–476. [CrossRef]
[PubMed]

115. Li, B.; Shi, X.-B.; Nori, D.; Chao, C.K.; Chen, A.M.; Valicenti, R.; White, R.D. Down-regulation of microRNA
106b is involved in p21-mediated cell cycle arrest in response to radiation in prostate cancer cells. Prostate
2011, 71, 567–574. [CrossRef] [PubMed]

116. Troschel, F.M.; Böhly, N.; Borrmann, K.; Braun, T.; Schwickert, A.; Kiesel, L.; Eich, H.T.; Götte, M.; Greve, B.
miR-142-3p attenuates breast cancer stem cell characteristics and decreases radioresistance in vitro. Tumor Biol.
2018, 40. [CrossRef]

117. Yuan, F.; Liu, L.; Lei, Y.; Hu, Y. MiRNA-142-3p increases radiosensitivity in human umbilical cord blood
mononuclear cells by inhibiting the expression of CD133. Sci. Rep. 2018, 8, 5674. [CrossRef]

118. Jin, Q.; Li, X.J.; Cao, P.G. MicroRNA-26b Enhances the Radiosensitivity of Hepatocellular Carcinoma Cells by
Targeting EphA2. Tohoku J. Exp. Med. 2016, 238, 143–151. [CrossRef]

119. Duru, N.; Gernapudi, R.; Zhang, Y.; Yao, Y.; Lo, P.-K.; Wolfson, B.; Zhou, Q. NRF2/miR-140 signaling confers
radioprotection to human lung fibroblasts. Cancer Lett. 2015, 369, 184–191. [CrossRef]

120. Wang, F.; Mao, A.; Tang, J.; Zhang, Q.; Yan, J.; Wang, Y.; Di, C.; Gan, L.; Sun, C.; Zhang, H. microRNA-16-5p
enhances radiosensitivity through modulating Cyclin D1/E1–pRb–E2F1 pathway in prostate cancer cells.
J. Cell. Physiol. 2019, 234, 13182–13190. [CrossRef]

121. Samadi, P.; Afshar, S.; Amini, R.; Najafi, R.; Mahdavinezhad, A.; Pashaki, A.S.; Gholami, M.H.; Saidijam, M.
Let-7e enhances the radiosensitivity of colorectal cancer cells by directly targeting insulin-like growth factor
1 receptor. J. Cell. Physiol. 2019, 234, 10718–10725. [CrossRef] [PubMed]

122. Smolinska, A.; Swoboda, J.; Fendler, W.; Lerch, M.M.; Sendler, M.; Moskwa, P. MiR-502 is the first reported
miRNA simultaneously targeting two components of the classical non-homologous end joining (C-NHEJ) in
pancreatic cell lines. Heliyon 2020, 6, e03187. [CrossRef] [PubMed]

123. Wang, P.; Zhang, J.; Zhang, L.; Zhu, Z.; Fan, J.; Chen, L.; Zhuang, L.; Luo, J.; Chen, H.; Liu, L.; et al.
MicroRNA 23b Regulates Autophagy Associated With Radioresistance of Pancreatic Cancer Cells.
Gastroenterology 2013, 145, 1133–1143.e12. [CrossRef] [PubMed]

124. Zhang, X.; Shi, H.; Lin, S.; Ba, M.-C.; Cui, S. MicroRNA-216a enhances the radiosensitivity of pancreatic
cancer cells by inhibiting beclin-1-mediated autophagy. Oncol. Rep. 2015, 34, 1557–1564. [CrossRef]

125. Tomihara, H.; Yamada, D.; Eguchi, H.; Iwagami, Y.; Noda, T.; Asaoka, T.; Wada, H.; Kawamoto, K.; Gotoh, K.;
Takeda, Y.; et al. MicroRNA-181b-5p, ETS1, and the c-Met pathway exacerbate the prognosis of pancreatic
ductal adenocarcinoma after radiation therapy. Cancer Sci. 2017, 108, 398–407. [CrossRef]

126. Ji, Q.; Hao, X.; Zhang, M.; Tang, W.; Yang, M.; Li, L.; Xiang, D.; DeSano, J.T.; Bommer, G.T.; Fan, D.; et al.
MicroRNA miR-34 Inhibits Human Pancreatic Cancer Tumor-Initiating Cells. PLoS ONE 2009, 4, e6816.
[CrossRef]

127. Fang, C.; Dai, C.-Y.; Mei, Z.; Jiang, M.-J.; Gu, D.-N.; Huang, Q.; Tian, L. microRNA-193a stimulates pancreatic
cancer cell repopulation and metastasis through modulating TGF-β2/TGF-βRIII signalings. J. Exp. Clin.
Cancer Res. 2018, 37, 25. [CrossRef]

128. Huang, X.; Taeb, S.; Jahangiri, S.; Korpela, E.; Cadonic, I.; Yu, N.; Krylov, S.N.; Fokas, E.; Boutros, P.C.;
Liu, S.K. miR-620 promotes tumor radioresistance by targeting 15-hydroxyprostaglandin dehydrogenase
(HPGD). Oncotarget 2015, 6, 22439–22451. [CrossRef]

113



Cancers 2020, 12, 3703

129. Oh, J.-S.; Kim, J.-J.; Byun, J.-Y.; Kim, I.A. Lin28-let7 Modulates Radiosensitivity of Human Cancer Cells with
Activation of K-Ras. Int. J. Radiat. Oncol. 2010, 76, 5–8. [CrossRef]

130. Baek, S.-J.; Azuma, R.; Hayashi, K.; Ishii, H.; Sato, K.; Nishida, N.; Koseki, J.; Kawamoto, K.; Konno, M.;
Satoh, T.; et al. MicroRNA miR-374, a potential radiosensitizer for carbon ion beam radiotherapy. Oncol. Rep.
2016, 36, 2946–2950. [CrossRef]

131. Chang, T.-C.; Wentzel, E.A.; Kent, O.A.; Ramachandran, K.; Mullendore, M.; Lee, K.H.; Feldmann, G.;
Yamakuchi, M.; Ferlito, M.; Lowenstein, C.J.; et al. Transactivation of miR-34a by p53 Broadly Influences
Gene Expression and Promotes Apoptosis. Mol. Cell 2007, 26, 745–752. [CrossRef] [PubMed]

132. Ji, Q.; Hao, X.; Meng, Y.; Zhang, M.; DeSano, J.; Fan, D.; Xu, L. Restoration of tumor suppressor miR-34
inhibits human p53-mutant gastric cancer tumorspheres. BMC Cancer 2008, 8, 266. [CrossRef] [PubMed]

133. Fan, X.; Matsui, W.; Khaki, L.; Stearns, D.; Chun, J.; Li, Y.-M.; Eberhart, C.G. Notch Pathway Inhibition
Depletes Stem-like Cells and Blocks Engraftment in Embryonal Brain Tumors. Cancer Res. 2006, 66, 7445–7452.
[CrossRef] [PubMed]

134. Raufi, A.G.; Manji, G.A.; Chabot, J.A.; Bates, S.E. Neoadjuvant Treatment for Pancreatic Cancer. Semin. Oncol.
2019, 46, 19–27. [CrossRef] [PubMed]

135. Hall, W.A.; Goodman, K.A. Radiation therapy for pancreatic adenocarcinoma, a treatment option that must
be considered in the management of a devastating malignancy. Radiat. Oncol. 2019, 14, 114. [CrossRef]

136. Guo, S.; Fesler, A.; Hwang, G.-R.; Ju, J. microRNA based prognostic biomarkers in pancreatic Cancer.
Biomark. Res. 2018, 6, 18. [CrossRef]

137. Moertl, S.; Mutschelknaus, L.; Heider, T.; Atkinson, M.J. MicroRNAs as novel elements in personalized
radiotherapy. Transl. Cancer Res. 2016, 5, S1262–S1269. [CrossRef]

138. Li, X.; Gao, P.; Wang, Y.; Wang, X. Blood-Derived microRNAs for Pancreatic Cancer Diagnosis: A Narrative
Review and Meta-Analysis. Front. Physiol. 2018, 9, 685. [CrossRef]

139. Buscail, E.; Maulat, C.; Muscari, F.; Chiche, L.; Cordelier, P.; Dabernat, S.; Alix-Panabières, C.; Buscail, L.
Liquid Biopsy Approach for Pancreatic Ductal Adenocarcinoma. Cancers 2019, 11, 852. [CrossRef]

140. Buschmann, D.; Haberberger, A.; Kirchner, B.; Spornraft, M.; Riedmaier, I.; Schelling, G.; Pfaffl, M.W.
Toward reliable biomarker signatures in the age of liquid biopsies—How to standardize the small RNA-Seq
workflow. Nucleic Acids Res. 2016, 44, 5995–6018. [CrossRef]

141. Cacheux, J.; Bancaud, A.; Leïchlé, T.; Cordelier, P. Technological Challenges and Future Issues for the
Detection of Circulating MicroRNAs in Patients with Cancer. Front. Chem. 2019, 7, 815. [CrossRef] [PubMed]

142. Korpela, E.; Vesprini, D.; Liu, S.K. MicroRNA in radiotherapy: miRage or miRador? Br. J. Cancer
2015, 112, 777–782. [CrossRef] [PubMed]

Publisher’s Note: MDPI stays neutral with regard to jurisdictional claims in published maps and institutional
affiliations.

© 2020 by the authors. Licensee MDPI, Basel, Switzerland. This article is an open access
article distributed under the terms and conditions of the Creative Commons Attribution
(CC BY) license (http://creativecommons.org/licenses/by/4.0/).

114



cancers

Review

MicroRNA-361: A Multifaceted Player Regulating
Tumor Aggressiveness and Tumor
Microenvironment Formation

Daozhi Xu 1,† , Peixin Dong 1,*,† , Ying Xiong 2,†, Junming Yue 3,4, Kei Ihira 1, Yosuke Konno 1,
Noriko Kobayashi 1, Yukiharu Todo 5 and Hidemichi Watari 1,*

1 Department of Obstetrics and Gynecology, Hokkaido University School of Medicine, Hokkaido University,
Sapporo 060-8638, Japan

2 Department of Gynecology, State Key Laboratory of Oncology in South China, Sun Yat-sen University
Cancer Center, Guangzhou 510060, China

3 Department of Pathology and Laboratory Medicine, University of Tennessee Health Science Center,
Memphis, TN 38163, USA

4 Center for Cancer Research, University of Tennessee Health Science Center, Memphis, TN 38163, USA
5 Division of Gynecologic Oncology, National Hospital Organization, Hokkaido Cancer Center,

Sapporo 003-0804, Japan
* Correspondence: dpx1cn@gmail.com (P.D.); watarih@med.hokudai.ac.jp (H.W.);

Tel.: +81-11-706-5941 (P.D. & H.W.)
† These authors contributed equaly.

Received: 8 July 2019; Accepted: 1 August 2019; Published: 7 August 2019
����������
�������

Abstract: MicroRNA-361-5p (miR-361) expression frequently decreases or is lost in different types
of cancers, and contributes to tumor suppression by repressing the expression of its target genes
implicated in tumor growth, epithelial-to-mesenchymal transition (EMT), metastasis, drug resistance,
glycolysis, angiogenesis, and inflammation. Here, we review the expression pattern of miR-361 in
human tumors, describe the mechanisms responsible for its dysregulation, and discuss how miR-361
modulates the aggressive properties of tumor cells and alter the tumor microenvironment by acting
as a novel tumor suppressor. Furthermore, we describe its potentials as a promising diagnostic or
prognostic biomarker for cancers and a promising target for therapeutic development.

Keywords: microRNA-361; EMT; angiogenesis; tumor microenvironment; cancer diagnosis;
cancer treatment

1. Introduction

Large-scale transcriptional analysis reveals that more than 80% of the human genome is transcribed
into RNA, whereas less than 2% of the human genome is used for protein translation [1], suggesting that
the vast majority of the human transcriptome is composed of non-coding RNAs (ncRNAs). MicroRNAs
(miRNAs) are a class of endogenous regulatory noncoding RNAs, typically 20–23 nucleotides in
length, thereby exerting essential roles in a wide range of physiological processes [2]. Although some
miRNAs can bind to the 5′-untranslated regions (5′-UTRs) or the coding regions of target messenger
RNAs (mRNAs) [3,4], miRNAs primarily suppress the expression of their target genes by targeting the
3′-UTRs of target mRNAs for mRNA degradation or translation inhibition [2]. A single miRNA can
target many genes, and multiple miRNAs can regulate a single gene. Previous studies indicated that
miRNAs may regulate as many as one third of human genes [2]. miRNAs are evolutionary highly
conserved ncRNAs and are expressed in a tissue-specific or developmental stage-specific manner,
thereby contributing to cell or tissue-specific protein expression profiles [5–7].
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In human cancer cells, miRNAs exert either pro- or anti-tumorigenic effects through
tissue-dependent mechanisms. Some miRNAs that are amplified or overexpressed in cancer could act
as oncogenes to either directly or indirectly downregulate the expression of tumor suppressors [8,9].
On the other hand, some miRNAs, such as miR-361-5p (miR-361), can target mRNAs encoding
oncogenic proteins and therefore be categorized as tumor suppressors [8–10].

Dysregulation of miRNA expression was reported in most cancer types [8,9]. miRNA expression
profiles can distinguish cancer tissues from normal tissues and separate different cancers subtypes [11].
miRNAs have already been described as non-invasive biomarkers useful for cancer diagnosis, patient
stratification, and the prediction of patient prognosis, and treatment efficacy [12–14].

miRNAs mediate tumor initiation and progression by regulating a variety of biological processes,
including cell proliferation, migration, invasion, metastasis, glycolysis, apoptosis, cancer stem cell
(CSC)-like phenotype, chemoresistance, and epithelial-to-mesenchymal transition (EMT) [11,15].
The components of the tumor microenvironment, which includes the extracellular matrix (ECM),
fibroblasts, immune cells, inflammatory cells, endothelial cells, lymphatic endothelial cells, growth
factors, and cytokines, play an important role during tumor progression and metastasis [16].
Recent works demonstrated the importance of miRNAs in regulating complex signaling networks
involved in multiple aspects of the microenvironment remodeling, including the hypoxic response,
angiogenesis, anti-tumor immune response, inflammation, and ECM organization [16].

In this review, we discuss the expression pattern of miR-361 in human tumors and the mechanisms
responsible for its dysregulation. Furthermore, we elucidate the diverse mechanisms by which
downregulation of miR-361 expression confers the aggressive properties of tumor cells and alters
the tumor microenvironment. Finally, we describe its potential as a promising biomarker for cancer
diagnosis and prediction of prognosis in patients with cancers.

2. Evidence Acquisition

PubMed and Google Scholar were used to search for articles published up to April 2019 using the
following keywords: miR-361-5p, microRNA-361-5p, tumor, cancer, and carcinoma. All recognized
studies were assessed for relevance by two authors by checking the title and abstract. All irrelevant
articles, studies without access to the full text of the publication, case reports, letters, expert opinions,
meeting proceedings, review articles, non-English articles, and articles whose methods do not contain
biomedical experimental validation were excluded. After this, the full text of any selected article was
reviewed independently by two authors. A weakness of our study relates to the lack of access to
some relevant research works that may contain information on miR-361 and its target genes. We also
searched the reference lists of the reviewed articles to identify additional relevant articles. A flow
diagram of the study selection process is shown in Figure 1.
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3. Dysregulation of miR-361 in Tumor

Previous studies of solid tumors showed that miR-361 is frequently downregulated in various
tumor tissues, including cutaneous squamous cell carcinoma [17], osteosarcoma [18], breast
cancer [19–22], glioma [23,24], papillary thyroid carcinoma [25], lung cancer [26–29], gastric
cancer [30–32], hepatocellular carcinoma [33], colorectal cancer [32], ovarian cancer [34], endometrial
cancer [10], cervical cancer [35], and prostate cancer [36–38]. However, increased expression of miR-361
was detected in acute myeloid leukemia [39], indicating the possibility that miR-361 dysregulation
might be required to impair differentiation programs in leukemia, and miR-361 may regulate the
expression of the hematopoietic differentiation-specific genes, which have a weak importance in solid
tumors. Several works demonstrated that low levels of miR-361 were associated with shorter overall
survival in patients with breast cancer [20,21], gastric cancer [32], and colorectal cancer [32].

4. Mechanisms of miR-361 Regulation in Tumor

Large-scale profiling studies have revealed that dysregulation of miRNA is a common event
during cancer carcinogenesis and metastasis [11,12]. The molecular mechanisms regulating miRNA
expression include genomic amplification or deletion of miRNA genes, abnormal transcriptional control
of miRNAs, epigenetic silencing, and defects in miRNA biogenesis and processing machinery [11,40].
The downregulation of miR-361 in tumor tissues could be caused by several mechanisms (Figure 2A).
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cases and % on the left indicates the percentage of cases altered in the human miR-361 gene.

4.1. DNA Hypermethylation

Hypermethylation of tumor suppressor gene promoter regions leads to silencing of those genes.
A previous study reported that the expression of miR-361 in hepatocellular carcinoma cell lines
was restored upon treatment with an inhibitor of DNA methylation 5-azacytidine (5-AZA) [33].
Similar results were obtained from another study, where 5-AZA treatment significantly upregulated
miR-361 expression in endometrial cancer cells [10].

4.2. Transcriptional Control of miR-361 Expression

We previously reported that enhancer of zeste homolog 2 (EZH2), which represses gene expression
by methylation of histone H3 on lysine 27, acted as a co-suppressor of transcription factor YY1 to
epigenetically suppress the transcription of miR-361 [10]. The use of GSK343 (a specific EZH2 inhibitor)
was found to increase the levels of miR-361 in endometrial cancer cells [10].

4.3. Long Non-Coding RNA (lncRNA) SBF2-AS1 Acts as a Sponge for miR-361

LncRNAs are non-protein coding transcripts longer than 200 nucleotides that could serve as
miRNA sponges to inhibit the interaction between miRNA-target mRNAs or suppressing the levels
of miRNAs [41]. For instance, in mouse cardiomyocytes, mitochondrial dynamic related lncRNA
(MDRL) directly binds to miR-361 and acts as its sponge to promote the processing of pri-miR-484 [42].
Another lncRNA, Maternally Expressed Gene 3 (MEG3), was shown to facilitate cardiac hypertrophy
by sponging miR-361 [43]. In cervical cancer cells, lncRNA SBF2-AS1 (SBF2 Antisense RNA 1) was
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shown to function as an endogenous RNA sponge that interacted with miR-361 and suppressed its
expression [35].

4.4. The SND1/miR-361 Feedback Loop Controls miR-361 Expression

miR-361 directly targeted SND1 (Staphylococcal nuclease and tudor domain containing 1),
and SND1 conversely suppressed the expression of miR-361 by binding to pre-miR-361, thus creating a
double-negative feedback loop, in which miR-361 and SND1 repress expression of each other in gastric
and colon cancer cells [24].

4.5. Deletion of the Human miR-361 Gene

The reduced miRNA expression in tumor cells could arise from copy-number alterations and
chromosomal aberrations (such as amplification, deletion, or translocation) [11]. However, whether
genomic alterations of the human miR-361 gene can lead to decreased expression of miR-361 in cancer
is poorly understood. We investigated copy-number alterations and nucleotide changes of the miR-361
gene in human cervical, colon and esophageal cancer samples from the cBioPortal database. As shown
in Figure 2B, gene deletion is the most frequent alteration type in these cancers, supporting the notion
that the loss of miR-361 expression plays an important role in the development of colon and cervical
cancers [32,35].

5. The Impact of miR-361 on the Aggressive Properties of Tumor Cells and Tumor
Microenvironment Remodeling

MiR-361 has been shown to act as a novel tumor suppressor that represses a large number of
downstream target transcripts implicated in cellular proliferation, glycolysis, migration, invasion, EMT,
chemoresistance, cancer stemness, angiogenesis, and inflammation (Figure 3).
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Figure 3. Validated targets and signaling pathways regulated by miR-361 in human tumor cells. FGFR1:
Fibroblast growth factor receptor 1; Sp1: Transcription factor; STAT6: Signal transducer and activator of
transcription 6; PKM2: pyruvate kinase M2; PDHK1: pyruvate dehydrogenase kinase 1; LDHA: lactate
dehydrogenase A; TCF4: Transcription factor 4; CXCR6: C-X-C chemokine receptor type 6; RQCD1:
CCR4-NOT transcription complex subunit 9; PI3K: phosphoinositide 3-kinase; mTOR: mammalian
target of rapamycin; SND1: Staphylococcal nuclease and tudor domain containing 1; MMP: Matrix
metallopeptidase; IL: interleukin; INF-α/γ: interferon α/γ; VEGF-A: vascular endothelial growth factor A.
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5.1. Inhibiting Tumor Growth, Invasion, EMT, Metastasis, and Glycolysis

Restoration of miR-361 expression by transfection with miR-361 mimics inhibited the proliferation
of osteosarcoma, breast cancer, thyroid papillary carcinoma, lung cancer, gastric cancer, colorectal cancer,
hepatocellular carcinoma, cervical cancer, and prostate cancer cells [18,19,25–33,35,36]. Moreover,
over-expression of miR-361 attenuated cell migration and invasion in endometrial cancer, breast
cancer, glioma, papillary thyroid carcinoma, lung cancer, gastric cancer, ovarian cancer, and prostate
cancer [10,19,23–26,28,30,32,34,36]. Conversely, knocking down miR-361 expression using anti-miR-361
inhibitor promoted cell migration and invasion in endometrial cancer, breast cancer, glioma, papillary
thyroid carcinoma, lung cancer, gastric cancer, and ovarian cancer [10,19,22–26,28,30,32,34,36].
Mechanically, miR-361 impairs tumor cell proliferation, migration, and invasion by directly targeting
and downregulating the expression of FKBP14 [18], MMP-1 [19], SND1 [24], ROCK1 [25], YAP [27],
WT1 [28], RPL22L1 [34] and STAT6 [29,37].

The phosphoinositide 3-kinase (PI3K)/AKT pathway is activated in a wide range of cancers,
and associated with cell growth, proliferation, survival, motility, tumor progression and resistance to
cancer therapies. CCR4-NOT transcription complex subunit 9 (CNOT9/RQCD1) has been identified
as a key activator of the PI3K/AKT pathway [44], and upregulation of miR-361 in breast cancer cells
can suppress its direct target RQCD1, leading to the downregulation of PI3K, AKT, and MMP-9 [22].
The C-X-C motif chemokine receptor 6 (CXCR6), when bound with its ligand CXCL16, induced
the activation of the PI3K/AKT signaling in cancer cells [45]. A previous study demonstrated that
miR-361 inhibited the proliferation of hepatocellular carcinoma cells by directly targeting CXCR6 [33].
These results provided examples of miR-361-mediated repression of the PI3K/AKT signaling at different
levels and illustrated the importance of miR-361 regulation in carcinogenesis and tumor progression.
EMT encompasses a series of phenotypic and biochemical changes that enable epithelial cells to acquire
a mesenchymal cell phenotype, which includes enhanced migration, invasion, metastasis, CSC-like
features, resistance to conventional chemotherapy, radiotherapy, and small-molecule drugs [46–48].

EMT is mediated by a core set of key transcription factors, including Twist, Zinc finger E-box
binding homeobox 1 (ZEB1), ZEB2, Snail and Slug, and the expression of these transcription factors are
finely mediated at the transcriptional, translational, and post-translational levels [46–48].

In accordance with its reported anti-tumor functions, ectopic expression of miR-361 was found
to cause dramatic suppression of EMT process in various cancer cells. For example, experiments
show that enforced overexpression of miR-361 greatly suppressed EMT, invasion and metastasis in
many tumors, including endometrial cancer, glioma, lung cancer, gastric cancer, colorectal cancer,
ovarian cancer, and prostate cancer [10,23,26,32,34,36]. By inhibiting the expression of Twist, miR-361
played a crucial role in suppressing EMT characteristics and cancer stem cell (CSC)-like properties of
endometrial cancer cells [10].

In addition to targeting EMT-promoting transcription factors directly, miR-361 also modulated
the expression of key mediators of the EMT program. For example, the loss of miR-361 expression
activated Gli1 and its downstream effector Snail to promote EMT and prostate cancer cell invasion [36].
In ovarian cancer cells, miR-361 targeted and reduced the levels of RPL22L1 and another target gene
c-Met [34], which could serve as an upstream stimulator of the PI3K/AKT signaling and EMT-associated
signaling pathways [49]. Additionally, miR-361 attenuated EMT and chemoresistance in cancer cells
by suppressing the expression of FOXM1 [26,31], an oncogenic transcription factor required for EMT
and metastasis [50].

Activation of the Wingless-type MMTV integration site family (Wnt)/β-catenin signaling in
cancer cells is responsible for EMT induction, metastasis, CSC self-renewal, increased resistance to
chemotherapy or radiotherapy and immunosuppression [51]. Although the introduction of miR-361
into gastric cancer cells downregulated the expression of Wnt/β-catenin pathway-related proteins (TCF4,
Cyclin-D1 and c-Myc) [30], it remains unknown whether these genes are direct targets of miR-361.

Cancer cells are known to consume more glucose to produce lactate by glycolysis rather
than oxidative phosphorylation, even in oxygen-rich conditions [52]. Recent data suggested that
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miR-361 directly targeted the 3′-UTR of FGFR1, which promotes glycolysis through activation of two
critical glycolytic enzymes lactate dehydrogenase A (LDHA) and pyruvate dehydrogenase kinase 1
(PDK1/PDHK1), thereby suppressing glucose consumption and lactate production of breast cancer
cells [19]. The glycolytic enzyme pyruvate kinase M2 (PKM2) is often highly expressed in cancer cells
but is present at a very low level in normal cells [52]. PKM2 catalyzes the rate-limiting ATP-generating
step of glycolysis, controlling the conversion of phosphoenolpyruvate and ADP to pyruvate and ATP,
respectively [52]. Transfection of miR-361 mimic was shown to inhibit glucose metabolism by targeting
Sp1 and subsequently downregulating the expression of PKM2 in prostate cancer [38]. The role of
miR-361 in the regulation of glucose metabolism in human cancers has not yet been fully investigated.

5.2. Suppressing Angiogenesis and Inflammation

Accumulated evidence showed that miRNAs participate in the remodeling of tumor
microenvironments through several mechanisms, including the regulation of the expression of
cell membrane proteins, secretion of cytokines, as well as transmission of mature miRNAs between
different cell types via exosomes [53,54]. It has become apparent that miR-361 is able to regulate cancer
progression through modulating tumor microenvironments (Figure 3).

Angiogenesis, an important hallmark of cancer, plays an essential role in providing tumor cells
with oxygen and nutrients. Some miRNAs modulate the expression of regulatory molecules driving
angiogenesis, including vascular endothelial growth factors (such as vascular endothelial growth factor
A (VEGF-A)), cytokines, metalloproteinases, and growth factors [55]. MiR-361 targeted the 3′-UTR of
VEGF-A to repress its expression in skin squamous cell carcinoma [17]. Moreover, overexpression of
miR-361 was shown to indirectly reduce the expression of VEGF-A through inhibiting the Wnt/β-catenin
pathway in gastric cancer cells [30]. Consistent with these data, transient transfection with miR-361
mimic significantly downregulated the expression of VEGF-A, whereas the silencing of miR-361 with
miRNA inhibitor enhanced the levels of VEGF-A in endometrial cancer cells [10]. Collectively, these
results suggest that reduced levels of miR-361 could be an important driving mechanism for the
formation of a pro-angiogenic tumor microenvironment.

Numerous studies have indicated that chronic inflammation actively promotes tumor initiation,
progression, and metastasis via multiple mechanisms, including generation of an immunosuppressive
tumor microenvironment [56]. Tumor cells undergoing EMT could modulate the surrounding
microenvironment via enhanced secretion of inflammatory cytokines (including IL-6 and IL-8) [57,58].
We reported that miR-361 could downregulate the mRNA expression of IL-6 and IL-8 in endometrial
cancer cells through targeting Twist [10]. Additionally, the activation of signal transducer and activator
of transcription (STAT) family members (for example STAT6) is closely linked to tumor-promoting
inflammation and the suppression of anti-tumor immunity in multiple cancer tissues [59,60]. MiR-361
was shown to directly inhibit the expression of STAT6 by binding to its 3′-UTR region [29,37]. These data
support a novel function of miR-361 in exerting anti-angiogenesis and anti-inflammatory effects, at
least by regulating the EMT-associated signaling and the production of pro-inflammatory cytokines.

6. Diagnostic and Prognostic Value of miR-361 in Tumor

Early studies showed that miRNA expression signatures can be useful in distinguishing cancer
tissues from normal tissues, categorizing cancer subtypes, and predicting the progression, prognosis,
and treatment response in many cancer types [61–65]. miRNAs are more stable than mRNA in
the peripheral blood, serum, and formalin-fixed tissues [61,62] and often exhibit tumor-specific
and tissue-specific expression profiles, making them attractive candidates for diagnostic and
prognostic applications.

More specifically, downregulation of miR-361 was implicated in the progression of many tumor
types, including breast cancer [19,21], glioma [24], papillary thyroid carcinoma [25], and lung cancer [66].
Lower miR-361 levels in patients with breast cancer [19,21], colon cancer [32], and lung cancer [66]
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were associated with shorter overall survival, suggesting that reduced miR-361 expression serves as a
potential biomarker that predicts poor clinical outcomes in cancer patients.

Circulating miRNAs escape degradation by residing within microvesicles, exosomes, and apoptotic
bodies, and dysregulated miRNAs have been detected in the blood, plasma, and serum of cancer
patients [67]. The levels of circulating miRNAs (such as let-7, miR-155 and miR-195) were able to
distinguish those patients with breast cancer from healthy controls [68]. Another study showed that
several circulating miRNAs were detected in stage I/II breast cancer patients’ plasma at a significantly
higher level compared to healthy controls, suggesting that these miRNAs might be used for early
cancer diagnosis [69]. Changes in circulating miRNA expression were linked to lymph node metastasis
in breast cancer patients [70]. Furthermore, the diagnostic value of a panel of cancer-associated
miRNAs was verified in patients with various cancer types [71]. To date, only two studies described
miR-361 signatures in plasma of patients with cancers [39,72]. Quantitative PCR analysis of a group
of miRNAs in acute myeloid leukemia (AML) indicated that miR-361 was significantly increased in
plasma of newly diagnosed AML patients at diagnosis compared to healthy controls and decreased
after chemotherapy [39]. In addition, deep sequencing of circulating miRNAs in plasma of lung cancer
patients demonstrated that the levels of miR-361 were upregulated in cancer patients compared with
healthy controls, and were relatively higher in patients with adenocarcinoma than in squamous cell
carcinoma [72], suggesting that circulating miR-361 may be used for the differentiation of different
cancer subtypes.

7. Treating Cancer with miR-361 Replacement Therapy

Although many miRNA-based therapeutics are processed in the preclinical stage, only one miRNA
therapeutic, the compound SPC3649 (miravirsen, an inhibitor of miR-122) has undergone successful
phase II clinical trials for the treatment of hepatitis C virus. Therapeutically restoring the expression of
tumor suppressor miRNAs using synthetic miRNA mimics or miRNA expression plasmids has been
developed for the clinical modulation of miRNAs [73]. Numerous studies showed that reintroduction
of miR-361 exhibited significant anti-tumor activities in experimental xenograft models of breast
cancer, thyroid papillary carcinoma, lung cancer, gastric cancer, colorectal cancer, hepatocellular and
prostate cancer [19,25,26,30,32,33,37], highlighting its potential as a therapeutic target for treatment of
these cancers. In endometrial cancer cells, we identified that EZH2 was a key upstream suppressor
of miR-361, and showed that EZH2 blockade using GSK343, a specific EZH2 inhibitor that showed
effective anti-cancer effects and minimal toxicity against normal cells, led to the reactivation of miR-361
and the suppression of endometrial cancer progression [10]. These findings provided an insightful
cancer therapeutic strategy to indirectly restore miR-361 function via targeting EZH2.

8. Future Perspectives

Although it is becoming clear that miR-361 exerts a tumor-suppressive function in most solid
tumors via reducing cancer aggressiveness and producing a suppressive tumor microenvironment,
the multifaceted biological roles of miR-361 are yet to be fully characterized.

Using the TargetScan, miRDB, and miRSystem online analysis tools, we explored the potential
target genes of miR-361. All these tools identified over 200 overlapping target genes for miR-361.
However, only a small proportion of these miR-361 target genes (around 8%) have been experimentally
validated in tumor cells (Figure 3). As shown in Figure 4, we identified six unreported miR-361 targets
(ARF4, DEPDC1, EPHA4, PHACTR4, and BSG) and two previously reported miR-361 targets (Twist
and VEGF-A) [10,17]. We investigated the expression of these genes in human ovarian cancer tissues
and normal tissues using the Oncomine database (https://www.oncomine.org/resource/login.html).
The expression levels of these genes were significantly increased in ovarian cancer tissues (Figure 4),
indicating that these genes might be important components of miR-361-mediated gene networks.
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Despite the recent progress that has been made towards the identification of the molecular
mechanisms causing dysregulation of miR-361, there are currently many unclear points. Given that
lncRNAs interact with miRNAs to form the intertwined and regulatory networks that control cancer
development and progression [74], detailed analysis of the interactions between lncRNAs and miR-361
may partly explain the frequent downregulation of miR-361 observed in cancers. With the perspective
of therapeutic miR-361 restoration, the existence of upstream suppressors (such as EZH2) should be
taken into consideration.

The most common types of genetic variations in the human genome are single nucleotide
polymorphisms (SNPs), which are the results of point mutations that produce single base-pair
differences among chromosome sequences [75]. SNPs are located in different regions of genes
(such as promoters, exons, introns, 5′-UTRs, and 3′-UTRs) and alter gene expression through complex
mechanisms [76]. The occurrence of SNPs may affect cancer susceptibility and represent genetic
markers for cancer risk [77,78]. The function of miRNAs may be influenced through SNPs in their
own sequences and in their target gene sequences [79]. Some SNPs were shown to interfere with the
function of certain miRNAs and affect the expression of the miRNA targets [80]. A study confirmed
that a functional SNP in CD80 3’-UTR disrupted the inhibitory effect of miR-361 on CD80 expression in
gastric cancer cells [81]. Further characterization of SNPs in the miR-361 gene and its potential targets
in cancer cells would shed light on the molecular mechanisms responsible for miR-361-mediated
carcinogenesis and metastasis.

9. Conclusions

Emerging works on miR-361 demonstrated its importance in controlling multiple malignant
features of tumor cells and regulating critical aspects of the tumor microenvironment. MiR-361 has great
potential to be used as a promising diagnostic, prognostic, and predictive biomarker for cancers and
has therapeutic potential to improve cancer treatment. Additional works will continue to elucidate how
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miR-361 exerts significant effects on tumor progression and will offer crucial therapeutic opportunities
for cancer patients.
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Abstract: Metastasis, the development of secondary malignant growths at a distance from the primary
site of a cancer, is associated with almost 90% of all cancer deaths, and half of all cancer patients
present with some form of metastasis at the time of diagnosis. Consequently, there is a clear clinical
need for a better understanding of metastasis. The role of miRNAs in the metastatic process is
beginning to be explored. However, much is still to be understood. In this review, we present the
accumulating evidence for the importance of miRNAs in metastasis as key regulators of this hallmark
of cancer.

Keywords: miRNA; metastasis; cancer; liquid biopsies

1. Introduction

Nearly half of all patients with cancer present with some form of metastasis at time of diagnosis [1].
Unfortunately, with very few exceptions, metastatic disease remains essentially incurable and almost
90% of all cancer deaths are associated with metastasis [2,3]. Consequently, there is a clear clinical
need for a better understanding of metastasis and the development of novel therapeutics targeting
this process.

In essence, metastasis, the development of secondary malignant growths at a distance from the
primary site of a cancer, is a multiphase process that requires tumor cells to detach from the primary
tumor mass, enter and travel through the blood or lymph system, to leave circulation, and to form a
new tumor in other organs or tissues of the body. The process of metastasis is very inefficient, with the
survival rate of circulating tumor cells (CTCs) being as low as 0.2%, and then only those survivors can
successfully metastasize target organs only when optimal conditions occur [4].

MicroRNAs (miRNAs) are small (19–25 nt) non-coding single-stranded RNAs that regulate gene
expression through imperfect binding to the 3′ untranslated region (UTR) of target genes [5] (Figure 1).
Because a single miRNA can target several hundred genes, and a single target gene often contains
multiple miRNA binding sites, it is believed that more than 60% of all human genes are a direct target
for miRNA regulation [6]. Consequently, miRNAs have been shown to play key regulatory roles
in virtually every aspect of biology including both physiological and pathological processes, most
notably in cancer. The importance of miRNAs in controlling cancer development and progression
is well established [7]. In this review, we will consider the identity and role of miRNAs in the
metastatic process.
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The first reports associating miRNAs with metastasis came in 2007, with the demonstration
that miR-10b was induced by Twist1 binding and could promote metastasis in breast cancer in vitro
and in vivo through targeting of Homeobox D10 (HOXD10) [13]. In the same year, also in breast
cancer, let-7 was identified as a suppressor of metastasis acting to target the GTPase H-RAS and High
Mobility Group AT-Hook 2 (HMGA2) gene in tumor-initiating cells, resulting in reduced proliferation
and mammosphere formation in vitro and decreased metastasis in a NOD/SCID murine model [14].
In subsequent studies, breast cancer has remained the main focus of research investigating miRNAs
in metastasis, and many studies have shown that miRNAs can act as both promoters or inhibitors
of metastasis in cancer and modulate many steps of the metastatic pathway, including migration,
invasion, adhesion, the epithelial–mesenchymal transition (EMT), niche conditioning and proliferation
in secondary site (Table 1) [15,16].

2. Metastasis—Promoting miRNAs

In common with miR-10b, many of the metastasis-promoting miRNAs that have been characterized
have been identified in breast cancer. For example, miR-105 has been identified as being up-regulated
in tumor cells and exosomes derived from breast cancer cells were demonstrated to breakdown
vascular endothelial barriers and induce vascular permeability, thereby promoting metastasis by
targeting of ZO-1, a component of cell–cell adhesion complexes in endothelial and epithelial cells [17].
Furthermore, these authors used exosomes to reduce tight junction formation in endothelial monolayers
and induce vascular permeability and metastasis in vivo. MiR-181b-3p was demonstrated to promote
EMT in vitro, with its inhibition reducing the expression of mesenchymal markers, migration and
invasion in highly metastatic cell lines [18]. YWHAG was identified as a direct target of miR-181b-3p,
which in turn led to protein stabilization of the EMT regulator, Snail. The expression of miR-374a
was found to be up-regulated in patients with distant metastases and poor prognostic outcome.
MiR-374a A was also demonstrated to promote EMT and metastasis in vitro and in vivo by activation
of the Wnt/β-catenin pathway by targeting WIF1, PTEN, and WNT5A which inhibit this cascade [19].
Similarly, miR-135a is also highly expressed in metastatic breast cancer and has been demonstrated to
promote migration and invasion mediated by targeting HOXA10 and APC [20,21]. The same miRNA
is up-regulated in hepatocellular carcinoma (HCC) patients and was found to promote migration
and invasion through targeting of FOXO1 [22]. MiR-96 is also highly expressed in metastatic breast
cancer and was demonstrated to promote cell proliferation, migration and invasion in vitro and
enhanced tumor growth in vivo via targeting of PTPN9 [23]. This miRNA was also observed to be
highly expressed in HCC tissue, where it was demonstrated to increase proliferation and migration
in vitro through inhibition of ephrinA5 expression [23]. The hypoxia-induced miRNA, miR-210, was
found to be up-regulated in breast cancer stem cells (BCSCs) and the expression of this miRNA was
shown to promote migration and invasion of these cells mediated by direct targeting of E-Cadherin
and its transcription repressor, Snail [24]. BCSCs were also shown to express high levels of miR-29a,
which increased levels of migration, invasion and EMT through targeting of the methyltransferase
SUV420H2 [25]. Further, in breast cancer, miR-130 was found to target FOSL1 and suppress the
inhibition of ZO-1, thereby promoting cell migration and invasion [26]. Both miR-8084 and miR-1204
were found to enhance migration and invasion through EMT induction via targeting of ING2 and VDR
respectively [27,28].

Outside of breast cancer, several other miRNAs have been described to promote EMT. For example,
miR-93 was demonstrated to target FOXA1 in endometrial carcinoma [29] and miR-197, highly
up-regulated in metastatic HCC, was found to target NKD1 and DKK2, leading to inhibition of
Wnt/β-catenin signaling [30]. In gastric cancer (GC), TGF-β was shown to up-regulate miR-577
expression, which in turn targets SDPR, leading to EMT induction [31]; and miR-520c, which was
up-regulated in both cell lines and tissues and shown to increase proliferation, migration and invasion
of cancer cells through IRF2 targeting [32]. Similarly, in colorectal cancer (CRC), miR-1269a has been
found to enhance TGF-β signaling through targeting of Smad7 and HOXD10 [33].
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Esophageal carcinomas have been observed to over-express both miR-20b and miR-9, which
were demonstrated to promote tumorigenic processes including metastasis [34,35]. In particular, the
over-expression of miR-20b was shown to promote migration and invasion in vitro by targeting and
regulation of PTEN [34]. In contrast, miR-9 was shown to stimulate metastasis through promotion of
cell migration and induction of the EMT pathway by inhibiting E-Cadherin expression which in turn
was demonstrated to induce c-myc and CD44 expression [35]. In non-small-cell lung cancer (NSCLC)
miR-574-5p was found to promote metastasis in vitro and in vivo through targeting of TPRU [36].
In ovarian cancer, miR-194 was demonstrated to increase the growth, migration, and invasion of cells
in vitro through targeting of the PTPN12 gene [37].

3. Metastasis—Suppressing miRNAs

In addition to miRNAs that promote metastasis, other miRNAs negatively regulate this process
and are consequently found to be down-regulated in cancer tissues and/or cell lines. For example,
members of the miR-200 family (i.e., miR-200a, miR-200b, miR-200c, miR-141 and miR-429) as well
as miR-205 have been shown to inhibit the expression of transcription repressors ZEB1 and ZEB2
to enhance E-Cadherin expression, thereby inhibiting EMT in breast cancer [38–40]. In a study that
looked at miRNA expression in 59 of the NCI60 cell lines that had a E-Cadherin high and vimentin low
(EMT inhibitory) phenotype, they observed a strong negative correlation with miR-200 expression,
suggesting that this miRNA is a universal regulator of metastasis in many cancer types including lung,
kidney, colon and ovarian cancer [41]. Specifically, miR-200b was shown to be down-regulated in triple
negative breast cancer (TNBC) as a result of the recruitment of DNMT3A by MYC, which in turn binds
to the miR-200b promoter region, resulting in promoter methylation and silencing, thereby inhibiting
migration, invasion and mammosphere formation in TNBC cells [42]. Part of the miR-200 family,
miR-141 is also down-regulated in prostate cancer (PC), and its ectopic expression was shown to inhibit
invasion and metastasis and to convey a strong epithelial phenotype with a partial mesenchymal
phenotype [43].

Similar to the miR-200 family, the miR-29 family (miR-29a/b/c) is another group of negative regulators
of metastasis. In head and neck squamous cell carcinoma (HNSCC), these miRNAs were found to
inhibit migration and invasion through targeting of the focal adhesion laminin–integrin pathway
(LAMC2, ITGA6 and LOXL2) [44,45]. LOXL2 is an enzyme that facilitates metastasis by changing cell
morphology and is also regulated by the miR-29 family in clear cell renal cell carcinoma (ccRCC) [46].
LOXL2 is also regulated by miR-26a/b and miR-218 in HNSCC [45], and by miR-504 in NSCLC [47].
Moreover, one member of the miR-29 family, miR-29c, has been found to be down-regulated in
metastatic lung cancer and to reduce adhesion, invasion, migration and metastasis in vitro and in vivo
through targeting integrin β1 and metalloproteinase 2 (MMP2), which is involved in extracellular
matrix breakdown [48].

miR-203 has also been found to act as a negative regulator of metastasis in several different
cancers. In HNSCC, it was shown to inhibit factors involved in cytoskeletal (LASP1), extracellular
matrix (SPARC) and metabolic genes (NUAK1) [49]. In breast cancer, miR-203 regulates EMT via a
double-negative feedback loop formed by targeting TGF-β and Slug [50]. In melanoma, low levels of
miR-203 were associated with poorer overall survival in metastatic patients and its expression in vivo
was demonstrated to inhibit metastasis via regulation of Slug [51]. In ovarian cancer cell lines, miR-203
was also found to be down-regulated and was shown to inhibit the EMT pathway by targeting BIRC5
and, thereby, attenuating TGFβ activity [52]. In gastric cancer, miR-203 has been demonstrated to
inhibit invasion and EMT through targeting of Annexin A4 [53]. In CRC, miR-203 expression was
linked with clinical stage, lymph node metastasis and poor survival and was demonstrated to regulate
cell proliferation, migration and invasion by targeting EIF5A2 expression [54].

Similarly, miR-124 has also been shown to be down-regulated in metastatic CRC when compared
with healthy individuals and non-metastatic CRC patients [55]. This miRNA was found to regulate cell
proliferation and invasive properties in cell lines through targeting of ROCK1 expression. miR-135a is
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another down-regulated miRNA that was shown to target ROCK1, thereby inhibiting EMT, invasion
and migration of GC cell lines [56]. This miRNA was also observed to be down-regulated in GC
patients and its expression was associated with more advance-stage disease and higher rate of lymph
node metastases [56]. ROCK1 expression has also been described to be modulated by miR-381 in breast
cancer, which also regulates other molecules of the Wnt signaling pathway [57].

Several miRNAs have been described as metastasis suppressors in breast cancer such as miR-7,
which was found to regulate FAK and its levels were positively correlated with E-Cadherin expression
and negatively correlated with Vimentin and Fibronectin expression [58]. Loss of miR-31 was associated
with invasion and metastasis in breast cancer by regulating genes involved in invasion and metastasis
including multiple α subunit partners of β1 and β3 integrins and WAVE3, [59,60]. MiR-154 is also
down-regulated in breast cancer tissues and cell lines where it was shown to inhibit proliferation,
migration and invasion by targeting E2F5 [61]. In TNBC, miR-150 was found to be down-regulated in
tumor tissues, and to regulate HMGA2, leading to suppression of migration in vitro [62]. In breast
cancer, miR-124 was observed to be significantly down-regulated in metastatic bone tissues [63].
Recently, nanoparticle delivery of miR-708, another inhibitor of metastasis, was shown to reduce lung
metastasis in breast cancer in vivo [64]. In another study, miR-33b expression was shown to be inversely
correlated with the presence of lymph node metastases in breast cancer patients and to inhibit stemness,
migration and invasion potential in vitro by targeting HMGA2, SALL4 and Twist1 [65]. Similarly,
miR-34c was demonstrated to regulate migration and invasion of tumor cells in vitro through targeting
of GIT1 [66], a protein whose expression has been linked to the presence of lymph node metastases in
breast cancer patients [67].

MiR-34c and other family members (i.e., miR-34a/b/c) have been shown to be induced by activation
of p53 and to target Snail, Slug, CD44 and ZEB1 [68]. ZEB1 and ZEB2, and E-Cadherin inhibitors
have been demonstrated to be negatively regulated by several miRNAs, including miR-101 in ovarian
carcinoma [69], miR-139-5p in glioblastoma multiforme [70], miR-215 in NSCLC [71] and miR-132 in
CRC and NSCLC [72,73].

In addition to direct regulation of metastasis by specific miRNAs, indirect regulation of metastasis
can occur by regulation of components of the miRNA biosynthetic machinery. Two of these components,
namely Dicer and Drosha, have been shown to be down-regulated in many cancer types [74,75]. It has
been found that hypoxia can down-regulate Dicer expression through epigenetic silencing mediated
by oxygen-sensitive H3K27me3 demethylases KDM6A and KDM6AB [76]. The authors demonstrated
that this global reduction in miRNA expression resulted in down-regulation of miR-200 which in turn
increased levels of ZEB1 regulating metastasis. It has been noted that Dicer is down-regulated in
metastatic human tumors deficient in TAp63, which can bind to the Dicer promoter and activates its
expression. Deletion of TAp63 in mice reduced Dicer levels in tumors and increased the frequency of
metastases [77]. Similarly, another important component of the miRNA biogenesis pathway, AGO2,
has been found to be phosphorylated under hypoxic conditions by EGFR in breast cancer cells where it
was shown to mediate EGFR-associated tumor cell invasiveness [78].

MiRNAs themselves can also directly target biosynthetic components—such is the case for miR-103,
miR-107 and miR-630. Hypoxia was shown to up-regulate miR-630 expression, leading to targeting
of Dicer [79]. Using an orthotopic murine model of ovarian cancer, the authors demonstrated that
delivery of miR-630 resulted in increased tumor growth and metastasis, along with decreased Dicer
expression. In breast cancer, high levels of miR-103/107 were associated with the presence of metastasis
and poor clinical outcome and were demonstrated to directly target Dicer as well as increase the
migratory properties of cells in vitro and metastasis in vivo [80].

In addition to whole tumors, several studies have looked specifically at the role of miRNAs in
cancer stem cells (CSCs) [81,82] which play key roles in metastasis and resistance to therapies [83–86].
For example, breast CSCs were found to express lower levels of miR-7 and higher levels of KLF4, an
essential gene for induced pluripotent stem cells, and the expression of this miRNA was shown to
down-regulate metastasis in vitro and in vivo [87,88]. Further identified as being down-regulated
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in breast CSCs, miR-4319 was shown to inhibit tumor initiation and metastasis in vivo by targeting
E2F2 [89]. In contrast, miR-31 and miR-29a have been found to be up-regulated in breast CSCs,
and inhibition of these miRNAs reduced the number and tumor-initiating ability of CSCs along
with their metastatic ability 25 [90]. In prostate CSCs, miR-34a was found to be down-regulated
and restoration of levels of this miRNA inhibited self-renewal capabilities and metastasis through
targeting of CD44 [91]. In another study, the ectopic expression of down-regulated miR-141 in prostate
CSCs were demonstrated to inhibit EMT, spheroid formation, invasion and metastatic capabilities via
targeting multiple pro-metastatic genes, such as EZH2, CD44 and Rho GTPases [43]. In gastric CSCs,
up-regulation of miR-106b was shown to enhance self-renewal, invasion and EMT, through activation
of the TGF-β/Smad signaling pathway [92].

4. Metastasis and Circulating miRNAs

Unlike other RNA types—the vast majority of which are degraded by high levels of RNases found
in the blood [93]—miRNAs are stable in the blood and are surprisingly resistant to fragmentation
by either chemical or enzymatic agents [94]. Consequently, there has been a great deal of interest in
circulating miRNAs in recent years [95]. Although the majority of studies relate to the biomarker
potential of circulating miRNAs, they have also been demonstrated to act functionally with the ability
to regulate spatially separated cells, a characteristic that lends itself to metastatic regulation [96–98].
Indeed, it has been described that cancer cells interact with other cells in the metastatic site to promote
their own survival [99–101]. MiRNAs can exist in a circulating form either cell-free bound to proteins
such as Argonaute2 (Ago2) [102,103], to lipids such as HDLs or LDLs [104], or they can be present
inside extracellular vesicles such as exosomes [105,106]. They can act in an autocrine, paracrine and
endocrine manner [96]. Several studies have reported higher levels of circulating miRNAs in metastatic
patients. For example, miR-141 levels in serum from prostate cancer patients [94], and levels of miR-200c
and miR-141 in breast cancer patients [107].

Circulating miRNAs have also been found to be present in tumor-secreted extracellular vesicles
(EVs), mostly exosomes, which are known to participate in the metastatic process (Figure 2) [108–110].
For example, miR-25-3p, present in exosomes derived from CRC cells, were demonstrated to
enter surrounding epithelial cells and to promote liver and lung metastasis in vivo [111]. The
exosome-delivered miR-25-3p was shown disrupt the integrity of junctions in epithelial cells and to
induce angiogenesis. Furthermore, this effect was mediated through targeting of KLF2, an inhibitor of
VEGFR2, thereby decreasing the integrity of the endothelial barrier and targeting related molecule
KLF4, leading to the decreased expression of Occludin, Claudin5 and ZO-1—all molecules implicated
in maintenance of the cell–cell junction. Similarly, in breast cancer, miR-105 present in exosomes was
demonstrated to target ZO-1, resulting in destruction of vascular structures and enhancing vascular
permeability [17]. The authors demonstrated that in vivo exosomal miR-105 resulted in increased lung
and brain metastasis. Furthermore, they observed that serum levels of miR-105 were higher in patients
with distant or lymph node metastasis. In another study, miR-181c derived from brain metastasis
breast cancer cells could induce abnormal localization of claudin-5, Occludin, ZO-1, N-Cadherin and
Actin through transfer of miR-181c into blood–brain barrier endothelial cells, resulting in destruction
of cell–cell contact [112]. Similarly, levels of exosome-associated miR-181c from breast cancer patient
serum were also observed to be significantly higher in patients that suffered brain metastasis. In HCC,
when exosomal miR-103a-3p was delivered into endothelial cells, the miRNA was shown to abrogate
junction integrity and promoted tumor metastasis through targeting of VE-Cad, p120 and ZO-1 [113].
Again, levels of miR-103a-3p in serum from HCC patients were associated with higher metastasis
potential, higher TNM and higher recurrent risk.
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Figure 2. Cancer cell communication through extracellular vesicles (EVs). Cancer cells can communicate
with surrounding cells or distant cells via miRNAs contained inside the EVs. Non-tumor cells are
usually epithelial cells, macrophages or fibroblasts, although, communication between cancer cells
with low-metastatic potential with astrocytes has also been described. Schematic representation of
miRNAs involved in each communication and targets described in receptor cells.

MiRNAs contained in exosomes have also been shown to influence non-tumor cells in the
tumor microenvironment such as tumor-associated macrophages (TAMs) that promote invasion and
metastasis in cancer. For example, pancreatic cancer cells under hypoxic conditions were shown to
release exosomes that contained miR-301a-3p, which was demonstrated to induce TAM polarization
resulting in increased pancreatic cell migration and EMT in vitro and lung metastasis in vivo [114].
This polarization was induced by activation of the PTEN/PI3Kγ signaling pathway. In contrast,
TAMs themselves have also been shown to secrete exosomes containing functional miRNAs that
can promote metastasis. For example, exosomal miR-223 derived from TAMs of breast cancer
patients were demonstrated to promote tumor cell invasion through targeting of the Mef2c-β-catenin
pathway [115,116]. In colon cancer, activated TAMs were shown to release exosomes containing
miR-21-5p and miR-155-5p, which were demonstrated to regulate migration and invasion of colorectal
cancer cells through targeting of BRG1 [116]. In addition to TAMs, cancer-associated fibroblasts
(CAFs), which initiate remodeling of the extracellular matrix, thereby facilitating metastasis, can also
release and respond to miRNA-containing exosomes [117]. This is the case for example in prostate
cancer, where EV-associated miR-409 was demonstrated to promote EMT both in vitro and in vivo
through down-regulation of RSU1 and STAG2 [118]. In breast cancer, tumor cells were demonstrated
to secrete exosomes containing miR-122 that could induce glucose reallocation in pre-metastatic sites in
fibroblast and astrocyte populations, thereby making sites more conducive to metastasizing cancer
cells [119]. In liver cancer, tumor-derived exosomal miR-1247-3p was shown to promote the activation
of fibroblasts to form CAFs through the down-regulation of B4GALT3, leading to activation of the
β1-integrin-NF-κB signaling pathway, thereby promoting stemness, EMT, spheroid formation, mobility
and chemoresistance in vitro and increasing lung metastasis in vivo [120]. Moreover, higher levels of
miR-1247-3p were detected in serum from liver cancer patients with lung metastases [120].

135



Cancers 2020, 12, 96

Other tumor microenvironment cells have also been shown to be able to communicate with tumor
cells as a result of exosome-associated miRNAs. For example, astrocytes in breast cancer patients were
found to release exosomes containing miR-19a which was demonstrated to regulate PTEN in tumor
cells and to promote brain metastasis after tumor extravasation [121]. In oral cancer, highly metastatic
tumor cells were demonstrated to release exosomes containing miR-342-3p and miR-1246, which could
be taken up by less metastatic tumor cells, resulting in an increase in their mobility and invasiveness
through regulation of DENND2D [122].

5. The Metastatic Targetome

As shown above, many miRNAs have now been identified that are associated with the regulation
of cancer metastasis. However, the functional significance of such deregulation is poorly understood,
as the target genes (the targetome) of miRNAs are notoriously difficult to predict computationally,
and moreover differ according to the cellular context [123,124]. An alternative approach is to directly
sample the targetome in situ using cross-linking immunoprecipitation (CLIP) techniques coupled
with high-throughput sequencing. This technology has evolved through the development of several
variations, with arguably the most promising being Photoactivatable-Ribonucleoside-Enhanced CLIP
(PAR-CLIP), which has a far better signal-to-noise ratio than other CLIP-based technologies [125].
For example, miR-200, a major regulator of cellular migration and invasion, was demonstrated to
target WIPF1, CFL2 and MPRIP by HITS-CLIP in breast cancer—all genes which promote invadopodia
and invasion of cells [126]. In addition, PAR-CLIP was used with prostate cancer cells to show that
miR-148a reduced migration and invasion by direct interaction with CENPF 3′UTR [127]. Similarly,
miR-141 was shown to mediate cell invasion by directly targeting RAC1, CDC42, and i [43]. Targets of
miR-346 were also identified by CLIP including the oncogene YWHAZ that modulates cell invasion
and levels were correlated with Gleason grade, biochemical recurrence, non-organ-confined disease
and lymph node metastases in patients [128].

6. Concluding Remarks and Future Perspectives

As is clear from the evidence presented above (Table 1), many miRNAs play crucial roles in
cancer metastasis and, as a result, the therapeutic targeting of these miRNAs has generated a lot
of interest in recent years [129–135]. In general terms, there are two strategies to modulate miRNA
expression—either the restoration of down-regulated tumor suppressor miRNAs, or the inhibition
of pro-metastatic miRNAs. The former group, requiring the expression of a specific miRNA using
techniques such as direct delivery, viral or other vector formats, is much less challenging from a practical
point of view than the inhibition of a specific miRNA whose over-expression could be very localized
to a few cells or may require complete inhibition to be effective. The latter approach is generally
achieved using some type of specific inhibitor such as antagomiRs or miRNA sponges [136,137].
All of these approaches, whether expression or inhibition, face common challenges including poor
delivery, low cellular efficiency, endosomal escape and off-target effects, amongst others. Perhaps most
attention has been focused on improving delivery systems for miRNAs and/or miRNA inhibitors. Two
general approaches have been taken to deliver miRNAs in vivo; viral vectors and non-viral delivery
systems. Viral vectors such as lentivirus, adenovirus or adeno-associated viruses [138,139] have been
demonstrated to be able to deliver miRNAs with high efficiency in vivo. However, these vectors
can trigger an immune response in patients [140]. Consequently, many studies have chosen to use
non-viral vectors, in particular nanoparticles such as lipid and polymeric nanoparticles that can protect
miRNA from degradation in vivo and, thereby, increase their half-life in circulation but do, however,
have much lower transfection efficiencies than viral vectors [141–144]. For example, lipid-derived
nanoparticles carrying miR-34a were demonstrated to reduce metastasis and increase survival in an
orthotopic model of prostate cancer [91]. Lipid nanoparticles were also used for the systemic delivery
of miR-200 to reduce angiogenesis and metastasis in murine models of ovarian, lung, renal and breast
cancer, through regulation of Interleukin 8 and CXCL1 [145]. In NSCLC, cationic liposomes were used
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to deliver miR-143 in mice and were demonstrated to inhibit metastasis and prolong survival [146].
CRISPR/Cas9 technology has been used as an alternative to inhibitor sequences in several cancer
types [147–149]. For example, lentivirus-mediated disruption of miR-21 by CRISPR-Cas9 technology
was shown to inhibit EMT in ovarian cancer [150], and, in glioblastoma, lentivirus-mediated miR-10b
CRISPR/Cas9 inhibition was found to be lethal for GMB cells and GBM-initiating stem cells both
in vitro and in orthotopic mice [151]. In addition to addressing the problem of general delivery, several
approaches have been made to improve specific delivery by targeting technologies. For example, let-7g
was conjugated with an aptamer that binds and antagonizes the oncogenic receptor tyrosine kinase
Axl (GL21.T) in lung cell line (A549—Axl+) and breast cancer cell line (MCF7—Axl−) [152]. These
constructs were shown to retain cell and tissue specificity in vivo and produce a reduction of tumor
volume. Specific cell-targeted aptamers have also been used including delivery of anti-miR-155 using
poly lactic-co-glycolic acid (PLGA) nanoparticles and a peptide with a low pH-induced transmembrane
structure (pHLIP) that facilitated the delivery of the inhibitor across the plasma membrane under acidic
conditions, such as those found within tumors [153]. This strategy was used in a mouse lymphoma
model that led to a reduction of tumor growth without any discernable toxicity. Disulfide-cross-linked
polyethylenimine (PEI-SS) was employed along with conjugated folic acid to target in breast cancer [143].
EVs themselves have been used as a vehicle delivery system for metastatic miRNAs. For example,
EVs produced by B-cells that contained a miR-335 synthetic mimic were demonstrated to inhibit SOX4
expression and to reduce tumor growth in vivo in a breast cancer model [154].

In addition to direct modulation of metastasis-associated miRNAs, these delivery systems have
also been used to modulate treatment response in a metastatic context. For example, liposomal
nanoparticle delivery of anti-miR-155 was used to reverse cisplatin chemoresistance in a murine lung
cancer model of metastasis resulting in reduced proliferation and angiogenesis [155]. In glioblastoma,
antagomirs directed against miR-21 and miR-10b were incorporated within nanoparticles (cRGD-tagged
PEG-PGLA) and shown to have high levels of uptake by cells and to increase chemosensitivity
to Temozolomide in vivo [156]. The same antagomirs were also used for TNBC [157]. Liposomal
nanoparticles loaded with miR-200c were demonstrated to sensitize metastatic lung cancer cells to
radiotherapy in vivo [158]. In addition, multiple studies have been used combining miRNA modulators
(mimics or anti-miRNAs) along with chemotherapy—most commonly, doxorubicin with miRNAs
such as let-7a and miR-21 in breast cancer [159,160], miR-31 in cervical cancer [161] and miR-34a in
prostate cancer [162]. Co-polymer nano-assemblies (PEG5K-VE4-DET20) were co-loaded with let-7b
mimic and paclitaxel in NSCLC and demonstrated to potentiate the cytotoxicity of paclitaxel and
induced apoptosis and inhibition of invasiveness in vivo [163]. Researchers developed a polymeric
dual delivery nanoscale device (DDND) to delivery miR-345 mimic and gemcitabine for metastatic
pancreatic cancer [164]. This system was used to reduce tumor growth and decrease metastasis in
a murine xenograft model. Gemcitabine was co-delivered with miR-203a using an EGFR-targeted
cationic polymeric misted micelle system and shown to reduce tumor growth, increase apoptosis and
inhibit EMT in an orthotopic pancreatic tumor model [165]. In breast cancer, miR-34a and doxorubicin
were co-delivered using multi-functional nano-micellar carriers, resulting in reduced tumor formation
and metastasis in vivo [166].

In addition to these pre-clinical studies, there are a number of clinical trials targeting
metastasis-associated miRNAs. For example, miR-34 mimics encapsulated in liposomal carriers
have been intravenously administered to patients with metastatic primary liver cancer, small-cell lung
cancer (SCLC), lymphoma, melanoma, multiple myeloma, renal cell carcinoma and NSCLC during
a phase 1 trial (MRX34, miRNA Therapeutics Inc.) [167]. However, this trial was terminated before
completion in 2016 after serious adverse immune-related effects were developed by some patients
(ClinicalTrials.gov identifiers: NCT01829971, NCT02862145). MiRNA Therapeutics have several other
miRNA-based clinical trials underway including a phase I trial to deliver a miR-155 antagomir (MRG-106
or Cobomarsen™), which is currently recruiting patients with lymphoma or leukemia (NCT02580552),
and a phase II trial, which is currently recruiting cutaneous T-cell lymphoma patients to compare with
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Vorinostat treatment (NCT03713320) and a separate follow-up trial (NCT03837457). The MesomiR-1
phase I clinical trial used TargomiR delivery vehicles (bacterially derived minicells containing a
targeting antibody and miRNA mimic) to deliver miR-16 to 26 metastatic pleural mesothelioma patients
using an anti-EGFR targeting antibody (ClinicalTrials.gov identifier: NCT02369198) [168,169]. The trial
closed in 2017, with a reported objective response of 5% with a duration of 32 weeks.

In summary, it can be seen from the breadth of evidence presented above that miRNAs (Table 1)
represent a key regulatory control of metastasis in multiple cancers and, as a result, are promising
targets for novel therapeutic approaches, although it is equally clear that much more research is still
needed to translate this knowledge into the clinic.

Table 1. List of miRNAs associated with metastasis.

miRNA Cancer Express. Sample Target Ref

Let-7 Breast Low Cells & Tissue RAS & HMGA2 [14]
miR-7 Breast Low Cells & Tissue FAK [58]

miR-10b Breast High Cells & Tissue HOXD10 [13]
miR-26a/b HNSCC Low Cells & Tissue LOXL2 [45]

miR-29 family HNSCC Low Cells LAMC2 & ITGA6 [44]
miR-29 family HNSCC Low Cells & Tissue LOXL2 [45]
miR-29 family ccRCC Low Cells & Tissue LOXL2 [46]

miR-29a Breast High Cells & Tissue SUV420H2 [25]
miR-29c Lung Low Cells Integrin β1 & MMP2 [48]
miR-31 Breast Low Cells Integrin α subunits [60]
miR-31 Breast Low Cells & Tissue WAVE3 [59]
miR-33b Breast Low Cells & Tissue HMGA2, SALL4 & Twist1 [65]
miR-34 CRC Low Cells ZEB1 & Slug [68]

miR-34a/b/c CRC Low Cells Snail [170]
miR-34a Breast Low Cells & Tissue CXCL10 [171]
miR-34c Breast Low Cells & Tissue GIT1 [66]
miR-93 Endometrial High Cells & Tissue FOXA1 [29]
miR-96 Breast High Cells & Tissue PTPN9 [23]
miR-96 HCC High Cells & Tissue ephrinA5 [172]

miR-101 Ovarian Low Cells ZEB1 & ZEB2 [69]
miR-101 NSCLC Low Cells & Tissue ZEB1 [173]
miR-105 Breast High Cells, Tissue & Serum ZO-1 [17]
miR-124 Breast Low Cells & Tissue ZEB2 [174]
miR-124 Breast Low Cells & Tissue IL-11 [63]
miR-124 CRC Low Cells & Tissue ROCK1 [55]

miR-128-3p ESCC Low Cells & Tissue ZEB1 [175]
miR-130a Breast Low Cells FOSL1 [26]
miR-132 NSCLC Low Cells & Tissue ZEB2 [73]
miR-132 CRC Low Cells & Tissue ZEB2 [72]
miR-135a Breast High Cells & Tissue HOXA10 [20]
miR-135a HCC High Cells & Tissue FOXO1 [22]
miR-135a Gastric Low Cells & Tissue ROCK1 [56]
miR-135b Breast High Cells & Tissue APC [21]
miR-138 Breast Low Cells & Tissue ROCK1 [57]

miR-139-5p Glioblastoma Low Cells & Tissue ZEB1 & ZEB2 [70]
miR-141 Breast Low Cells & Tissue HIPK1 [176]
miR-141 Prostate Low Cells & Tissue Rho GTases, CD44 & EZH2 [43]
miR-150 Breast Low Cells & Tissue HMGA2 [62]
miR-154 Breast Low Cells & Tissue E2F5 [61]
miR-181b Breast High Cells & Tissue YWHAG [18]
miR-182 HCC High Cells & Tissue ephrinA5 [172]

miR-186-5p CRC Low Cells ZEB1 [177]
miR-190 Breast Low Cells STC2 [178]
miR-190 Breast Low Cells & Tissue SMAD2 [179]
miR-194 Ovarian High Cells & Tissue PTPN12 [37]
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Table 1. Cont.

miRNA Cancer Express. Sample Target Ref

miR-197 HCC High Cells & Tissue Axin-2, NKD1 & DKK2 [30]
miR-200 Breast Low Cells & Tissue ZEB1 & ZEB2 [39]

miR-200a/b Breast Low Cells ZEB1 & ZEB2 [38]
miR-200c Breast Low Cells CRKL [180]
miR-200c Breast Low Cells ZEB1 [181]
miR-200c Breast Low Cells & Tissue HIPK1 [176]
miR-203 HNSCC Low Cells & Tissue LASP1, SPARC & NUAK [49]
miR-203 Breast Low Cells Slug [50]
miR-203 CRC Low Cells & Tissue EIF5A2 [54]
miR-203 Melanoma Low Cells & Tissue Slug [51]
miR-203 Ovarian Low Cells & Tissue BIRC5 [52]
miR-203 Gastric Low Cells & Tissue Annexin A4 [53]
miR-205 Breast Low Cells ZEB1 [182]
miR-205 Breast Low Cells & Tissue ZEB1 & ZEB2 [39]
miR-210 Breast High Cells & Tissue E-Cadherin & Snail [24]
miR-215 NSCLC Low Cells & Tissue ZEB2 [71]
miR-218 HNSCC Low Cells & Tissue LOXL2 [45]
miR-374a Breast High Cells & Tissue WIF1, PTEN & WNT5A [19]

miR-409-3p Osteosarcoma Low Cells & Tissue ZEB1 [183]
miR-429 Breast Low Cells ZEB1 & ZEB2 [38]
miR-504 NSCLC Low Cells & Tissue LOXL2 [47]

miR-508-3p Breast Low Cells & Tissue ZEB1 [184]
miR-520c Gastic High Cells & Tissue IRF2 [32]

miR-574-5p NSCLC High Cells, Tissue & Serum PTPRU [36]
miR-577 Gastric High Cells & Tissue SDPR [31]
miR-641 Cervical Low Cells & Tissue ZEB1 [185]

miR-708-3p Breast Low Cells & Tissue ZEB1, CDH2 & Vimentin [186]
miR-1204 Breast High Cells & Tissue VDR [28]
miR-1269a Colorectal High Cells & Tissue Smad7 & HOXD10 [33]
miR-8084 Breast High Cells, Tissue & Serum ING2 [27]

HNSCC; head and neck squamous cell carcinoma; ccRCC, clear cell renal cell carcinoma; CRC, colorectal cancer;
HCC, hepatocellular carcinoma; NSCLC, non-small-cell lung carcinoma; ESCC, esophageal cancer.
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Abstract: SNAIL (SNAI1) is a zinc finger transcription factor that binds to E-box sequences and
regulates the expression of genes. It usually acts as a gene repressor, but it may also activate the
expression of genes. SNAIL plays a key role in the regulation of epithelial to mesenchymal transition,
which is the main mechanism responsible for the progression and metastasis of epithelial tumors.
Nevertheless, it also regulates different processes that are responsible for tumor growth, such as
the activity of cancer stem cells, the control of cell metabolism, and the regulation of differentiation.
Different proteins and microRNAs may regulate the SNAIL level, and SNAIL may be an important
regulator of microRNA expression as well. The interplay among SNAIL, microRNAs, long non-coding
RNAs, and circular RNAs is a key event in the regulation of tumor growth and metastasis. This review
for the first time discusses different types of regulation between SNAIL and non-coding RNAs with a
focus on feedback loops and the role of competitive RNA. Understanding these mechanisms may
help develop novel therapeutic strategies against cancer based on microRNAs.

Keywords: tumor; metastasis; microRNA; SNAIL (SNAI1) transcription factor; epithelial to
mesenchymal transition (EMT); long non-coding RNAs (lncRNAs); circular RNAs

1. Introduction: Background of SNAIL Transcription Factor

SNAIL is a member of the group of conservative zinc finger transcription factors. It was first
described in Drosophila melanogaster as an essential factor for the mesoderm formation [1]. Subsequently,
its homologues have been described in many species, including humans. The SNAIL family consists
of three members: SNAIL (SNAI1), SLUG (SNAI2), and SMUG (SNAI3) [2]. The SNAIL protein
contains C-terminal zinc finger domains that are responsible for DNA binding, the N-terminal SNAG
domain responsible for interaction with several co-repressors or epigenetic remodeling complexes,
the serine-rich domain (SRD) regulating ubiquitination and proteasome degradation, and the nuclear
export sequence (NES) that controls the protein stability and subcellular localization [3].

1.1. SNAIL Expression and Regulation

SNAIL expression may be regulated by many signaling pathways. At the transcriptional
level, SNAIL is regulated by multiple growth factors and signaling molecules that are responsible
for the subsequent regulation of the SNAIL promoter, including transforming growth factor β

(TGF-β), fibroblast growth factor 2 (FGF2), epidermal growth factor (EGF), Harvey rat sarcoma
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viral oncogene homolog (H-ras), Akt kinase-transforming protein (v-Akt), and nuclear factor
kappa-light-chain-enhancer of activated B cells/protein 65 (NF-κB/p65) [4,5]. Post-translational
modifications, such as phosphorylation, ubiquitination, and lysine oxidation also regulate SNAIL
level. Glycogen synthase kinase 3 beta (GSK-3β) phosphorylates SNAIL at two consensus motifs.
Phosphorylation of the first motif regulates ubiquitination and degradation in the proteasome, whereas
phosphorylation of the second motif regulates its subcellular localization [6]. Lysyl oxidase-like 2
(LOXL2) enzyme interaction regulates SNAIL stability [7] by interfering with FBXL14 binding SNAIL.
FBXL14 (F-box and leucine-rich repeat protein 14) is a ubiquitin ligase that targets both phosphorylated
and unphosphorylated SNAIL for proteasome degradation [8]. SNAIL can also be stabilized by
hyperglycemia-regulated O-linked β-N-acetylglucosamine (O-GlcNAc) modification of serine [9].
Moreover, SNAIL can be stabilized by NF-κB, which induces COP9 signalosome 2 (CSN2), which, in
turn, blocks the ubiquitination and degradation of SNAIL [10]. The phosphorylation of SNAIL may
result in an increased retention of the protein in the nucleus. That mechanism of action was described
for p21-activated kinase (PAK1), which phosphorylates SNAIL at Ser 246 [11].

1.2. Different Pathways Regulated by SNAIL

SNAIL plays an important role in the regulation of epithelial to mesenchymal transition in embryo
development: gastrulation and mesoderm formation [2]. However, molecular mechanisms of certain
pathological stages resemble those observed in physiological process. One of them is epithelial to
mesenchymal transition (EMT) during cancer progression. It is the main mechanism responsible for
the invasiveness and metastasis of neoplasm at the advanced stages [12]. SNAIL exerts its effects
by decreasing the expression of E-cadherin by binding to its promoter [13]. Nevertheless, SNAIL is
a transcriptional repressor, which binds to regulatory regions and promoters containing sequences
called E-boxes, and thereby it regulates the expression of many different genes and in this way, it may
also regulate EMT. The SNAIL family contains a highly conserved region of four to six zinc fingers
that allows them to interact with those E-box sequences (CANNTG). Since these sequences are also
recognized by transcription factors from the basic helix-loop-helix (bHLH) family, the role of SNAIL
factors is mainly focused on transcription repression by excluding these proteins from their binding
sites [2]. SNAIL is capable of interacting with HDAC1/2 histone deacetylase, which causes a local
modification of the chromatin structure and blocks the expression of E-cadherin, the loss of which
is a marker of epithelial–mesenchymal transition (EMT) [13]. As E-box sequences are present in the
promoters of many different genes, in the literature, SNAIL is described as a regulator of many genes
important in tumorigenesis, such as cyclin D2, proliferating cell nuclear antigen (PCNA), prostaglandin
dehydrogenase, ATPase1, etc. [12]. SNAIL turned out to be also a direct regulator of not only EMT in
tumor progression, but also of myogenic differentiation. The binding of SNAIL to E-box sequences in
the myogenic factor 5 (MYF5) promoter and recruiting histone deacetylases (HDACs) was described
in the regulation of rhabdomyosarcoma development [14]. Another example of the non-canonical
actions of SNAIL is the regulation of myoblast determination protein 1 (MyoD) function in myogenic
differentiation by the competitive binding of SNAIL to its regulatory sequences [15]. Nevertheless,
SNAIL is not only described as a transcriptional repressor, but also as the transcriptional activator. For
example, SNAIL induces the expression of mesenchymal genes, such as vimentin, fibronectin, matrix
metalloproteinases MMP-2, and MMP-9. In that way, it further facilitates the increased motility of
cells [16].

What is more, the recent data demonstrated the mechanism of self-regulation by members of the
SNAIL family: the SNAIL-binding site is present in the SNAIL promoter (negative feedback) [17], and
avian Slug can self-activate during the neural crest development [18]. Moreover, in ovarian cancer cells,
SNAIL binds to two E-box sequences in SLUG promoter and represses SLUG, which is predominantly
mediated through the recruitment of the HDACs [19].

SNAIL plays a role in many physiological and pathological processes, such as chronic inflammation,
fibrosis, EMT induction, the regulation of cancer stem cells, the control of cell metabolism, the
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suppression of estrogen receptor signaling, and in particular the development and metastasis of
tumors [3]. Currently, many research papers focus not only on interaction between SNAIL and different
genes, but also on the interplay between SNAIL and non-coding RNAs, such as microRNAs, long
non-coding RNAs, and circular RNAs [20]. In this review, we discuss recent advances in those fields.
We present bidirectional crosstalk between SNAIL and non-coding RNAs with implications of these
new findings on tumor progression, which may help develop novel therapeutic strategies in future.

2. Non-Coding RNAs as Regulators of Tumor Progression

Non-coding RNAs (ncRNAs) are a class of RNA transcripts that do not encode proteins, but
they may play a role in the regulation of gene expression at transcriptional, translational, and
post-translational levels. Among regulatory ncRNAs, long non-coding RNAs, small RNAs, and circular
RNAs may be distinguished [21] (Figure 1), and they are described in this review.

Figure 1. Scheme presenting the selected regulatory non-coding RNAs.

Long non-coding RNAs (lncRNAs) are RNA transcripts with a length greater than 200 nucleotides.
They can regulate gene expressions and functions. Therefore, they are involved in the pathogenesis of
many diseases, including cancer. Nevertheless, there are papers revealing that some lncRNAs contain
cryptic open reading frames (ORFs), which may blur the distinction between protein-coding and
non-coding transcripts [22]. lncRNAs can originate from their own promoters or from the promoters
shared with other coding or non-coding genes, or from enhancer sequences. lncRNAs are usually
transcribed by RNA polymerase II or RNA polymerase III. They are often 5′-capped, spliced, and
polyadenylated, but they are usually shorter than mRNAs [23,24]. lncRNAs may be co-regulated with
mRNAs in expression networks. lncRNAs may also be generated from the divergent transcription
from shared protein-coding gene promoters. Divergent transcription generates the sense (mRNA) and
anti-sense RNAs [24,25]. lncRNA promoters are usually evolutionarily conserved and tightly regulated,
and they are prone to epigenetic modification [23]. lncRNAs may also be processed in different ways
than mRNAs, such as RNase P-processed 3′ maturation, which was shown for MALAT1 (metastasis
associated lung adenocarcinoma transcript 1) [24]. DICER1 endonuclease is an important factor in both
the biogenesis of miRNAs that may also act as a downstream activator of many lncRNAs [26]. What is
also interesting is that few miRNAs are derived from lncRNA exons [27]. lncRNAs participate in and
modulate the various cellular processes, such as cellular transcription, the modulation of chromatin
structure, DNA methylation, or histone modification. They may act as a sponge for microRNAs and as
a competing endogenous RNAs (ceRNAs) [28].

Circular RNA (circRNA) is a type of single-stranded RNA that forms a covalently closed continuous
loop that is insensitive to ribonucleases. circRNAs are formed by exon skipping or back-splicing
events. circRNAs are produced by nonsequential exon-exon back-splicing, which results in a chemically
circularized transcript in which 3′ sequences are spliced upstream of 5′ sequences, and they have special
5′ and 3′-end processing [24]. Alternative splicing factor quaking is a regulator of that circularization
during EMT [29]. There is also a class of circular intronic lncRNA (ciRNAs) that are generated
from stabilized introns after canonical splicing. They display regulatory functions, mostly at their
transcription sites [30]. There are also exon–intron circRNAs (elciRNAs) that represent a class of
circular RNAs that retain unspliced introns. Their role involves induction of the transcription of their
parental genes via interaction with polymerase II and U1 snRNP (small nuclear ribonucleoprotein) [31].
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circRNAs are closely associated with tumor metastasis and patient prognosis, because they are
differentially expressed in different tumor types. They may act as a microRNA sponge and interact
with proteins [32]. Nevertheless, recent research papers provide initial evidence for certain endogenous
circRNAs coding for proteins [33].

MicroRNAs (miRNAs) are a class of approximately 22 nucleotides small non-coding RNAs.
They can regulate the expression of genes and translation of proteins by interfering with ribosomal
machinery. They commonly target the 3′ untranslated regions (3′ UTRs) of mRNAs and in that way
decrease their stability and suppress translation. Nevertheless, they can also activate other genes [34,35].
Genes highly and constitutively expressed usually display shorter 3′ UTR sites and in consequence
only a few binding sites for miRNAs. Accordingly, genes potently regulated during development
display multiple binding sites for miRNAs [36].

miRNAs can be expressed at high levels (even up to tens of thousands of copies per cell), and they
act as important regulatory factors, controlling hundreds of mRNA targets [37]. Animal miRNAs target
the 3′ UTRs of different mRNAs by seed sequence complementarity. They usually repress translation
more often than they cleave mRNA [35,38,39].

miRNAs are located in introns of coding genes, in exons, or in non-protein coding DNA regions.
miRNAs have their own promoters, and they are independently expressed. Some of them are also
organized in clusters sharing the same transcriptional regulation. miRNAs can arise from spliced introns,
which are often termed miRtrons, or their own promoter, driving the expression of a single miRNA
or polycistron yielding multiple pre-miRNA stem loops [40]. Nevertheless, miRNA transcription
may also be dependent on the host gene. Intronic miRNAs can be expressed together with their host
gene mRNA, and they can be derived from a common transcript [41]. Many non-canonical miRNA
biogenesis pathways have also been characterized [42].

miRNAs are transcribed by polymerase II, sometimes as polycistronic transcripts. miRNA stem
loops are excised from the primary transcripts (pri-miRNA) in the nucleus by endoribonuclease
Drosha, acting together with DGCR8. Then, the excised 70–100 nt hairpin called pre-miRNA is actively
transported from the nucleus to cytoplasm in a GTP (guanosine-5′-triphosphate)-dependent manner.
The export is mediated by exportin 5 and Ran GTPase. Subsequently in the cytoplasm, the pre-miRNA is
cleaved by Dicer endonuclease, giving the mature miRNA—a base-paired double-stranded processing
intermediate with a 2 nt 3′ overhang. Two strands are generated. Then, one strand of the duplex is
incorporated into RNA-induced silencing complexes (RISC) with the Argonaute protein, which
is capable of endonucleolytic cleavage [42,43]. The translational repression is characterized by
low miRNA–target complementarity, whereas mRNA degradation requires a high miRNA–target
complementarity [44].

Alterations of miRNAs expression in various cancers have been described in the literature. Firstly,
in 2002, they were shown in the most common form of adult leukemia, B cell chronic lymphocytic
leukemia [45] and then in 2003 in colorectal cancers [46]. It soon turned out that miRNAs can be
differentially expressed in different tumor types as either benign or malignant, and they can also act as
biomarkers [47].

Global miRNA downregulation is a common trait of many tumors [48,49]. Accordingly,
the diminished expression of miRNA processing factors is also associated with the poor prognosis of
different cancer types [50].

What is more, some miRNAs’ loci often display genomic instability in cancer, and they are located
in cancer-associated genomic regions or in fragile sites. It was also demonstrated that several miRNAs
located in deleted regions are expressed at low levels in cancer [51].

Cancer cells can also escape from miRNA regulation by the production of mRNAs with shortened
3′UTR and fewer miRNA target sites. This global switch of the use of miRNA-mediated gene
regulation is associated with an increased proliferation or cellular transformation [50]. These findings
are consistent with the widespread decrease of miRNAs in cancer [48,49].
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Some miRNAs can behave as oncogenes favoring tumorigenesis. They are called oncomirs.
They can reduce the levels of proteins blocking proliferation and migration and activating apoptosis.
Many miRNAs were identified as oncomirs in different types of tumors. For example, members encoded
by the miR-17-92 cluster were previously associated with carcinogenesis and usually display increased
expression in tumors, including lung cancer [52,53].

On the other hand, tumor-suppressive miRNAs can inhibit cancer development. Their inactivation
in tumors is followed by the accumulation of proteins stimulating proliferation and migration and
decreasing apoptosis. For example, miR-181a and miR-181b were described to act as tumor suppressors
in glioma [54] and miR-181a in non-small cell lung carcinoma [55]. Interestingly, plenty of miRNAs
may behave oppositely in different types of tumors. For example, miR-34c can exert tumor-suppressive
functions in prostate cancer [56], but in lung adenocarcinoma with different oncogenic mutations, it
was reported to be upregulated [57].

miRNAs can affect tumor progression also by modulation of the development of new blood
vessels. miRNAs promoting angiogenesis are called angiomirs, and they can target genes that are
important in angiogenic processes [58].

Currently, miRNAs’ role in the regulation of epithelial to mesenchymal transition has been widely
described in the literature [59]. Since SNAIL is one of the crucial factors regulating EMT, the interplay
between SNAIL and miRNAs may be a key factor in the regulation of tumor progression.

3. MicroRNAs Regulating SNAIL

3.1. MicroRNAs Directly Targeting SNAIL

MiRNAs can act as regulators of SNAIL expression by binding to the 3′UTR of SNAIL.
Bioinformatical analysis using TargetScanHuman 7.1 [60] revealed several binding sites for different
miRNAs in this region in human cells (Figure 2), and most of them have been already verified in the
literature. For example, the SNAIL 3′UTR was shown to function as a sponge for multiple migration
and invasion-related miRNA candidates including miR-153, miR-199a-5p, miR-203, miR-204, miR-22,
miR-34a and miR-34c [61].

Figure 2. MicroRNAs targeting the 3′ untranslated (3′UTR) region of SNAIL from bioinformatical
analysis using TargetScanHuman 7.1 (access: 22 October 2019). Experimental evidence for direct
binding to SNAIL 3′UTR was shown in the literature for miR-153, miR-22, miR-30, miR-363, miR-199,
miR-34, miR-22, miR-137, miR-203, miR-125, miR-211, and miR-203 (marked in red), which is described
in the text below.

Several miRNAs were experimentally validated to target SNAIL 3′UTR, and subsequently, their
role was described in different tumor types. One of the crucial regulators of SNAIL expression
widely described in the literature is the miR-30 family. Members of this family target the 3′UTR
of SNAIL mRNA in non-small cell lung carcinoma [62], breast cancer [63], pancreatic cancer stem
cells [64], melanoma [65], esophageal squamous cell carcinoma [66], rhabdomyosarcoma [14], or in
hepatocytes [67,68]. This inhibition usually regulates EMT in epithelial tumor types, but in mesenchymal
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tumors, such as rhabdomyosarcoma, it may be responsible for non-canonical SNAIL action [14]; it
might also be important in different processes, such as atherosclerosis [69]. Moreover, miR-30a was also
shown to regulate not only SNAIL but also SLUG in breast cancer to suppress EMT and metastasis [70].

SNAIL-dependent EMT in cancer has also been demonstrated to be regulated by p53 and miR-34
axis. In the absence of wild-type p53 function, SNAIL-dependent EMT is activated in colon, breast,
lung carcinoma cells [71], and ovarian cancer [72] as a consequence of a decrease in miR-34 levels.
A conserved miR-34a/b/c seed-matching sequence was detected in the SNAIL 3′-UTR. Moreover, there
is a double-negative feedback loop in the regulation of EMT formed by miR-34 and SNAIL [73].
Luciferase reporter assays revealed that in pancreatic cancer, miR-34a targets both SNAIL and NOTCH1
to inhibit pancreatic cancer progression through the regulation of EMT and NOTCH signaling
pathways [74].

Another example of miRNA that is described as a direct regulator of SNAIL expression in plenty
tumor types is miR-153. The downregulation of SNAIL by miR-153 suppresses human laryngeal
squamous cell carcinoma migration and invasion [75], melanoma cells proliferation and invasion [76],
esophageal squamous cell carcinoma progression [77], and gastric cancer metastasis [78]; regulates
EMT in hepatocellular carcinoma [79]; and diminishes pancreatic ductal adenocarcinoma migration
and invasion with miR-153 serving as a prognostic marker [80].

MiR-22 was demonstrated to target SNAIL and thereby inhibit tumor cell EMT and invasion
in lung [81] and bladder cancer [82], in melanoma [83] and gastric cancer [84]. In bladder cancer,
it inhibits both SNAIL and MAPK1 (mitogen-activated protein kinase 1) /SLUG/vimentin feedback
loop [82], whereas in melanoma and gastric cancer it acts as a tumor suppressor by targeting both
SNAIL and MMP14 [83,84].

SNAIL was found to be a target of multiple miRNAs in different tumor types. SNAIL was
targeted in breast cancer by miR-125b [85], miR-203 [86], miR-410-3p [87], and miR-182 [88]; in gastric
cancer by miR-491-5p [89] and miR-204 [90]; in lung cancer by miR-199a [91] and miR-940 [92]; in
papillary thyroid carcinoma by miR-199a [93]; in ovarian cancer by miR-137 [72] and miR-363 [94]; in
hepatocellular carcinoma by miR-122 [95] and miR-502-5p [96]; in prostate cancer by miR-486-5p [97];
and in renal cancer by miR-211-5p [98]. What is more, besides tumorigenesis, SNAIL is also regulated
in different processes by miRNAs. For example, miR-133 promotes cardiac reprogramming by the
direct repression of SNAIL and silencing fibroblast signatures [99], whereas miR-130b directly targets
SNAIL in the regulation of diabetic nephropathy [100]. The results described above are summarized
in Table 1.

Table 1. MicroRNAs regulating SNAIL.

MicroRNA Cancer/Cell Type References

miR-22

lung cancer [81]

bladder cancer [82]

melanoma [83]

gastric cancer [84]

miR-30 family

non-small cell lung carcinoma [62]

breast cancer [63]

pancreatic cancer [64]

melanoma [65]

esophageal squamous cell carcinoma [66]

rhabdomyosarcoma [14]

hepatocytes [67,68]
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Table 1. Cont.

MicroRNA Cancer/Cell Type References

miR-34

colon carcinoma [71]

breast carcinoma [71]

lung carcinoma [71]

ovarian cancer [72]

pancreatic cancer [74]

miR-122 hepatocellular carcinoma [95]

miR-125b breast cancer [85]

miR-130b diabetic nephropathy [100]

miR-133 fibroblasts [99]

miR-137 ovarian cancer [72]

miR-153

laryngeal squamous cell carcinoma [75]

melanoma [76]

esophageal squamous cell carcinoma [77]

gastric cancer [78]

hepatocellular carcinoma [79]

pancreatic ductal adenocarcinoma [80]

miR-182 breast cancer [88]

miR-199a
lung cancer [91]

papillary thyroid carcinoma [93]

miR-203 breast cancer [86]

miR-204 gastric cancer [90]

miR-211-5p renal cancer [98]

miR-363 ovarian cancer [94]

miR-410-3p breast cancer [87]

miR-486-5p prostate cancer [97]

miR-491-5p gastric cancer [89]

miR-502-5p hepatocellular carcinoma [96]

miR-940 lung cancer [92]

3.2. Other Examples of SNAIL Regulation by MicroRNAs

The indirect regulation of SNAIL involves several different mechanisms. One of the examples
is inhibition of the GSK-3β (glycogen synthase kinase 3 beta) pathway. miR-148a binds to the
3′-UTR region of MET, which results in the attenuation of its downstream signaling, inhibition of
AKT-Ser473 and GSK-3β phosphorylation, and in consequence reduced accumulation of SNAIL
in the nucleus, the inhibition of EMT, and the metastasis of hepatoma cells [101]. In lung cancer
cells, miR-126 affects the PI3K/AKT/SNAIL (phosphatidylinositol 3-kinase/protein kinase B/SNAIL)
signaling pathway to regulate EMT [102]. A similar mechanism was described for miR-215 in papillary
thyroid cancer [103]. In thyroid carcinoma, miR-101 targets the CXCL12 (C-X-C motif chemokine
ligand 12, stromal cell-derived factor 1)-mediated AKT and SNAIL signaling pathways to inhibit
invasion and the EMT-associated signaling pathways [104]. On the other hand, in hepatocellular
carcinoma, miR-1306-3p targets FBXL5 to suppress SNAIL degradation and promote metastasis [105].
The SNAIL level can also be stabilized by miRNAs. miR-181b-3p promotes EMT in breast cancer cells
through SNAIL stabilization by directly targeting the YWHAG protein [106]. In breast cancer cells,
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miR-5003-3p promotes EMT also through SNAIL stabilization via MDM2 and the direct targeting
of E-cadherin [107]. In melanoma growth and metastasis, miR-9 is described as a downregulator of
NF-κB1-SNAIL pathway [108]. The results described above are summarized in Table 2.

Table 2. Signaling pathways involving microRNAs that regulate SNAIL.

MicroRNA Regulated Pathway
and Genes

Mechanism of
SNAIL Regulation Cancer/Cell Type References

miR-9 NF-κB1 SNAIL expression melanoma [108]

miR-101 CXCL12-mediated AKT SNAIL localization thyroid carcinoma [104]

miR-126 PI3K-AKT SNAIL localization lung cancer [102]

miR-148a MET/AKT/GSK-3β SNAIL localization
and degradation hepatoma cells [101]

miR-181b-3p YWHAG protein SNAIL
stabilization breast cancer [106]

miR-215 PI3K-AKT SNAIL localization papillary thyroid
cancer [103]

miR-1306-3p FBXL5 Suppression of
SNAIL degradation

hepatocellular
carcinoma [105]

miR-5003-3p MDM2, E-cadherin SNAIL
stabilization breast cancer [107]

Sometimes, the research data demonstrate the regulation of SNAIL expression by miRNAs, but
it is not described if the regulation is direct or indirect. There are also several other examples of
miRNAs regulating the SNAIL level. In ovarian cancer, miR-16 is associated with the downregulation
of mesenchymal markers, such as SNAIL, SLUG, and vimentin [109]. In Wilms’ tumor cells, miR-483-3p
regulates EMT by the modulation of E-cadherin, N-cadherin, SNAIL, and vimentin expression [110].
In osteosarcoma, the downregulation of miR-145 promotes EMT by regulation of the SNAIL level [111].
In rhabdomyosarcoma, miR-410-3p inhibits tumor growth and progression by inhibition of the
expression of SNAIL, SLUG, N-cadherin, and Bcl-2 [112]. However, miR-410-3p was shown previously
in different tumor types to directly target SNAIL [87].

The miRNAs–SNAIL axis may regulate not only EMT, but also the activity of cancer stem
cells. miR-210 induced by a hypoxic microenvironment favored breast cancer stem cells’ metastasis,
proliferation, and self-renewal by targeting E-cadherin and the upregulation of SNAIL [113].
Another example is miR-146a, which directs the symmetric division of SNAIL-dominant colorectal
cancer stem cells [114].

3.3. Regulation of SLUG Expression by MicroRNAs

MiRNAs can regulate not only SNAIL, but also SLUG, which is another important factor from the
SNAIL family. Some miRNAs can regulate both factors. Among them are miR-30a [70], miR-122 [95],
miR-182 [115], and miR-203 [115] and miR-204 [116]. SLUG is targeted in in oral squamous cell
carcinoma by miR-204 [116]; glioblastoma by miR-203 [117]; in lung cancer by miR-1 [118]; in breast
cancer by miR-124 [119,120], miR-30a [70], miR-497 [121], miR-1271 [122], and miR-203 [123,124]; in
gastric cancer by miR-33a [125]; in lung cancer by miR-218 [126]; in clear cell renal cell carcinoma
by miR-1 [127]; in osteosarcoma by miR-124 [128]; and in gingival fibroblasts by miR-200b [129].
Similarly to SNAIL, miRNAs–SLUG action regulates EMT in cancer progression, as well as different
processes, such as the modulation of cancer stem cells’ activity. miR-204 binds to the 3′UTR regions of
both SLUG and SOX4 to suppress osteosarcoma cancer stem cells [117], whereas the loss of miR-124
enhances the stem-like traits of glioma cells [130]. The miRNAs–SLUG axis is also important in
other biological processes, such as for example in traumatic heterotopic ossification. miR-630 inhibits
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endothelial–mesenchymal transition by targeting SLUG [131]. The regulation of SLUG expression by
miRNAs is summarized in Table 3.

Table 3. MicroRNAs regulating SLUG.

MicroRNA Cancer/Cell Type References

miR-1 lung cancer [118]

miR-30a breast cancer [70]

miR-33a gastric cancer [125]

miR-124
breast cancer [119,120]

osteosarcoma [128]

glioma [130]

miR-200b gingival fibroblasts [129]

miR-203
glioblastoma [117]

breast cancer [123,124]

miR-204 oral squamous cell carcinoma [116]

miR-218 lung cancer [126]

miR-497 breast cancer [121]

miR-630 dermal microvascular endothelial cells [131]

miR-1271 breast cancer [122]

4. LncRNA, CircRNAs, and their Relationship to SNAIL and Targeting MicroRNAs

Besides miRNAs, an interesting mechanism of action in the regulation of SNAIL or SLUG
expression is also described for long non-coding RNAs (lncRNA). The may act as sponges for miRNAs
targeting SNAIL. LncRNA MALAT1 (metastasis associated lung adenocarcinoma transcript 1) acts
as a competing endogenous RNA (ceRNA) by sponging miR-22 to promote melanoma growth and
metastasis [83]. MALAT1 turned out to be a regulator of not only miR-22, but also miR-1-3p expression.
In that way, it inhibits migration, invasion, and EMT, which leads to the increased expression of
E-cadherin and decreased expression of vimentin, SLUG, and SNAIL [132]. Another interesting feature
of MALAT1 is the modulation of cancer stem cells’ (CSC) activity by regulation of the miR-1/SLUG
axis in nasopharyngeal carcinoma [133]. In gastric cancer, miR-22 is also regulated by lncRNA H19
with effects on metastasis via the miR-22-3p/SNAIL axis [134]. Another example in gastric cancer is
lncRNA SNHG7 (small nucleolar RNA host gene 7), which directly binds to miR-34a and suppresses
the miR-34a–SNAIL–EMT axis, which regulates gastric cancer cell migration and invasion [135].

SLUG level can also be regulated by other lncRNAs. For example, lncRNA GAPLINC (gastric
adenocarcinoma associated) promotes the invasion of colorectal cancer by binding to PSF/NONO
(probable DNA replication complex GINS protein PSF/non-POU domain-containing octamer-binding
protein) and partly by stimulating the expression of SLUG [136]. lncRNA CAR10 directly binds
two miRNAs: miR-30 and miR-203 and hence regulates the expression of both SNAIL and SLUG.
In that way, it induces EMT and promotes lung adenocarcinoma metastasis [137]. In that cancer type,
another example is lncRNA HCP5 acting as a sponge for miR-203 [138]. miR-203 interacts also with
lncRNA UCA1 in hepatocellular carcinoma, and in that way, SLUG expression is regulated in tumor
progression [139]. In that cancer type, lncRNA–AB209371 binds to hsa-miR199a-5p and weakens the
inhibitory effect of hsa-miR199a-5p on SNAIL expression to promote EMT [140]. In breast cancer,
lncRNA TINCR (terminal differentiation-induced ncRNA) targets miR-125b, and in that way regulates
SNAIL and EMT [85].

LncRNAs may regulate the SNAIL level not only by miRNAs, but also epigenetically.
LncRNA SATB2-AS1 (the antisense transcript of SAT2B—special AT-rich sequence-binding protein 2)
mediates the epigenetic regulation of SNAIL expression in colorectal cancer progression. SATB2-AS1
recruits p300, whose acetylation of H3K27 and H3K9 at the SATB2 promoter and subsequently the
elevated SATB2 recruits HDAC1 to the SNAIL promoter to repress its transcription [141].

159



Cancers 2020, 12, 209

The interaction of lncRNAs with SNAIL is also possible. lncRNA NEAT1 (nuclear enriched
abundant transcript 1) epigenetically suppresses E-cadherin expression in osteosarcoma cells by
association with the G9a–DNMT1 (DNA methyltransferase 1)—SNAIL complex [142].

lncRNAs may also regulate the level of transcription factor by increasing their stability. For example,
lncRNA SNHG15 impedes SLUG ubiquitination and its proteasomal degradation by interaction with
the zinc finger domain of SLUG [143].

Besides lncRNAs, circular RNAs (circRNAs) were also described as SNAIL regulators.
In hepatocellular carcinoma, circ-ZNF652 could physically interact with miR-203 and miR-502-5p
to increase the expression of SNAIL. circ-ZNF652 was identified as a novel driver of EMT [96].
Similarly, in melanoma, circRNA_0084043 promotes progression via the miR-153-3p/SNAIL axis [144].
In urothelial carcinoma, circRNA PRMT5 acts as a sponge for miR-30c, which affects the
SNAIL/E-cadherin pathway and thereby induces EMT [145]. circRNAs may be also implicated
in the regulation of SLUG level. For example, circRNA-000284 can positively regulate the SLUG level
in cervical cancer by sponging miR-506, which directly binds to SLUG 3′UTR [146].

The indirect regulation of SNAIL level by several mediators is also possible. Circular RNA
hsa_circ_0008305 (circPTK2) inhibits TGF-β-induced EMT in non-small cell lung cancer by direct
binding to miR-429/miR-200b-3p, which act as direct regulators of TIF1γ (transcriptional intermediary
factor 1 γ), resulting in diminished SNAIL expression [147]. CircPIP5K1A induces non-small cell
lung cancer progression by the regulation of miR-600/HIF-1α (hypoxia-inducible factor 1-alpha),
which results in the upregulation of EMT-related factors, such as SNAIL [148]. Circ_0026344 promotes
colorectal carcinoma invasion by targeting miR-183, which increases EMT and upregulates mesenchymal
markers and SNAIL [149].

To summarize, SNAIL is regulated by signaling networks involving plenty of miRNAs, long
non-coding RNAs, and circular RNAs (Table 4). lncRNAs and circRNAs usually act as sponges
for miRNAs targeting SNAIL (Figure 3). This mechanism may be responsible for the regulation of
tumor progression.

Table 4. Long non-coding RNAs regulating SNAIL and SLUG.

LncRNA/CircRNA Regulated MicroRNAs Regulated Factors Cancer References

lncRNA MALAT1
miR-22 SNAIL melanoma [83]

miR-22 and miR-1-3p E-cadherin, vimentin, SLUG and SNAIL prostate cancer [132]

miR-1 SLUG nasopharyngeal carcinoma [133]

lncRNA H19 miR-22-3p SNAIL gastric cancer [134]

lncRNA SNHG7 miR-34a SNAIL gastric cancer [135]

lncRNA CAR10 miR-30 and miR-203 SNAIL and SLUG lung adenocarcinoma [137]

lncRNA HCP5 miR-203 SNAIL lung adenocarcinoma [138]

lncRNA UCA1 miR-203 SLUG hepatocellular carcinoma [139]

lncRNA AB209371 miR199a-5p SNAIL hepatocellular carcinoma [140]

lncRNA TINCR miR-125b SNAIL breast cancer [85]

lncRNA SATB2-AS1 - SNAIL (epigenetic regulation involving SATB2) colorectal cancer [141]

lncRNA NEAT1 - E-cadherin by association with
G9a-DNMT1-SNAIL complex osteosarcoma cells [142]

lncRNA SNHG15 - SNAIL (ubiquitination by interaction with zinc
finger domain) colon cancer [143]

lncRNA GAPLINC - SLUG (by binding to PSF/NONO) colorectal cancer [136]

circ-ZNF652 miR-203 and miR-502-5p SNAIL hepatocellular carcinoma [96]

circRNA_0084043 miR-153-3p SNAIL melanoma [144]

circRNA PRMT5 miR-30c SNAIL urothelial carcinoma [145]

circRNA-000284 miR-506 SLUG cervical cancer [146]

hsa_circ_0008305 (circPTK2) miR-429 and
miR-200b-3p SNAIL (indirectly by TIF1γ) non-small cell lung cancer [147]

circPIP5K1A miR-600 SNAIL (indirectly by HIF-1α) non-small cell lung cancer [148]

circ_0026344 miR-183 SNAIL (indirectly) colorectal cancer [149]
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Figure 3. Role of long non-coding RNAs and circular RNAs as sponges for microRNAs in the regulation
of SNAIL expression in tumors.

5. SNAIL Regulation of Non-Coding RNAs

MiRNAs were presented as regulators of SNAIL expression. On the other hand, there are several
cases describing SNAIL as a regulator of miRNA level with implications to epithelial tumor progression
and the role of EMT in this process. MiRNAs may be regulated either indirectly or by the direct binding
of SNAIL to E-box sequences in miRNA promoters or regulatory sequences.

For example, in breast cancer cells, SNAIL directly suppresses miR-182 [88] and miR-203 [86].
In head and neck cancers, SNAIL binds to the miR-493 promoter [150]. SNAIL also significantly
represses the miR-145 promoter. miR-145 plays a role in antagonizing SNAIL-mediated stemness
in colorectal cancer [151]. In gastric cancer, SNAIL binds to the putative promoter of miR-375 [152].
SNAIL directly activates the transcription of miR-21 to produce exosomes abundant in miR-21, which
promotes the M2-like polarization of tumor-associated macrophages [153].

In non-epithelial tumor types, such as glioma, SNAIL suppresses miR-128b expression by
direct binding to the miR-128b-specific promoter motif; then, miR-128 and SP1 regulate tumor
progression [154]. A similar direct mechanism was demonstrated for miR-128-2 in mammary epithelial
cells. The loss of SNAIL-regulated miR-128-2 targets multiple stem cell factors to promote the oncogenic
transformation of mammary epithelial cells [155]. The SNAIL/miR-128 axis regulates the growth,
invasion, metastasis, and EMT of gastric cancer. miR-128 targets directly Bmi11, and it can reverse
EMT induced by Bmi-1 via the PI3K/AKT pathway, whereas SNAIL curbs the expression of miR-128,
and then down-regulated miR-128 promotes the expression of Bmi-1 [156]. The loss of SNAIL was also
shown to inhibit cellular growth and metabolism through the miR-128-mediated signaling pathway in
prostate cancer cells [157].

Interestingly, SNAIL may also exert its effects by epigenetic modifications. SNAIL is involved in
CpG DNA methylation of the miR-200f loci, which is essential for maintenance of the mesenchymal
phenotype. In the MDCK (Madin-Darby canine kidney) epithelial kidney cells model, it has been shown
that ZEB1 and SNAIL engage miR-200f transcriptional and epigenetic regulation during EMT [158].
Regulation of the miR-200 family by SNAIL also plays a role in vasculogenesis and may be significant
both in malignant cancer and in early developing embryos [159].

SNAIL overexpression increases the level of miR-125b through the SNAIL-activated
Wnt/β-catenin/TCF4 (transcription factor 4) axis. This mechanism was described for SNAIL-induced
stem cell propagation [160]. Another example of SNAIL action in cancer stem cells is signaling axis
involving SNAIL, miR-146a, and Numb in regulation of the switch between symmetric and asymmetric
cell division in colorectal cancer stem cells [161].

As indicated previously, SNAIL is a regulator of not only EMT and cancer stem cells,
but also of myogenic differentiation. In rhabdomyosarcoma, SNAIL regulates the expression of
myogenic-associated miRNAs, such as miR-1, miR-206, and miR-378 [14]. What is more, the
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SNAIL/miR-199a-5p axis promotes the differentiation of fibroblasts into myofibroblasts by the induction
of endothelial–mesenchymal transition [162].

There are also examples of interaction among lncRNAs, miRNAs, and SNAIL. SNAIL binds to the
promoter of lncRNA PCA3 and activates its expression. Then, lncRNA PCA3 inhibits the translation of
PRKD3 (serine/threonine-protein kinase D3) protein via competitive miR-1261 sponging and in that
way promotes the invasion of prostate cancer cells [163].

SNAIL’s role has been also described in controlling telomere transcription and integrity, which
may be significant features of cancer stem cells, since telomere maintenance is essential for stemness.
SNAIL turned out to be a negative regulator of lncRNA that controls telomere integrity, which is called
telomeric repeat-containing RNA (TERRA). What is more, TERRA can also affect the transcription of
some genes induced during EMT [164].

SNAIL may also not only regulate the level of lncRNAs, but it may also interact with them to
modify the chromatin. lncRNA HOTAIR (HOX Transcript Antisense Intergenic RNA) mediates a
physical interaction between SNAIL and EZH2 (enhancer of zeste homolog 2), which is an enzymatic
subunit of the polycomb-repressive complex 2. In that way, SNAIL recruits EZH2 to specific genomic
sites during EMT [165].

SNAIL may also regulate circRNAs. For example, SNAIL targets the E-box motif on the promoter
of circ-ZNF652 to increase its expression [96].

Besides SNAIL, similar mechanisms of binding to miRNA promoters were also described for
SLUG. In colorectal cancer, SLUG binds to miR-145 promoter and represses it to modulate 5-fluorouracil
sensitivity [166]. In lung cancer cells, SLUG binds directly to the E-box in the promoter of miR-137
and acts as an activator, which promotes cancer invasion and progression by directly suppressing
TFAP2C (transcription factor AP-2 gamma) [167]. In prostate cancer, SLUG is a direct repressor of
miR-1 and miR-200 transcription [168]. In breast cancer cells, SLUG directly binds to miR-203 promoter,
downregulating its expression [124]. SLUG-upregulated miR-221 promotes breast cancer progression
through suppressing E-cadherin expression, which indicates that miR-221 is an additional blocker of
E-cadherin besides SNAIL and SLUG [169].

Sometimes, both SNAIL and SLUG collaborate on EMT and tumor metastasis through miRNAs.
In oral tongue squamous cell carcinoma, those transcription factors act through the miR-101-mediated
EZH2 axis [170]. miR-101 functions as a tumor suppressor by directly targeting ZEB1 (zinc finger
E-Box binding homeobox 1) in various cancers, including colorectal cancer [171].

To summarize, SNAIL and SLUG may be direct or indirect regulators of miRNAs, lncRNAs, and
circRNAs (Table 5). There are several examples of direct binding SNAIL to promoters or regulatory
sequences of non-coding RNAs (Figure 4). Subsequently, those RNAs target plenty of genes to regulate
tumor progression.

Table 5. Non-coding RNAs regulated by SNAIL and SLUG.

Non-Coding RNA Mechanism Cancer/Cell Type References

miR-1 SLUG binding to promoter prostate cancer [168]

regulation by SNAIL
(unknown mechanism) rhabdomyosarcoma [14]

miR-21 SNAIL binding to promoter head and neck cancer [153]

miR-101 transcriptional control by
SNAIL and SLUG squamous cell carcinoma [170]

miR-125b SNAIL-activated
Wnt/β-catenin/TCF4 axis breast cancer stem cells [160]
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Table 5. Cont.

Non-Coding RNA Mechanism Cancer/Cell Type References

miR-128 SNAIL binding to promoter
glioma [154]

prostate cancer [157]

gastric cancer [156]

miR-137 SLUG binding to promoter lung cancer [167]

miR-145 SNAIL binding to promoter colorectal cancer [151]

SLUG binding to promoter colorectal cancer [166]

miR-146a SNAIL-induced
β-catenin-TCF4 complex colorectal cancer stem cells [161]

miR-182 SNAIL binding to promoter breast cancer [88]

miR-200 SNAIL involved in CpG DNA
methylation human kidney cells [158]

SLUG binding to promoter prostate cancer [168]

miR-203 SNAIL binding to promoter breast cancer [86]

SLUG binding to promoter breast cancer [124]

miR-206 regulation by SNAIL
(unknown mechanism) rhabdomyosarcoma [14]

miR-221 transcriptional control by
SLUG breast cancer [169]

miR-375 SNAIL binding to promoter gastric cancer [152]

miR-378 regulation by SNAIL
(unknown mechanism) rhabdomyosarcoma [14]

miR-493 SNAIL binding to promoter head and neck cancer [150]

lncRNA PCA3 SNAIL binding to promoter prostate cancer [163]

lncRNA TERRA transcriptional control by
SNAIL

mesenchymal stem cells and
mammary cells [164]

lncRNA HOTAIR interaction of SNAIL with
HOTAIR and EZH2 hepatocytes [165]

circ-ZNF652 SNAIL binding to promoter hepatocellular carcinoma [96]

Figure 4. MiRNAs, long non-coding RNAs (lncRNAs), and circular RNAs regulated directly by SNAIL
transcription factor.

6. Multi-Component Feedback Loops and Multi-Component Signaling Networks

The literature also describes several examples of multi-component feedback loops and
multi-component signaling networks involving the SNAIL transcription factor and non-coding RNAs.

Selected different multi-component feedback loops and multi-component signaling networks are
presented in Figure 5.
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An interesting example is miR-182, which is directly suppressed by SNAIL in breast cancer cells,
which can also target its suppressor (Figure 5A). This mechanism regulates an epithelial-like phenotype
in vitro and enhances macrometastases in vivo [88].

Similarly in breast cancer, miR-203 forms also a double-negative miR-203/SNAIL feedback loop,
as SNAIL reduces the activity of the miR-203 promoter (Figure 5B) [86].

Moreover, miR-34 and SNAIL form a double-negative feedback loop (Figure 5C) [73] that may
feed-forward regulate ZNF281/ZBP99 to promote EMT, which has implications for human colon
and breast cancer [172]. The expression of ZNF281 (zinc finger protein 281) is induced by SNAIL
and inhibited by miR-34a, which mediates the repression of ZNF281 by the p53 tumor suppressor.
The deregulation of this circuitry by mutational and epigenetic alterations in the p53/miR-34a axis
promotes colorectal cancer metastasis [173].

In head and neck cancers, SNAIL binds to miR-493 promoter to repress it, and subsequently,
miR-493 forms a negative feedback loop with the insulin-like growth factor 1 receptor pathway to
block tumorigenesis (Figure 5D) [150].

Besides miRNAs, SNAIL may also form feedback loops with circular RNAs. SNAIL upregulates
circ-ZNF652 by binding to the E-box motif on the promoter. Subsequently, circ-ZNF652 acts a sponge
for miR-203 and miR-502-5p, which target SNAIL 3′UTR (Figure 5E) [96].

In cancer stem cells, SNAIL forms a feedback circuit to maintain Wnt activity. SNAIL induces
miR-146a expression through the β-catenin-TCF4 complex, and subsequently, miR-146a targets Numb
to stabilize β-catenin (Figure 5F) [161].

An interesting example is also SNAIL action in ZEB1 circuit in melanoma cells. SNAIL is considered
as an external signal that transcriptionally regulates the ZEB1/miR-200a/cicrZEB1 axis. circZEB1,
generated from the ZEB1 gene, contains a binding site for mir200a, which is a post-transcriptional
regulator of ZEB1 (Figure 5G) [174].

SLUG and microRNAs may also form regulatory loops. In breast cancer cells, SLUG and miR-203
form a double-negative feedback loop and SLUG directly binds to miR-203 promoter, downregulating
its expression in metastatic breast cancer cells (Figure 5H) [124]. Furthermore, SLUG and miR-1/miR-200
act in a self-reinforcing regulatory loop, which results in EMT amplification (Figure 5I) [168].

What is also interesting is that sometimes, gene transcripts may also act as a competitive
endogenous RNA (ceRNA) to regulate biological processes. FN1 (fibronectin 1) acts as a ceRNA for
miR-200c in the canonical SNAIL-ZEB-miR200 pathway in breast cancer cells (Figure 5J), whereas
TGFBI (transforming growth factor-beta-induced) is a transcript that is highly induced during EMT in
lung cancer cells, which acts as the ceRNA for miR-21 to modulate EMT [175].
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Figure 5. Multi-component feedback loops and multi-component signaling networks involving SNAIL
and non-coding RNAs. (A) Negative regulation between SNAIL and miR-182. (B) Negative regulation
between SNAIL and miR-203. (C) Negative regulation between SNAIL and miR-34. (D) Feedback loop
between SNAIL, miR-493, and IGF1R. (E) Feedback loop between SNAIL, circ-ZNF652, miR-203, and
miR-502-5p. (F) Signaling pathway involving SNAIL, β-catenin, miR-146a, and Numb. (G) Signaling
pathway involving SNAIL, ZEB1, miR-200a, and circ-ZEB1. (H) Negative regulation between SLUG
and miR-203. (I) Negative regulation among SLUG, miR-1, and miR-200. (J) Signaling pathway
involving SNAIL, ZEB1, miR-200c, and FN1 ceRNA.
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7. Conclusions

SNAIL participates in many physiological and pathological processes, including embryonic
development and cancer metastasis. Therefore, the identification of its crosstalk with non-coding
RNAs can help in understanding the complex signaling networks that drive tumor progression.
Unraveling these signaling networks may help generate new types of cancer therapeutics. miRNAs
and other non-coding RNAs play key roles in tumor progression or suppression. One miRNA may
target multiple genes besides SNAIL. Therapies targeting miRNA may enable the regulation of
more than one signaling pathway. An interesting example of miRNA (described in this review)
therapeutics is a drug based on miR-34a mimics, which has been already enrolled in clinical trials [176].
The identification of miRNA downstream and upstream of SNAIL may create novel possibilities for
biomarker determination during cancer progression, which may lead to improvements in prognosis and
therapy. As those miRNAs usually regulate epithelial to mesenchymal transition, their identification
may help to distinguish different stages of tumor development, as well as benign and malignant
tumors. For the identification of novel biomarkers, the next step is verification of whether miRNA
candidates can be secreted from tumor to blood vessels.
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Abstract: The theory that viruses play a role in human cancers is now supported by scientific evidence.
In fact, around 12% of human cancers, a leading cause of morbidity and mortality in some regions,
are attributed to viral infections. However, the molecular mechanism remains complex to decipher.
In recent decades, the uncovering of cellular miRNAs, with their invaluable potential as diagnostic
and prognostic biomarkers, has increased the number of studies being conducted regarding human
cancer diagnosis. Viruses develop clever mechanisms to succeed in the maintenance of the viral life
cycle, and some viruses, especially herpesviruses, encode for miRNA, v-miRNAs. Through this viral
miRNA, the viruses are able to manipulate cellular and viral gene expression, driving carcinogenesis
and escaping the host innate or adaptive immune system. In this review, we have discussed the main
viral miRNAs and virally influenced cellular pathways, and their capability to drive carcinogenesis.

Keywords: viral miRNAs; EBV; HHV-8; HPV; HCV; HBV; MCPyV

1. Introduction

According to the IARC (International Agency for Research on Cancer), 13% of new cancer cases
worldwide in 2018 were the result of a chronic infection, most of which were caused by viruses [1].
The burden of viral infections in cancer, even if considered high, is still undervalued [2]. Viruses
implement multiple strategies to pursue their final goals: viral survival, proliferation, and transmission.
Moore and Chang masterfully emphasized that the event of cancer caused by viruses is a biological
accident, since it does not increase transmissibility or enhance replication fitness [2]. Moreover, in the
particular cases of immunosuppressed populations, cancers generated by tumor virus carcinogens
have an increased incidence [3], suggesting the deep relationship between viruses and the immune
system. Innate immune signaling shares many key effector proteins with tumor suppressor signaling,
such as the p21 cyclin-dependent kinase inhibitor [4] and p53 [5]. This may imply the crucial
role of tumor suppressor pathways in inadvertently placing the infected cell at risk for cancerous
transformation [6,7]. One of the main roles in this process might be played by virally encoded miRNAs,
ideal and non-immunogenic tools for viruses, able to modulate viral as well as host gene expression
and lead to immune invisibility of infected cells [8]. V-miRNAs (v-miRNAs) seem to have a leading
role in viral persistence and propagation, enacting different immune evasion strategies. V-miRNAs
and host miRNAs can both regulate the expression of multiple host- and virus-derived transcripts [9].
An appealing theory suggests the use of v-miRNA orthologues of cellular miRNAs, with which they
share a seed sequence and thus regulate the same targets. Still, among oncoviruses, only a few viral
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orthologues miRNAs have been discovered: kshv-miR-K12-11, which shows significant homology
to cellular hsa-miR-155 [10]; kshv-mir-K12-10, which is a viral orthologue of hsa-mir-142-3p [11];
kshv-mir-K3, a homolog of hsa-mir-23 [12]; and ebv-miR-BART-5, which shows significant “seed”
sequence homology to hsa-miR-18 [13].

V-miRNAs have slowly evolved and adapted within their specific hosts. In fact, viral miRNA
biogenesis involves only cellular factors, as no viral proteins have been described [9]. V-miRNAs are
also exported via the exosomal route, rendering them able to enter into cells even at distant sites, thus
allowing the virus to manipulate cellular and tissue immunity [14]. Considering that the survival ability
of a virus depends on its capacity to escape host immunosurveillance [14], viruses encode multiple
miRNAs that show immunomodulatory functions involved in the regulation of critical innate and
adaptive immune mechanisms used by the host to defend himself [14]. Moreover, it has been described
that v-miRNAs allow viruses to enter the latent phase of their life cycle and become undetected by the
host’s immune system, with this being a further risk factor for cancer development [15]. Here we have
examined the current knowledge of miRNAs encoded by six oncoviruses, Epstein–Barr virus (EBV),
Kaposi’s Sarcoma Herpesvirus/Human Herpesvirus-8 (KSHV/HHV8), Human Papillomavirus (HPV),
Hepatitis C Virus (HCV), Hepatitis B Virus (HBV) and Merkel Cell Polyomavirus (MCPyV) (Figure 1),
and the virally influenced cellular pathways (Table 1) and their relationships with the immune system.

Cancers 2020, 12 2 of 17 

 

oncoviruses, only a few viral orthologues miRNAs have been discovered: kshv-miR-K12-11, which 
shows significant homology to cellular hsa-miR-155 [10]; kshv-mir-K12-10, which is a viral 
orthologue of hsa-mir-142-3p [11]; kshv-mir-K3, a homolog of hsa-mir-23 [12]; and ebv-miR-BART-5, 
which shows significant “seed” sequence homology to hsa-miR-18 [13]. 

V-miRNAs have slowly evolved and adapted within their specific hosts. In fact, viral miRNA 
biogenesis involves only cellular factors, as no viral proteins have been described [9]. V-miRNAs are 
also exported via the exosomal route, rendering them able to enter into cells even at distant sites, thus 
allowing the virus to manipulate cellular and tissue immunity [14]. Considering that the survival 
ability of a virus depends on its capacity to escape host immunosurveillance [14], viruses encode 
multiple miRNAs that show immunomodulatory functions involved in the regulation of critical 
innate and adaptive immune mechanisms used by the host to defend himself [14]. Moreover, it has 
been described that v-miRNAs allow viruses to enter the latent phase of their life cycle and become 
undetected by the host’s immune system, with this being a further risk factor for cancer development 
[15]. Here we have examined the current knowledge of miRNAs encoded by six oncoviruses, 
Epstein–Barr virus (EBV), Kaposi’s Sarcoma Herpesvirus/Human Herpesvirus-8 (KSHV/HHV8), 
Human Papillomavirus (HPV), Hepatitis C Virus (HCV), Hepatitis B Virus (HBV) and Merkel Cell 
Polyomavirus (MCPyV) (Figure 1), and the virally influenced cellular pathways (Table 1) and their 
relationships with the immune system. 

 
Figure 1. Graphical representation of the relative abundance of viral miRNA production by Epstein–
Barr virus (EBV), Kaposi’s Sarcoma Herpesvirus/Human Herpesvirus-8 (KSHV/HHV8), Human 
Papillomavirus (HPV), Hepatitis C Virus (HCV), Hepatitis B Virus (HBV) and Merkel Cell 
Polyomavirus (MCPyV) viruses. 

Table 1. Overview of viral miRNA regulatory functions and targets. 

VIRUS miRNA Targets Effects of miRNAs 

EBV 

ebv-BHRF1-2 IL-12, CATHEPSIN B, AEP, GILT 

Immune evasion 

ebv-BHRF1-3 BHRF1-3, TAP 
ebv-BART1-5p IL12, CATHEPSIN B, AEP, GILT 
ebv-BART2-5p MICB, IL-12, CATHEPSIN B, AEP, GILT 
ebv-BART3-3p IPO7 
ebv-BART5-5p LMP1 
ebv-BART6-3p RIG-1 
ebv-BART15 NLRP3 

Figure 1. Graphical representation of the relative abundance of viral miRNA production by
Epstein–Barr virus (EBV), Kaposi’s Sarcoma Herpesvirus/Human Herpesvirus-8 (KSHV/HHV8),
Human Papillomavirus (HPV), Hepatitis C Virus (HCV), Hepatitis B Virus (HBV) and Merkel Cell
Polyomavirus (MCPyV) viruses.
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Table 1. Overview of viral miRNA regulatory functions and targets.

VIRUS miRNA Targets Effects of miRNAs

EBV

ebv-BHRF1-2 IL-12, CATHEPSIN B, AEP, GILT

Immune evasion

ebv-BHRF1-3 BHRF1-3, TAP

ebv-BART1-5p IL12, CATHEPSIN B, AEP, GILT

ebv-BART2-5p MICB, IL-12, CATHEPSIN B, AEP, GILT

ebv-BART3-3p IPO7

ebv-BART5-5p LMP1

ebv-BART6-3p RIG-1

ebv-BART15 NLRP3

ebv-BART16 CREB-BP

ebv-BART17-5p TAP

ebv-BART22 LMP2A

ebv-BHRF1-1 P53

Anti-apoptosis

ebv-BHRF1-2 PRDM1/Blimp1

ebv-BHRF1-3 PTEN

ebv-BART1-3p CASP3

ebv-BART4-5p Bid

ebv-BART5-5p PUMA

ebv-BART6-5p OCT1

ebv-BART8 STAT1

ebv-BART13-3p CAPRIN2

ebv-BART16 CREB-BP, TOMM22, CASP3, SH2B3

ebv-BART22 MAP3K5, CASP3, PAK2, TP53INP1

ebv-BART22 NDRG1 Promote metastasis

ebv-BHRF1-1 RNF4 Promote viral
production

ebv-BHRF1-2 BHRF1

Maintain latency
ebv-BART2-5p BALF5

ebv-BART6-5p DICER

ebv-BART18-5p MAP3K2

ebv-BART20-5p BZLF1, BRLF1

ebv-BART1-5p LMP1 Promote cancer
developmentebv-BART16 LMP1

ebv-BART17-5p LMP1

ebv-BART1-5p PTEN
Promote tumor

metastasis
ebv-BART7-3p PTEN

ebv-BART9 E-Cadherin

ebv-BART10-3p BTRC

ebv-BART6-3p PTEN Promote proliferation
ebv-BART11 FOXP1
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Table 1. Cont.

VIRUS miRNA Targets Effects of miRNAs

KSHV

kshv-miR-K12-1 Casp3

Apoptosis
kshv-miR-K12-3 Casp3

kshv-miR-K12-4 Casp4

kshv-miR-K12-5 Tmskα1

kshv-miR-K12-10a TWEAK

kshv-miR-K12-12 CASP3, CASP7

kshv-miR-K12-1 NF-κB signaling/IκBα

KSHV latency

kshv-miR-K12-3 nuclear factor I/B, GRK2

kshv-miR-K12-4 Rbl2

kshv-miR-K12-7 RTA (KSHV ORF50)

kshv-miR-K12-9 RTA (KSHV ORF50), BCLAF1

kshv-miR-K12-10a BCLAF1

kshv-miR-K12-11 MYB, IKKε

kshv-miR-K12-1 THBS1 Cell adhesion,
migration, and
angiogenesis

kshv-miR-K12-3 THBS1

kshv-miR-K12-6 THBS1, Bcr, SH3BGR

kshv-miR-K12-11 THBS1

kshv-miR-K12-1 CASTOR1, STAT3,p21
Promote

tumorigenesis, Cell
survival

kshv-miR-K12-4 CASTOR1

kshv-miR-K12-10a TGFBR2

kshv-miR-K12-10b TGFBR2

kshv-miR-K12-11 SMAD5

kshv-miR-K12-1 MICB

Immune evasion
kshv-miR-K12-3 C/EBPβ p20 (LIP)

kshv-miR-K12-5 MYD88

kshv-miR-K12-7 C/EBPβ p20 (LIP), MICB

kshv-miR-K12-9 IRAK1

kshv-miR-K12-11 C/EBPβ

kshv-miR-K12-1 MAF
Differentiation of

infected cellskshv-miR-K12-6 MAF

kshv-miR-K12-11 MAF/BACH-1

HPV
HPV16-miR-H1 BCL11A, CHD7, ITGAM, RAG1, TCEA1

Immune evasion
HPV16-miR-H2 SP3, XRCC4, JAK2, PKNOX1, FOXP1

HBV
HBV-mir-2 TRIM35 Promote

tumorigenesis

HBV-mir-3 HBsAg, HBeAg, HBc Self-replication

MCPyV MCV-miR-M1-5p SP100 Immune evasion

MCV-miR-M1 RUNX1 Viral proliferation
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2. Epstein–Barr Virus (EBV)

The Epstein–Barr virus (EBV) is a ubiquitous lymphotropic gamma herpesvirus able to infect >95%
of individuals during childhood and early adolescence. It usually causes an asymptomatic infection
without significant illness, except some cases in which it may cause infectious mononucleosis [16].
After primary infection, EBV silently inhabits mainly the long-lived memory B cells of infected
individuals. In immunocompromised patients, including organ transplant and AIDS patients, in
southern Chinese patients, sub-Saharan African children, and other particularly susceptible groups,
EBV is linked to a range of cancers and other disorders [16]. In the context of immunosuppression,
post-transplant lymphoma, Hodgkin’s disease, African Burkitt’s lymphoma, and nasopharyngeal
carcinoma are the malignancies most consistently and significantly associated with EBV [17]. The
study of EBV and its potent growth-transforming action on infected lymphocytes associated with
tumors points to specific interactions between environmental, genetic, and viral factors [18]. The
EBV life cycle consists of a latent and lytic phase [19]. During the lytic cycle, EBV expresses its full
set of viral genes [20]. In the lifelong latent phase, EBV infection establishes different transcription
programs expressing a limited quantity of viral genes [21]. The pattern of EBV gene latency expression
is essential for its genome maintenance and could be a key component of the puzzle of EBV-induced
cancers [16,22]. V-miRNAs were detected for the first time in EBV [23] and, to date, a total of 44
mature miRNAs from 25 miRNA precursors have been encoded [24]. Recent evidence strongly
suggests a role of EBV-encoded miRNAs in driving the initiation and progression of EBV-associated
malignancies [8]. EBV encodes 44 miRNAs transcribed from two regions: the BamHI-A region
rightward transcript (BART), with 22 miRNA precursors (ebv-mir-BART1-22) producing 40 mature
miRNAs; and the BamHI fragment H rightward open reading frame 1 (BHRF1) clusters [25], with three
miRNA precursors (ebv-mir-BHRF1-1, -2, and -3) producing four mature miRNAs [24]. As for the EBV
genes, v-miRNA expression is infection-stage-dependent. BART miRNAs are transcribed in all stages
of latency, although more associated with latency types I and II [26]. In contrast, BHRF1 miRNAs
are amply expressed in type III latency, but nearly undetectable in latency types I and II [27]. All
EBV-infection-associated human tumors display latency programs and related v-miRNA expression,
spanning from latency I in BL, NK/T-cell lymphoma, and EBV aGC, to latency II in Hodgkin’s
disease and nasopharyngeal carcinoma (NPC), and latency III in EBV-associated B lymphoma and
Post-transplant lymphoproliferative disorder (PTLD) [28]. Several studies have pointed out that EBV
miRNA clusters take part in tumor progression by targeting tumor-suppressing genes and repressing
anti-proliferation genes. For example, ebv-mir-BART1 in NPC samples, is able to significantly up-
and downregulate a number of genes fundamental for cell metabolism, including PAST1, PHGDH,
DHRS3, ASS1, IDH2, PISD, UGT8, and LDHB [29]. Ebv-mir-BART5-5p plays an anti-apoptotic role
by directly acting on the pro-apoptotic gene PUMA [30] and suppressing the p53 protein in various
stomach cancer and NPC cell lines [31]. Other evidence has shown that ebv-mir-BART5-5p, together
with ebv-mir-BART1-3p and ebv-mir-BART7-3p, promotes NPC cell metastasis by targeting the cellular
tumor suppressor PTEN [32,33]. In BL, the regulation of PTEN by ebv-mir-BART6-3p promotes cell
proliferation and inhibits cell death [34]. In addition, in NPC cells, ebv-mir-BART22 promotes metastasis
by targeting N-myc downstream regulated gene 1 (NDRG1), known to be a tumor suppressor [35]. In
gastric cancer cell lines, ebv-mir-BART4-5p reduces Bid expression, leading to reduced apoptosis [36].
In nasopharyngeal carcinoma cells, ebv-mir-BART22 has been shown to have proliferative and invasive
abilities through the regulation of MAP3K5 [37]. Ebv-mir-BART20-5p has been found to shorten
apoptosis, strengthen cell growth, and contribute to carcinogenesis of EBVaGC by directly acting on
BAD [38]. In NPC and GC, ebv-mir-BART11-3p and 5-p induce cancer cell proliferation through the
suppression of forkhead box P1 (FOXP1) [39]. Interestingly, ebv-mir-BART9, through the regulation of
of E-cadherin expression, has been confirmed to induce epithelial–mesenchymal transition (EMT) and
thus promote metastasis [39,40]. In addition, ebv-mir-BART10-3p, through the inhibition of BTRC,
essential in the ubiquitination and degradation of β-catenin, induces invasion and metastasis and is
thus associated with poor prognosis in NPC patients [41]. Among the mechanisms by which EBV may
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influence host cell equilibrium, it has been postulated that EBV-infected cells can transfer viral miRNAs
via exosomes and thus influence host gene expression in uninfected recipient cells [42]. It has been
previously demonstrated that ebv-mir-BART13 can be transferred from B cells to salivary epithelial
cells where it downregulates STIM1 protein and decreases activation of NFAT and NFAT-dependent
transcriptional activity [43]. In addition, we showed the selective packaging of two v-miRNAs,
ebv-mir-BART3 and ebv-mir-BHRF1-1, into the exosomes in a lymphoblastoid cell line [44]. The first,
ebv-mir-BART3, addressed importin 7 (IPO7), inducing the pro-inflammatory cytokine IL-6 [24]. The
second, ebv-mir-BHRF1-1, downregulated host p53 [45].

EBV produces different miRNAs involved in the immunomodulation of both aspecific and
specific immunity. Concerning innate immunity, different EBV miRNAs seem to have the ability to
influence inflammation and chemotaxis (Figure 2). Ebv-mir-BART6-3p directly binds to RIG-1 mRNA,
causing the impaired production of different antiviral cytokines [46]. Moreover, ebv-mir-BART-6-3p,
in association with host-derived miR-197, acts on IL-6R mRNA and is involved in the impairment of IL-6
signaling [47]. Host mRNA CREBBP is the target of ebv-mir-BART16 with consequent inhibition of type
I interferon signaling [48], which favors the enhancement of viral replication. Ebv-mir-BHRF-1-2-5p
acts on interleukin-1 (IL-1) signaling by targeting IL-1 Receptor 1, blocking the activation of host
innate immune responses following virus infection [49]. Another EBV-derived miRNA that limits
inflammation, an advantage for its own purposes, is ebv-mir-BART15, which regulates both IL-1β
production and the NLRP3 inflammasome [50]. Most of the effects of EBV-derived miRNA on
the acquired immune system are related to MHC-restricted antigen processing and presentation.
Indeed, ebv-mir-BART2 acts on CTSB mRNA and interferes with MHC-I antigen processing, while
ebv-mir-BHRF1-3, targeting TAP2, blocks peptide transport to MHC-I [51]. Ebv-mir-BART1-5p also
causes an impaired antigen presentation because of its action on LY75 mRNA, which encodes an
endocytic receptor involved in antigen capture and processing [52]. Ebv-mir-BART1 and BART2,
respectively, act on IFI30 mRNA and LGMN mRNAs, inducing the inhibition of MHC-II-restricted
antigen processing [52]. Moreover, EBV-derived miRNA targets genes involved in T cell chemotaxis
and polarization; ebv-mir-BART1, -BART2, -BART10, -BART22, and -BHRF1 act on IL12B mRNA
preventing the polarization of CD4+ T helper cells toward antiviral Th1 subtype [49], while BHRF1-3
targets CXCL11 mRNA, with the consequence of inhibiting the activated T cells’ chemotaxis [53].
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Collectively, these studies have highlighted the capability of EBV miRNAs to modulate tumor
cell proliferation through complicated regulatory networks including tumor suppressor genes, cell
apoptosis, and control of the viral oncogenic protein functions.

3. Kaposi’s Sarcoma Herpesvirus/Human Herpesvirus-8 (KSHV/HHV8)

HHV-8, a member of the Herpesviridae family, is an oncogenic virus. HHV-8 shares with EBV
the ability to establish a chronic infection in lymphocytes, which are its main reservoir [54], but also
in macrophages, keratinocytes, and endothelial cells [55], and to induce cellular transformation [56].
HHV-8 infections are notably threatening in immunocompromised patients, such as those with AIDS
or patients with transplants or under chemotherapy treatment [8]. Alongside Kaposi’s sarcoma,
from which its alias KSHV (Kaposi’s-sarcoma-associated herpesvirus) was taken [57], HHV-8 is
considered the etiological cause of primary effusion lymphoma (PEL) [58] and multicentric Castleman’s
disease [59]. HHV-8 has a dsDNA genome encoding for more than 90 open reading frames (ORFs).
In addition, HHV-8 encodes for 25 mature miRNAs, deriving from 12 viral pre-miRNAs [60]. All the
HHV-8 miRNAs are under the control of latent kaposin promoter. Except for kshv-miR-K10 and
kshv-miR-K12, which are expressed more during the lytic phase [61], the majority of the pre-miRNA
genes are expressed during the latent phase of virus infection [62] and are located between the
sequence for kaposin and open reading frame 71 [62]. As for EBV, HHV-8 latency is the phase of KSHV
infection where the v-RNAs cooperate in viral replication and thus contribute to oncogenesis. As
an example of this mechanism the KSHV miRNAs kshv-miR-K5, kshv-miR-K7-5p, kshv-miR-K9-5p,
kshv-miR-K3, and kshv-miR-K4 have been shown to endorse latency by targeting the KSHV lytic
switch protein, either directly or indirectly [63]. The final goals of KSHV miRNAs are immune
evasion, avoidance apoptosis, and contribution to tumorigenesis. For example, kshv-miR-K12-1,
-3, and -4-3p target and inactivate the inducer of apoptosis, Casp3, blocking apoptosis [64], while
kshv-K12-1 functions as an oncogene by activating NF-κB/IL-6/STAT3 signaling [65]. Kshv-mir-K12-3
has been demonstrated to be a promoter of cell migration and invasion by targeting GRK2/CXCR2/AKT
signaling [66], and kshv-miR-k12-1-5p has been shown to be a promoter of the proliferation, migration,
and invasion of KS cells by suppressing cytokine signaling 6 (SOCS6) [67]. It has also been demonstrated
that kshv-miR-K1-5p and kshv-miR-K4-5p directly target CASTOR1, inhibiting its expression and
activating the mTORC1 pathway with the final result of promoting tumorigenesis [68]. It has also
been shown that kshv-mir-K10a targets tumor necrosis factor-like weak inducer of apoptosis receptor
protein (TWEAKR), thus preventing TWEAK-induced apoptosis and inflammatory cytokine (IL8)
expression [69]. Interestingly, HHV-8 encodes for miRNAs which share perfect seed homology with
cellular oncomiRNAs such as kshv-mir-K12-10, which is a viral orthologue of hsa-mir-142-3p [11]; both
miRNAs have been shown to inhibit the TGF-β pathway by targeting the TGF-β type II receptor [70].
Another example of this mechanism comes from kshv-mir-K12-11, a homolog of hsa-mir-155 [71],
which targets IKKε, BACH-1, and SMAD5 and downregulates the expression of the basic region/leucine
zipper motif transcription factor C/EBPb, a regulator of interleukin-6 [10]. The last known, so far,
is kshv-mir-K3, a homolog of hsa-mir-23 with which it shares anti-apoptotic functions by targeting
caspase 3 and caspase 7 [12].

Some of the 25 miRNAs encoded by KSHV/HHV8 play an important role in viral latency infection
in host cells, targeting key genes and their signaling pathways (Figure 2), interfering with immune
surveillance and thus contributing to the development of KS [72]. Two KSHV/HHV8 -derived miRNAs,
kshv-mir-K12-5 and kshv-mir-K12-9, affect the secretion of inflammatory cytokines, targeting MYD88
and IRAK1, respectively, which are components of TLR/IL-1R-mediated signaling [73]. Kshv-mir-K12-11
acts on the primary response to antiviral immunity by targeting IKKεwith the consequent impairment
of type I-IFN signaling [74], while kshv-mir-K12-10 reduces the production of IL-6 and IL-10 by
targeting TWEAKR [73]. Kshv-mir-K12-3 and kshv-mir-K12-7, targeting C/EBPβ, modulate cytokine
secretion by immune cells such as monocytes or NK lymphocytes [75]. RAB3B and RAB3D are two
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genes targeted by kshv-mir-K12-3, which not only alter cytokine production, but also attenuate bacterial
phagocytosis [76].

4. Human Papillomavirus (HPV)

Papillomaviridae is a taxonomic family of non-enveloped DNA tumor viruses that infect both
mucosa and cutaneous epithelial cells [77]. To date, 226 genotypes of human papillomavirus (HPV)
have been identified [78]. Its circular DNA genome encodes for six nonstructural genes (E1, E2, E4, E5,
E6, and E7) and two viral assembly genes (L1 and L2). In particular, E1, E2, and E4 are involved in
viral replication, while E5, E6, and E7 are involved in HPV-induced cellular transformation [79,80].
In relation to the ability of HPVs to trigger malignant cellular progression, these viruses are classified
as high-risk (HR) and low-risk (LR)-HPVs. LR-HPVs typically cause benign epithelial lesions that may
progress to malignant lesions [81], whereas HR-HPVs are associated with cervical carcinomas [82].

Different works have shown that some viruses, including different HPV genotypes, are able
to code miRNA-like species, and these miRNAs may be involved in virus-induced carcinogenesis.
Unfortunately, very little information is available on the mechanisms by which HPV-encoded miRNAs
play a role in the promotion and/or progression of human cancer; this is probably partly due to a lack
of proper study models for the various HPV types.

Recently, to characterize new HPV-encoded miRNAs, Chirayil et al. applied a new approach
for miRNA discovery based on forced genome expression. They showed that four different HPV
genotypes are mainly involved in the synthesis of miRNAs: HPV17, 37, 41, and a Fringilla coelebs
HPV (FcPV1). These data were validated by in vitro assays on cell cultures, and two FcPV1 miRNAs
were also found in vivo in a natural host. Interestingly, HPV41-miRNAs and FcPV1-miRNAs are
involved in the control of HPV life cycle [83]. In other recent studies, Weng et al. showed that
HPV-miRNAs differ in their number depending on the HPV species [15], and Virtanem et al. revealed
that miRNAs belonging to HPV-16 species such as miR-H1, miR-H3, miR-H5, and miR-H6 were found
in tumor samples [84]. Qian et al. recognized nine putative HPV-encoded miRNAs, (HPV6-mir-H1,
HPV16-mir-H1, HPV16-mir-H2, HPV16-mir-H3, HPV16-mir-H5, HPV16-mir-H6, HPV38-mir-H1,
HPV45-mir-H1, and HPV68-mir-H1) through tissue sequencing of human cervical lesion and cell lines.
These miRNAs are upregulated in chronic infection, interfering with different pathways including
regulation of the cell cycle, immune responses, and cell adhesion/migration, and therefore they may be
involved in the susceptibility of tissue to transformation [85]. In particular, as depicted in Figure 2,
HPV16-derived miRNAs such as miR-H1-1 and miR-H2-1 target different genes involved in immune
system regulation. Indeed, miR-H1-1 is able to both inhibit T-cell activation and immune system
development, targeting BCL11A, CHD7, ITGAM, RAG1, and TCEA1 genes [85]. Similarly, miR-H2-1
targets different protein involved in both T-cell activation (PKNOX1, SP3, XRCC4) and immune system
development (JAK2, PKNOX1, SP3, XRCC4, FOXP1) [85]. Due to the central role of the viral immune
escape for the development of virus-related cancers, this could represent a crucial mechanism for
HPV-associated cancers. Qian et al. also showed that transcriptional enhancer factor 1 (TEF-1) is
a target of HPV-16-encoded miRNAs [85]. Interestingly, this gene regulates cell proliferation and
migration, and it binds and activates the early HPV 16 promoter of E6 and E7 [86,87]. E6 is able to
induce the degradation of p53 protein [88], while E7 induces the degradation of the retinoblastoma
protein, causing release of E2F, with consequent activation of transcription of the target genes and
overcoming of proliferation arrest [89]. Therefore, downregulation of E6 and E7 by HPV-encoded
miRNA through TEF-1 could thus lead to increased cell cycle arrest of HPV-infected cells for cell cycle
normalization controls and persistent HPV infection (Figure 3). These mechanisms could represent
indirect processes by which HPV-encoded miRNAs affect tumorigenesis through the controls of major
pathways involved in the carcinogenesis of host cells.
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Figure 3. Viral miRNAs affect the pathways involved in the carcinogenesis of host cells. The picture
depicts changes to cellular fate because of viral miRNAs. Genomic instability due to viral infection
can induce activation of the p53 pathway, which in turn supports both DNA damage responses and
cell cycle arrest. In relation to viral infection context, viral miRNAs can affect abortive cell fates such
as programmed cell death with consequent cancer transformation. Arrows signify that the factor or
process promotes the effect it points to, while blocking arrows signify inhibition. Orange ellipses
represent viral proteins, grey ellipses represent host cell proteins, green boxes represent stages of the
lytic phase of viral life cycle and blue boxes represent cellular processes affected by viral miRNAs
during the viral latent phase.

Conversely, it has been shown that HR-HPVs are also responsible for both upregulation of
oncogenic host miRNAs and downregulation of tumor-suppressive host miRNAs, influencing both
viral replication and HPV-induced carcinogenesis [90]. This is because HPVs are able to integrate
into the genome at the sites where specific miRNAs are frequently located [90]. Furthermore, the
expression of many host miRNAs is regulated by HPV proteins (E6 and E7) and the E2F protein of the
host cells [91]. As mentioned above, HPV-16-encoded miRNAs are able to regulate E6, E7, and E2F
and, therefore, they can potentially regulate the expression of host miRNAs. Different results obtained
using the K14-HPV16 transgenic mice model showed that the expression of deregulated host miRNAs
in non-neoplastic samples could regulate the vulnerability to oncogenesis induced by HPV-associated
mechanisms [92,93].
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Based on current knowledge, the action of HPV-encoded miRNAs in the carcinogenesis process
seems to be indirect, regulating, for example, HPV oncogenic proteins such as E6 and E7 which, in turn,
regulate the tumorigenesis pathways of host cells. Moreover, HPV-encoded miRNAs could regulate
key proteins for inhibition of the immune system allowing viral immune escape and the development
of HPV-related cancer.

The characterization of the complete genomes of HPV subtypes by bioinformatics methods also
allows the prediction of potential v-miRNAs and their target genes, providing a fundamental tool for
understanding the role of HPV-encoded miRNAs in the carcinogenesis process of HPV-associated
cancers [15]. Further studies are needed to discover new HPV-encoded miRNAs and their implications
for both virus infection and carcinogenesis.

5. Hepatitis B Virus (HBV)

In contrast to oncoviruses such as EBV, KSV, and HPV, which dysregulate cellular tumor suppressor
activities inducing oncogenicity by affecting p53 and pRB, other viruses do not have a straight correlation
with neoplastic transformation. Among them Hepatitis B (HBV) and Hepatitis C viruses (HCV) have
been associated, respectively, with 53% and 25% of hepatocellular carcinomas [94]. Hepatocellular
carcinoma (HCC) represents the third most common cause of cancer-related death worldwide [95].
Liver cancer is often associated with HBV and/or HCV infection; however, the molecular mechanisms
whereby these viruses induce HCC are still not completely elucidated.

HBV belongs to the Hepadnavirus family, and is a hepatotropic virus that possesses a partially
double-stranded DNA genome in a relaxed circular DNA (rcDNA) form. This DNA is converted
into a covalently closed circular DNA (cccDNA) via the cellular apparatus and organized as a viral
minichromosome [96]. Recently, a new viral miRNA involved in HCC was isolated from HBV:
HBV-mir-2 [97]. HBV-mir-2 acts in a dual mode by suppressing TRIM35 (tripartite motif containing 35)
and stabilizing RAN (ras-related nuclear protein) mRNA by binding to their 3′UTRs [97]. TRIM35
in hematopoietic cells induces apoptosis and inhibits cell proliferation, and for this reason it is
described as tumor suppressor [97]. RAN is a protein that is correlated with cell cycle control,
nucleocytoplasmic shuttle, and cell transformation. Overexpression in hepatic cell lines (HepG2, Huh7)
induces epithelial–mesenchymal transition (EMT), whereas its silencing decreases EMT [97]. RAN is
correlated with proliferation, migration, and invasion in ovarian cancer [98] and in HCC [97]. Moreover,
these hepatotropic viruses contribute to HCC in an indirect manner by establishing chronic infection;
this effect is linked to the long-lasting infection that induces recurrent liver inflammation by the host
immune system. In a recent report, it was demonstrated that HBV itself modulates its replicative
activity via an endogenous miRNA: HBV-mir-3 [99]. The authors demonstrated that this miRNA
represses HBV protein expression and viral production to avoid major damage to the infected cells.
In particular, HBV-mir-3 suppresses HBsAg, HBeAg, and HBc protein expression and the intermediate
HBV’s DNA replication. The same authors pointed out that the infection persistence has a carcinogenic
implication mainly because chronic HBV infection contributes to the occurrence of mutations. In this
way, HBV-mir-3 indirectly promotes HCC onset [99].

6. Hepatitis C Virus (HCV)

HCV belongs to the Flaviviridae family and it was first discovered in 1989, when a complementary
DNA clone encoding for an antigen was associated specifically with NANBH (non-A, non-B hepatitis)
infections [100]. It is an RNA virus with a single-stranded positive genome (+) that principally infects
hepatocytes [101]. After infection, viral RNA is translated via the cellular ribosomal apparatus and the
HCV positive strand is copied, generating a replicative intermediate (RI) with a negative strand (−).
One of the mechanisms by which HCV can induce oncogenic transformation is the induction of double
strand brakes (DSBs) [102] and oxidative stress [103].

The HCV genome is targeted by cellular miRNA; in particular, has-miR-122, one of the most
abundant liver miRNAs, binds two sites (one in the 5′UTR and one in the 3′UTR) in the viral RNA,
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enhancing its replication [104]. Has-miR-122 inhibition by LNA reduces HCV in vitro and in vivo
and has been tested in several clinical trials [105,106], demonstrating the efficacy of this treatment
without adverse effects. HCV/has-miR-122 binding does, however, have an effect on the induction
of HCC [107]. Luna and coworkers demonstrated that miR-122 co-immunoprecipitates with Ago in
association with HCV RNA, which thus acts as a has-miR-122 sponge. It is noteworthy that miR-122
knockout induces liver diseases and HCC [108,109].

Like miR-122, mir-199a* has been described as an HCV genomic RNA binder. Mir-199a* has been
demonstrated to inhibit HCV RNA replicative activity by binding a region in the HCV 5′-UTR (domain
II of the IRES region), a highly conserved region among the different HCV genotypes [110]. In addition,
mir-199a* has been demonstrated to co-immunoprecipitate with Ago2 [110] and to inhibit HCV RNA
replicative activity, inducing Ago2 binding to HCV RNA. This mechanism is responsible for a HCV
feedback loop that can control the persistence or downmodulation of the virus in the infected cells.
In other studies, it has been demonstrated that HCV RNA is not found in cells with HCV-induced
mutations, suggesting a “hit and run” mechanism for neoplastic transformation [102]. Surprisingly,
and yet to be validated, mir-199a* was recently described as an HCV miRNA by VIRmiRNA, a database
for experimentally validated v-miRNAs and their targets [111]. For this reason, miR-199a* could be an
interesting objective for targeted HCC therapy.

7. Merkel Cell Polyomavirus (MCPyV)

Merkel cell polyomavirus (MCPyV) is a mammalian, double-stranded DNA polyomavirus [112],
which causes a lifelong but inoffensive infection [113]. In immunosuppressed patients, such as
solid-organ-transplanted or autoimmune-condition-affected patients, the presence of MCPyV increases
the occurrence of Merkel cell carcinoma, a neuroendocrine skin cancer [114,115]. The MCPyV genome
is long (5386 bp) and encodes for two early antigens, long LT and small sT-Ag, and two late structural
antigens, VP1 and VP2 [116,117]. In addition, it has been reported that two miRNAs, mcv-miR-M1-5p
and -3p, edited from a single miRNA precursor [118], are the only miRNAs expressed by actively
replicating MCPyV genomes [119]. The miRNA precursor is expressed from the antisense strand of
the LT ORF and shows perfect sequence complementarity to a region in exon 2 of the MCPyV LT
mRNA transcript [120]. The first evidence for the roles played by mcv-miR-M1 miRNAs indicates
the capability to autoregulate early viral gene expression at late stages post infection [118]. The
demonstrated regulation of expression of the large T-antigen could potentially lead to the evasion
of immune surveillance [118]. Akhbari et al. ran an in silico analysis of the mcv-miR-M1-5p seed
sequence and found the direct targeting of SP100, an intrinsic antiviral protein, leading to a reduction
in the secretion of CXCL8 with a final effect of the subversion of the host-cell immune response [120].
By analyzing the seed region, Lee at al. built a list of predicted human target genes of the experimentally
observed mature mcv-miR-M1 which could be relevant for tumorigenesis processes [121]. Predicted
targets include PIK3CD and PSME3, responsible for antigen presentation by the host cell [122,123],
which are potentially involved in mediating the host immune response against MCPyV [121]. Another
predicted target of mcv-miR-M1 is RUNX1, a transcription factor known to play the roles of an oncogene
and an anti-oncogene in epithelial tumors. By downregulating RUNX1, it has been suggested that
mcv-miR-M1 could aid the viral life cycle transition from early to late [121] and affect polyomavirus
replication [124].

8. Conclusions

Viruses have developed a complex symbiotic system by which to access and regulate host
transcriptional machinery. Among these, the discovery of the first miRNAs coded by a virus by Pfeffer
et al. [23] paved the way for a very new field of interest: viral mechanism interpretation. Viral miRNAs
are ideal tools, because of their non-immunogenicity, to induce immune invisibility of infected cells [8].
The best-known and studied viral miRNAs are the herpetic ones, as is their transcriptional process. Less
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is known about newly discovered miRNAs, such as for HBV, HVC, and MCPyV, but this fascinating
and new mechanism of transcription regulation will surely be the subject of further studies.

In general, viral latency is the phase in which the majority of v-miRNAs are transcribed, serving
as an immune evasion strategy and thus regulating host processes in order to promote cell survival.
The occurrence of cancers driven by so-called oncoviruses must be considered an unexpected,
unfortunate side effect of the infection itself, decreasing transmissibility and replication fitness. In the
case of immunosuppressed populations, cancers caused by tumor viruses have an even more increased
occurrence [3] suggesting the deep relationship between viruses and the immune system. In this review,
we focused our attention on the miRNAs encoded by the viruses EBV, KSHV/HHV-8, HPV, HBV, HCV,
and MCPyV These viruses are been related to cancer occurrence in many different populations, but
especially in immunosuppressed populations such as HIV or transplant patients. Recently, it has been
shown that these viruses produce different oncoviral proteins that cause functional impairment of p53
activity, which is a crucial mechanism of virus-related carcinogenesis [125]. Interestingly, v-miRNAs
also seem to have p53 as the main target, which therefore becomes an even more central mechanism by
which these viruses can induce oncogenetic processes (Figure 3).

Due to v-miRNA effects, ranging from increasing viral proliferation and increased virulence
to tuning the host immune responses, it is not surprising that viral miRNA expression shows great
therapeutic potential and represents an appealing antiviral strategy for the miRNA-based treatment of
viral infections. Moreover, v-mirRNAs are now the most promising tool for measuring virus infective
and reproductive status, with significant value as diagnostic and prognostic biomarkers. Once the
mechanism behind v-miRNA actions is more elucidated and clarified, they may really be used for the
early diagnosis of virus-related tumors.
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Abstract: Glioblastoma multiforme (GBM) is the most common high-grade intracranial tumor in adults.
It is characterized by uncontrolled proliferation, diffuse infiltration due to high invasive and migratory
capacities, as well as intense resistance to chemo- and radiotherapy. With a five-year survival of less
than 3% and an average survival rate of 12 months after diagnosis, GBM has become a focus of current
research to urgently develop new therapeutic approaches in order to prolong survival of GBM patients.
The methylation status of the promoter region of the O6-methylguanine–DNA methyltransferase
(MGMT) is nowadays routinely analyzed since a methylated promoter region is beneficial for
an effective response to temozolomide-based chemotherapy. Furthermore, several miRNAs were
identified regulating MGMT expression, apart from promoter methylation, by degrading MGMT
mRNA before protein translation. These miRNAs could be a promising innovative treatment
approach to enhance Temozolomide (TMZ) sensitivity in MGMT unmethylated patients and to
increase progression-free survival as well as long-term survival. In this review, the relevant miRNAs
are systematically reviewed.

Keywords: glioblastoma; miRNA; MGMT; survival; radiotherapy; chemotherapy; temozolomide;
translational medicine

1. Introduction

Cancer is one of the leading causes of death worldwide with 14 million new cases diagnosed and
eight million deaths every year. With 256,000 cases per year, tumors of the central nervous system
account for 2% of all diagnosed cancers and are therefore the 17th most common cancer [1]. Each year
the American Cancer Society compiles a cancer statistic for the USA, estimating the annual cancer
incidences and mortalities based upon mortality data from 1930 to 2017 and incidence data from 1975
to 2016 [2]. For 2020, they estimate 23,890 new brain and other nervous system cases with 18,020
deaths [2]. Although the yearly incidence rate with 4-8 cases per 100,000 worldwide is relatively low,
mortality rates are significantly high, making it the 12th most frequent cause of cancer-related deaths.
The most common primary malignancy of the central nervous system is Glioblastoma multiforme
(GBM) [1].

Glioblastoma multiforme is one of the most common and most aggressive primary brain tumors
with a five-year survival of less than 3% [3] and an increasing incidence rate [4]. In recent years, the
mechanisms explaining the radio- and chemoresistance of glioblastoma have been extensively studied
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but are still poorly understood. Radiotherapy with concomitant or adjuvant temozolomide-based
chemotherapy following surgery has become the standard treatment for GBM [5]. However,
short median survival is still observed in patients with an unmethylated promoter region of the
O6-methylguanine–DNA methyltransferase (MGMT) [6]. Despite the minor benefit of additional
Temozolomide (TMZ) to unmethylated patients and regardless of the treatment regimen, MGMT
promoter methylation status is routinely investigated in all patients after surgery as an independent
prognostic biomarker. Therefore, an unmethylated MGMT promoter is an inherent prognostic indicator
for poor overall-survival, which demonstrates the urgent need for the identification of new prognostic
factors, especially for these patients. For this specific patient group, tailored study concepts have been
performed with intensified TMZ or with concepts omitting TMZ but adding novel potentially effective
substances such as Vascular Endothelial Growth Factor (VEGF)-inhibitors, integrin-antagonists or
other molecular targeted substances. To date, all of these studies were negative and have not offered
additional benefit [7–10].

In recent years, circulating microRNAs have been extensively studied as tumor biomarkers to
predict therapy outcome and to follow up therapy response. miRNAs are endogenous, single-stranded,
non-coding small RNA molecules with a length of about 22 nucleotides [11]. The interaction of
miRNAs with the target mRNA leads to the degradation or translational repression of the target mRNA,
which ultimately results in the down-regulation of the designated protein. This regulatory network
of miRNAs affects many different biological functions and therefore represents a great potential for
clinical applications [12]. The up- or down-regulation of miRNAs in tumor cells is deterministic for
either a tumor-suppressive or an oncogenic characteristic of the respective miRNA [12].

In this manuscript, the relevant literature investigating the relationship between different miRNAs
and glioblastoma was systematically reviewed and the results were analyzed to evaluate the value of
different miRNAs in the treatment of GBM.

2. Glioblastoma Multiforme

The 2007 World Health Organization (WHO) classification of tumors of the central nervous
system [13] is mainly based on microscopic analyses of hematoxylin and eosin-stained sections,
immunohistochemistry of lineage-associated proteins and characterization of ultrastructures. Important
characteristics include nuclear atypia, mitotic activity, vascularization, necrosis, pleomorphism and
microvascular proliferation [14]. In the updated version from 2016 [15], molecular markers are taken
into account proposing a more detailed classification of glioblastoma. GBM is classified as grade IV
diffuse astrocytic tumor and is characterized by uncontrolled cellular proliferation, diffuse infiltration
and intense resistance to radiotherapy [3]. Due to increasing evidence towards a different origin
of primary and secondary GBM [16–19], GBM is now subdivided into isocitrate dehydrogenase
(IDH)-wildtype, IDH-mutant and not otherwise specified (NOS) glioblastoma. NOS glioblastoma
are either primary or secondary glioblastoma, but a full evaluation of the IDH status is either
inconclusive or not performed due to the patient’s age [15]. IDH-wildtype or primary glioblastoma
develops rapidly within 3-6 months directly from glial progenitor cells and is characterized by diffuse
infiltration, extensive necrosis and a unique mutation pattern [1]. EGFR amplification [17], PTEN
mutation [18,20,21] and loss of chromosome 10 [17,18,20] are particular features of primary GBM, as
well as the older age of the patients. The median age at diagnosis is 62 years with a male-to-female ratio
of 1.46 [14,20], and the median overall-survival is 15 months [15]. A total of 90% of all glioblastoma
are primary glioblastoma [14,15]. IDH-mutant or secondary glioblastomas, in contrast, develop over
several years from low-grade astrocytomas (WHO grade II) and anaplastic astrocytomas (WHO grade
III) and feature a different, unique mutation pattern, which was postulated to be the result of a sequential
acquisition [1,19,22,23]. This pattern includes a TP53 mutation [1,17,20], LOH on chromosomes 10q
and 19q [1,17,18,20,24] as well as deletion of p16 [20,25] and inactivation of RB [20,23,25]. Median age
at diagnosis is 44 years with a median overall-survival of 31 months and a male-to-female ratio of
1.12 [14,15,19,20]. Although there is no universally accepted glioblastoma stem cell marker and there
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might be several stem cell markers [26], CD133 expression is significantly higher in primary, compared
to secondary glioblastoma [27]. This might explain the intense resistance to chemo- and radiotherapy
of primary glioblastoma due to the presence of potential glioblastoma stem cells.

2.1. Current Treatment of GBM

Treatment of patients with GBM is always interdisciplinary. For all treatments, the strongest
prognostic factors are patient’s age, performance score, tumor volume as well as molecular
characterization. Imaging information from magnetic resonance imaging (MRI), computer tomography
(CT), positron-emission tomography (PET) as well as other functional imaging, such as 5ALA, provide
a basis for solid characterization of tumor extension. After imaging diagnosis, surgical resection of
the tumor mass is crucial to relieve symptoms such as headache, vision and memory problems as
well as nausea [28] and should be performed following the rules of maximal-safe resection. Resection
allows for pathological examinations to confirm the diagnosis and to investigate several molecular
markers, such as MGMT and IDH status. The diffuse infiltrative characteristic, as well as extensive
vascularization into the surrounding healthy tissue, limits the complete resection of GBM and makes
recurrence highly possible [3]. Hence, complete surgical resection is almost impossible and, therefore,
surgery is followed by radiotherapy, generally concomitant with chemotherapy to eliminate tumor
cells in the microenvironment as well.

In the 1970s, BCNU (bis-chloroethylnitrosourea—carmustine) was discovered and since then
administered as an alkylating antineoplastic agent as it was shown to penetrate the blood brain barrier
(BBB) and to be effective in treating intracranial neoplasms [29]. However, the combination of BCNU
and radiotherapy did not significantly enhance median survival [29].

Since 2005, administration of the oral alkylating agent temozolomide (TMZ) presents the standard
agent for GBM patients, as it causes only mild side-effects and efficacy has been proven in clinical
trials [5]. It is given as a daily dose of 75 mg per m2 body-surface area for five consecutive days for
six weeks [28]. After four weeks, the dose is increased to 150 mg per m2. Adjuvant, conventional
radiotherapy is given in 30 fractions at 2 Gy to a total dose of 60 Gy over a period of six weeks [28].
Alternatively, hyperfractionated radiotherapy is given for 15 days with a total dose of 34 Gy in 3.4 Gy
fractions or in 15 daily fractions to a total dose of 10 Gy in 2.6 Gy fractions [28].

After radiochemotherapy with TMZ was introduced, it has been shown that patients with an
unmethylated MGMT promoter as well as older patients benefit less from TMZ [30]. However, it has
also been shown that even in elderly patients treated with short course radiotherapy concomitant
treatment improves outcome [31]. These inconclusive data argue for more accurate discrimination
of patient subgroups. A 4-miRNA signature consisting of let-7b-5p, miR-125a-5p, miR-615-5p and
let-7a-5p was proposed to assign patients into high- and low-risk groups [32]. Three of the four
miRNAs—let-7b-5p, let-7a-5p and miR-125a-5p—are tumor suppressive in GBM and are higher
expressed in the low-risk GBM group [32]. Only miR-615-5p does not show a tendency towards a
certain expression level in either risk group [32]. This leads to the promising conclusion that this
4-miRNA signature is associated with overall survival of GBM patients. This 4-miRNA could be used
to differentiate GBM patients and predict therapy outcome. Still, all possibilities should be evaluated
in newly diagnosed as well as recurrent patients, including surgery, radiotherapy and chemotherapy.
Again, the extent of surgical resection is crucial [33] and the benefit of radiotherapy for recurrent GBM
is evident for resected as well as unresected lesions [34–37].

Recurrence or progression is almost inevitable and is postulated after a median time of 32 to
36 weeks after treatment completion and a final mortality rate close to 100% [38]. This alone describes
the urgent need for treatment improvement and the discovery of alternative treatment regimes.

2.2. TMZ and MGMT

Since 2005, the standard treatment of glioblastoma involves early adjuvant chemotherapy with
the administration of TMZ [5,39]. TMZ is a prodrug from an imidazotetrazine derivative, which is
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stable in acidic pH and rapidly hydrolyzes by passing through neutral to basic pH [40–42]. Therefore,
it survives the gastric acid enabling an oral administration. Due to the lipophilic character of the
prodrug, it is able to penetrate the BBB [41]. Only in the brain, where the pH is around 7, spontaneous
ring-opening hydrolysis of the imidazotetrazine leads to the formation of the active alkylating metabolite
3-methyl-(triazen-1-yl) imidazole-4-carboximide (MTIC) intermediate [40]. MTIC, in turn, is unstable
at pH values below 7 but stable in an alkaline environment [42]. Further hydrolysis of MTIC forms
5-amino-imidazole-4-carboxamide (AIC) and methyl diazonium ions, which react with nucleophilic
sites on the DNA producing methyl adducts [41]. There are several sites for DNA methylation, such as
N7 (70%) and O6 (5%) of the base guanine as well as the N3 (9%) site of adenine [41,43]. However,
only the relatively rare site of the O6 position at the base guanine is of importance for the anti-cancer
activity of TMZ [41,42] and this site is, therefore, speculated to be mutagenic and cytotoxic [44,45].

During DNA replication, O6-methylguanine pairs with thymine creating a wobble base pair.
This mismatch is repaired by the DNA mismatch repair (MMR) pathway, which involves the recognition
of the mismatch via several mismatch recognition complexes [46]. Single-stranded DNA nicks are
created in close proximity to the wobble base pair allowing accessibility to the mismatched base
thymine, which is digested by the 5′-3′ exonuclease I [46]. Eventually, DNA polymerase δ fills the gap
with a new thymine [46,47]. Continuous rounds of thymine deletion and insertion eventually lead
to a depletion of deoxythymidine triphosphates (dTTP). Lack of dTTP will result in a lack of DNA
synthesis and ultimately causes cell death via DNA double-strand breaks [47].

MGMT or sometimes also called the O6-alkylguanine-DNA-alkyltransferase is a nuclear protein
involved in this mismatch repair pathway [48]. MGMT, therefore, protects not only normal cells
from apoptosis but also tumor cells. It removes alkyl groups, preferably methyl groups, from the
O6-methylguanine to counteract the futile circles of thymine deletion and insertion [49]. The removed
methyl groups are covalently transferred to a cysteine acceptor residue contained within the active site
of MGMT [50]. This results in a conformational change, which leads to degradation of the MGMT
protein. As the cysteine site is not regenerated, the reaction is a suicide reaction [50], which makes
MGMT a protein and not an enzyme [49]. Hence, the amount of methyl groups that can be removed
is limited to the amount of MGMT present in the cell, which is dependent on the MGMT promoter
methylation status. So, the absence or presence of MGMT mainly contributes to the chemoresistant
character of GBM [48,49].

MGMT, therefore, counteracts the therapeutic efficacy of TMZ and promotes treatment failure.
Stupp et al. discovered in their studies from 2000 to 2002 that administration of TMZ starting early
in the treatment course and adjuvant to radiotherapy increases median survival to 2.5 months and a
resulting survival rate of 27% [5]. This constant treatment regime makes dose escalation possible as
well as depletion of MGMT.

In 2005, Hegi et al. published that the promoter methylation status of MGMT is an important
prognostic biomarker to predict the TMZ chemotherapy outcome [39]. Overall survival of patients
with a methylated MGMT promoter who received radiotherapy plus temozolomide was significantly
increased compared to patients with an unmethylated MGMT promoter [39]. MGMT promoter
unmethylated patients have no or only little benefit from TMZ adjuvant to radiotherapy, which
suggests that other mechanisms play a role to overcome TMZ resistance. Since then, the MGMT
promoter methylation status in GBM patients is routinely investigated after surgery to predict which
patients would benefit most from TMZ.

Recent studies have shown that MGMT expression does not always correlate with MGMT
promoter status and that some individual patients with an unmethylated MGMT promoter show
comparable long-term survival [51]. This leads to the assumption that other mechanisms are active
in regulating MGMT expression, which includes miRNAs [52]. Therefore, new innovative and
personalized treatment options need to be developed, especially for patients with an unmethylated
MGMT promoter. Some compounds were already tested or are currently tested in clinical trials for the
treatment of unmethylated patients.
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2.3. Current Diagnostic and Prognostic Biomarkers for GBM

The most commonly analyzed biomarkers in GBM are currently IDH status, MGMT status, 1p/19q
co-deletion and ATRX loss [53]. There are, however, several classes of molecules, proposed to aim as
biomarkers for GBM detection, which are found in the blood, cerebrospinal fluid (CSF) and urine.

Proteins are detectable in all kinds of body fluids and can be easily withdrawn from the patient.
GBM-specific protein markers include VEGF, angiogenesis-associated proteins, extracellular matrix
proteins, matrix metalloproteinases, cell line associated proteins, macrophage migration inhibitory
factor (MIF) as well as functionally-related proteins, such as CD44 [53,54]. CD44 was shown as a
potential marker for survival outcome and treatment resistance [54]. All these have shown deviating
amounts and compositions in patients where tumor progression was observed [53].

Another class used for biomarkers are small molecules, such as lipids and metabolites. Due to
their low specificity and small size, they can only be used to verify a diagnosis after other markers
were tested positive [53].

Circulating tumor cells (CTCs), which are primary tumor cells circulating in the body via the
blood stream, for example, might be important in other cancers apart from GBM [53]. As GBM rarely
metastasizes and is described as a cranial-restricted tumor, CTCs might not be found in GBM patients
in blood samples [53].

Extracellular vesicles, secreted by the tumor and containing material characteristic of the parental
cells, can be found in the serum as well as the CSF. It is known, that GBM secrete exosomes, microvesicles,
apoptotic bodies and oncosomes containing the glioma-specific receptor of epidermal growth factor
(EGFRvIII), miR-21 as well as mutant IDH1 mRNA [53].

Circulating miRNAs have recently gained attention in research and present promising new
biomarkers [55]. They can usually be found in peripheral blood of GBM patients and plasma levels
of some miRNAs were already shown to be altered [56]. Some of these circulating miRNAs seem
predictive in early diagnosis and helpful during treatment monitoring [55].

2.4. Innovative Treatment Options for MGMT Unmethylated Patients

Apart from TMZ, other compounds and therapeutic candidates have also been discovered and
are currently tested for the treatment of unmethylated patients. Most of these compounds aim for
radiosensitization [10,57,58] affecting the DNA repair pathway or other related pathways. However, in
the following, two therapy alternatives will be presented, which target MGMT for radiosensitization.

2.4.1. O6-Benzylguanine

O6-benzylguanine is a guanine analog with antineoplastic activity and has been proposed to serve
as a therapeutic agent to improve efficiency of alkylating agents [59]. Since benzyl groups get displaced
faster compared to methyl groups, O6-benzylguanine would serve as an effective agent to inactivate
MGMT [60]. O6-benzylguanine binds to the active site of MGMT, thereby transferring the benzyl
moiety to the cysteine residue blocking the active site for methyl groups [47]. Dolan et al. have shown
that O6-benzylguanine enhances the cytotoxicity of alkylating agents, which specifically produce
O6-methylguanine [61]. They observed a direct correlation in vitro between increased effectiveness
of methylating agents upon O6-benzylguanine addition and depletion of MGMT [61]. Furthermore,
Dolan et al. have shown in vivo that already low doses of O6-benzylguanine completely deplete
MGMT activity [60]. However, to achieve long-lasting efficiencies, higher doses were required, which
exhibited increased acute cytotoxicities, especially to the hematopoietic system. The assumption that
due to the already low levels of MGMT in the bone marrow, the toxicity in the bone marrow would not
significantly increase should later be proven wrong [61].

Quinn et al. reported in a phase I trial [62] and in a phase II trial [63], where TMZ plus
O6-benzylguanine was administered to patients with recurrent, TMZ-resistant glioblastoma, that
myelosuppression was most commonly identified. Patients experienced grade 4 neutropenia, grade
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4 thrombocytopenia, grade 4 lymphopenia and grade 3 and 4 anemia, which required a TMZ dose
reduction in several patients. Although they observed MGMT depletion after O6-benzylguanine
administration in blood samples [62], they did not observe a TMZ sensitization in MGMT unmethylated
patients [63]. Therefore, O6-benzylguanine was not included in the standard therapy of GBM patients.

2.4.2. PARP Inhibitors

The poly(ADP-ribose) polymerase (PARP) family consists of 18 PARP enzymes mainly involved
in DNA damage repair and programmed cell death. PARP-1 and PARP-2 are activated upon DNA
damages caused, for example, by ionizing radiation or alkylating agents to repair the DNA damage
via the base-excision repair (BER) pathway [64]. Both, PARP-1 and PARP-2, were found to increase the
antitumor effects of cytotoxic agents and offer treatment options for chemo- and radiosensitization.

PARP-1 binds to the damage on the DNA and generates poly ADP-ribose (PAR) polymers
using NAD+. Further polymers are transferred to histones and chromatin-associated proteins on
the DNA [65]. Once the repair enzymes are recruited, PARP-1 is released from the DNA break to
give way for XRCC1. XRCC1 assembles the repair enzymes and factors onto the DNA to repair the
break. While the DNA is repaired, PARP-1 gets reactivated by the glycohydrolase PARG removing
the PARylations [65]. Therefore, PARP-1 enhances cell survival and mediates resistance to radio-
and chemotherapy.

PARP inhibitors either inhibit NAD+ binding and following PARylation or trap PARP, thereby,
blocking the damaged site for repair enzyme assembly [65]. Both lead to replicative stress and DNA
double-strand breaks [66].

Several PARP inhibitors are currently tested in phase I, II and III clinical trials, including olaparib,
iniparib, pamiparib, niraparib, veliparib, and talazoparib. Dungey et al. showed that olaparib
increased radiosensitivity of GBM cells in vitro due to collapsed replication forks after radiation
treatment [67]. They propose that the radiosensitizing effect occurs due to the replicating cells
necessitating a fractionated treatment regimen [67]. Here, the PARP inhibitor does not directly have an
effect on MGMT but rather on DNA replication, making it a good example for the radiosensitizing
effects of PARP inhibitors.

Veliparib, in contrast, was found an alternative treatment option for MGMT unmethylated
GBM patients as a combination of veliparib with irradiation inhibited cell proliferation in MGMT
unmethylated primary cell lines as well as increased survival and apoptosis and decreased cell
proliferation in vivo [68]. However, a randomized phase I/II study from 2016 combining TMZ and
veliparib in recurrent GBM patients did not significantly increase overall survival and progression-free
survival [69]. However, the results of a more recent published phase II trial (2019) comparing standard
of care to veliparib concomitant to radio- as well as chemotherapy indicate an advantage of veliparib
compared to standard of care treatment with an extended six months progression-free survival [70]

PARP inhibitors present a novel, innovative and personalized treatment option for MGMT
unmethylated GBM patients; however, clinical trials are currently ongoing and analyses need to be
completed before adding PARP inhibitors to the standard treatment of GBM.

3. miRNA

microRNAs (miRNA) are small non-coding RNA molecules consisting of 19-22 nucleotides first
described in Caenorhabditis elegans in 1993 [71]. Lee et al. discovered that the lin-4 gene produces short
RNAs that are complementary to the 3′UTR of lin-14 mRNA and further observed a down-regulation
of LIN-14 protein. This led them to the assumption that the direct RNA-RNA interaction between
the lin-4 transcript and the lin-14 3′UTR leads to LIN-14 protein down-regulation [71]. Further, they
proposed the existence of a class of regulatory genes producing small antisense RNAs influencing gene
expression later to be known as microRNAs [71].

In 2001, the word microRNA was first introduced by Lagos-Quintana et al. [72] who could show
that many miRNAs are expressed in several species and are highly conserved. The main role of
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miRNAs is posttranscriptional regulation by sequence-specific repression of mRNAs [72]. To date,
more than 2000 miRNAs have been discovered in the human genome [73], which each regulates
hundreds of targets including genetic pathways, indicating their role in gene regulation, disease
development and also tumorigenesis [74].

3.1. miRNA Biogenesis

miRNAs are initially produced in the nucleus from large hairpin looped RNA precursors by the
RNA polymerase II [75,76]. These precursors are termed pri-miRNAs and are processed to pre-miRNAs
of varying length [75] by the RNase III enzyme Drosha [77,78] and the double-stranded RNA-binding
protein Pasha [79]. Via exportin 5 [80], the pre-miRNAs get exported into the cytoplasm [75], where
the RNAse III enzyme Dicer processes it to 22 nucleotides long double-stranded RNAs that form
the miRNA: miRNA*duplex. The mature miRNA is unwound and released from Dicer [75] and
Argonaut protein 2 (Ago2) [81] mediates the assembly to the multiprotein RNA-induced-silencing
complex (miRISC) [81]. Which strand eventually enters the miRISC depends on the internal strand
stability [82]. The end of the strand with the lowest stability is likely to be the target of a helicase-like
enzyme, which unwinds the duplex [82]. Here, the 5′ end exhibits the lowest internal stability. Perfect
complementarity between the mature miRNA and the mRNA target leads to the cleavage of the target
mRNA, whereas imperfect complementarity only leads to translational repression [83].

Dysregulation of miRNAs due to gene deletions, amplifications and translocations or defects in
the miRNA biogenesis machinery seem to be the mechanisms contributing to the malignant cell types
eventually leading to cancer.

3.2. miRNA in Cancer

In 2002, Calin et al. were the first to discover an association between miRNA dysregulation and
cancer: a deletion on chromosome 13q14 coding for the miR15 and miR16 genes was observed in
more than half of the B-cell chronic lymphocytic leukemia (CLL) and deletions or down-regulations of
miR-15 and miR-16 were observed in 68% of the B-cell chronic lymphocytic leukemia [84].

Further, in 2004, they published that miRNAs are either tumor suppressive or oncogenic depending
on their location; located at regions of loss of heterozygosity suggests tumor suppressors, while located
at regions of amplifications suggests oncogenes [85]. In their genome-wide examination, they
discovered an association between miRNA location and cancer. miRNAs are commonly found at
cancer-associated regions, in which loss of heterozygosity regions may contain tumor suppressor genes
and amplifications harbor oncogenes or the other way around [85]. An example for tumor suppressive
miRNAs are miR-15 and miR-16, as their absence due to deletions on chromosome 13 leads to CLL.
Further, it was shown by Cimmino et al. that the deletion of miR-15 and miR-16 leads to increased
expression of Bcl-2 resulting in the formation of leukemias and lymphomas [86]. From this discovery,
they proposed tumor suppressive miRNAs as inhibitors of their oncogenic targets in cancer therapy.
Another mechanism for dysregulation of miRNAs in cancer apart from deletions and amplifications
is the control of the transcription factors. The dysregulation of transcription factors regulating, for
example, cell cycle progression, apoptosis, autophagy, invasion, and neoangiogenesis is tightly linked
to cancer development. A key regulator of cell cycle progression and a commonly known tumor
suppressor gene is p53. Mutation of p53 is frequently found in many cancers and its interaction with
miRNAs suggests tumor suppressive features. Yamakuchi and Lowenstein discovered that miR-34a
expression is induced by p53, which in turn suppresses p53, negatively regulating SIRT1 to induce
apoptosis [87].

Therefore, miRNAs play an important role in tumor development, progression and recurrence.
However, miRNAs also represent an innovative treatment option as prognostic and diagnostic
biomarkers as well as therapeutic targets in cancer therapy [11,88,89].

The most common upregulated miRNA in many cancers is miR-21. miR-21 is an oncogenic miRNA
inhibiting key regulator of apoptotic genes [90]. It was first found to be significantly upregulated in
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human glioblastoma and its inhibition leads to increased caspase activation followed by apoptotic
cell death [90]. Therefore, miR-21 is an example of an oncogenic miRNA, in which upregulation is
associated with cancerogenesis. Various bioinformatics and experimental studies have tried to identify
a set of de-regulated miRNAs in glioblastoma that are responsible for this tumor.

3.3. miRNA in GBM

The dysregulation of miRNAs in several cancers was shown to contribute to cancer development
and progression. These miRNAs, their targets, prognostic and diagnostic value, as well as their
potential in the treatment of GBM, need to be identified. Table 1 gives an overview of some miRNAs
already discovered in GBM, their targets (if known) and their prognostic value (if available). This table
gives a small insight into some of the most important miRNAs in GBM and, by far, does not include all
up to date identified miRNA dysregulated in GBM.

Table 1. miRNAs in Glioblastoma multiforme, their targets, function, and prognostic value
(↓ = decreased, ↑ = increased)

microRNA Regulation Type Target Function Prognosis Ref.

miR-10b up oncogenic uPAR, RhoC ↑invasion [91]

miR-7 down tumor
suppressor EGFR

↑apoptosis,
↓cell

proliferation,
↓migration,
↓invasion

[92,93]

miR-17 up oncogenic
DFFA, PI2KCA,
E2F3m VEGFA,

ATG7
↑autophagy [94,95]

miR-21 up oncogenic
HNRPK, TAp63,

PTEN, EGFR, E2F3,
PDCD4, WNT5A

↓apoptosis,
↓autophagy,
↑invasion

[88,93–96]

miR-26a up oncogenic PTEN ↑tumor growth
↑angiogenesis

high level =
longer OS
and PFS

with
carmustine
↑TMZ

resistance

[97–99]

miR-34a down tumor
suppressor

E2F3, PI2KCA,
EGFR, DFFA, CSL2,
BAX, c-Met, Notch

↑cell cycle arrest,
↓invasion
↓migration
↓cell

proliferation

[95,100]

miR-92b-3p up oncogenic PTEN
↑migration,
↑invasion
↓apoptosis

low level =
shorter OS [101,102]

miR-124 down tumor
suppressor CDK6 ↓cell cycle

progression [103]

miR-125b up oncogenic p53, p38MAPK, Bmf
↑proliferation,
↑cell cycle

progression,

high level =
higher grade [104,105]

miR-128 down tumor
suppressor

RTKs, EGFR,
PDGF-R, E2F3a

↓proliferation,
↑differentiation,
↓migration

[93,106,107]

miR-130a up tumor
suppressor E2F8 ROS production

high level =
extended
survival
without

progression
predictor for

TMZ
response

[108,109]

miR-137 down tumor
suppressor CDK6 ↓cell cycle

progression [103]
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Table 1. Cont.

microRNA Regulation Type Target Function Prognosis Ref.

miR-142-3p down tumor
suppressor IL-6, HMGA2 ↓cell viability

high levels =
low MGMT
low levels =
high MGMT

[110,111]

miR-155 up oncogenic FOXO3a
↑proliferation,
↑migration,
↑invasion

low level =
long OS [108,112]

miR-181a down tumor
suppressor Bcl-2 ↑apoptosis [113]

miR-181b down tumor
suppressor SALL4

↓proliferation,
↓migration,
↓invasion

[114]

miR-181d down tumor
suppressor MGMT, Bcl-2, KRAS

↓proliferation,
↓cell cycle

progression,
↑apoptosis

high level =
improved

OS
[115,116]

miR-210 up oncogenic SIN3A ↑proliferation,
↓apoptosis

low level =
long OS [108,117]

miR-218 down tumor
suppressor IKK-ß, LEF1, Bmi1

↓invasion,
↓migration,
↓proliferation,
↑apoptosis

[93,118–120]

miR-221/222 up oncogenic p27, AKT, TIMP-3,
PTEN, E2F3

↑proliferation,
↑invasion

up in
short-term,

down in
long-term
survivors,
↑TMZ

sensitivity
↓long-term

survival

[121–123]

miR-326 down tumor
suppressor WNT5A, TOM34

high level =
extended
survival
without

progression

[95,108]

miR-335 up oncogenic DAAM1, PAX6 ↑proliferation,
↑invasion [124,125]

miR-339 up oncogenic
↑migration,
↑invasion
↓apoptosis

[101]

miR-370-3p down and
up

tumor
suppressor ß-catenin, FOXM1

↓cell
proliferation
↓cell cycle

progression

upregulation
= inhibition

of GBM
growth

long
upregulation

= longer
survival

[126,127]

miR-409 down tumor
suppressor

HMGN5, cyclin D1,
MMP2

↑invasion,
↑proliferation [128]

miR-451 down tumor
suppressor

Cyclin D1, p27,
Bcl-2, MMP-2,

MMP-9

↓cell cycle
↓cell growth
↑apoptosis
↓cell growth

[129]

miR-603 up oncogenic WIF1, CTNNBIP1
↑proliferation,
↑cell cycle

progression
[130]

3.4. miRNAs Targeting MGMT

Since the discovery of the importance of the MGMT promoter methylation status in GBM therapy
outcome [39], it is now known that the promoter methylation is not the only deterministic factor for
MGMT protein expression. In 2013, Kreth et al. discovered the presence of two MGMT transcripts,
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which are both expressed in GBM [52]. In normal brain tissue, only the shorter transcript with a size of
440 bp is found, which contains a canonical poly(A) signal as well as a 3′UTR of 105 nt. The longer
transcript of about 850 bp contains an alternative poly(A) signal of 522 nt and is found only in GBM. In
patient samples, they discovered that the length of the transcript is associated with high or low MGMT
expression; high MGMT expression correlated with the normal 3′UTR length, whereas reduced MGMT
expression levels were associated with the MGMT transcript containing the elongated 3′UTR [52].
Analysis of potential miRNA binding sites revealed 29 miRNAs specific for the long 3′UTR and only
two for the short 3′ UTR; miR-181d was found in both. This led to the conclusion that longer UTRs
render transcripts more accessibility to miRNA targets.

First, an in silico analysis of miRNAs targeting MGMT using the TarBase v.8 online tool
(DIANA-LAB, Biomedical Sciences Research Center Alexander Fleming, Vari, Greece) [131] was
done. The 43 found miRNAs are present in Table 2 below.

Table 2. miRNAs targeting O6-methylguanine–DNA methyltransferase (MGMT) derived from an in
silico analysis.

microRNAs

let-7a-2-3p miR-342-3p
let-7f-2-3p miR-361-5p
let-7i-3p miR-3619-5p
miR-1-3p miR-370-3p
miR-16-5p miR-371a-3p
miR-17-5p miR-374a-5p
miR-20a-3p miR-379-5p
miR-21-3p miR-423-3p
miR-27a-3p miR-429
miR-27a-5p miR-497-3p
miR-30d-5p miR-548a-3p
miR-30e-3p miR-561-3p
miR-155-5p miR-589-3p
miR-181b-5p miR-603
miR-181d-5p miR-612
miR-183-5p miR-616-3p
miR-184 miR-648
miR-191-5p miR-651-5p
miR-194-5p miR-661
miR-324-5p miR-767-3p
miR-325 miR-2115-5p
miR-338-5p

Table 3 gives an overview of those miRNAs regulating MGMT expression, which were identified
experimentally and which exhibit significant effects in cell lines. Detailed descriptions follow in the
sections below.

Table 3. miRNAs involved in MGMT regulation in Glioblastoma multiforme.

microRNA Regulation Type Prognosis Ref.

miR-142-3p down tumor suppressor suppression of MGMT protein
↑TMZ sensitivity [110,111]

miR-181d down tumor suppressor degradation of MGMT mRNA;
high level = improved OS [116]

miR-221/222 up oncogenic suppression of MGMT;
↑TMZ sensitivity [123]

miR-370-3p down and up tumor suppressor regulatory effects on MGMT;
↑TMZ sensitivity [127,132]

miR-409-3p up oncogenic repression of MGMT [133]

miR-603 up oncogenic suppression of MGMT
↑TMZ sensitivity [134]

miR-648 up tumor suppressor inhibition of MGMT protein translation [135]
miR-767-3p up tumor suppressor degradation of MGMT mRNA [135]
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3.4.1. miR-142-3p

Lee et al. determined an inverse correlation between MGMT and miR-142-3p expression levels
in GBM cell lines: high MGMT expressing cell lines show low levels of miR-142-3p and low MGMT
expressing cell lines show high levels of miR-142-3p [110]. In miR-142-3p overexpression experiments,
no change in MGMT mRNA expression was observed, but a reduction in MGMT protein expression.
This leads to the assumption that miR-142-3p directly interacts with the 3′UTR of MGMT, which was
further proven by luciferase reporter assay experiments [110]. Additionally, an increased sensitivity
towards alkylating agents was determined using TMZ and BCNU in miR-142-3p overexpressing cell
lines with a stronger effect when BCNU was added [110].

Previously, the same workgroup reported that miR-142-3p is suppressed by the oncogenic cytokine
IL6 promoting GBM propagation, suggesting that miR-142-3p is a tumor suppressive miRNA [111].

Taken together, miR-142-3p regulates MGMT protein expression and sensitizes cells in vitro to
alkylating agents, which might indicate a potential biomarker for individual GBM treatment [111].

3.4.2. miR-181d

Zhang et al. were the first to identify a miRNA regulating MGMT. miR-181d post-transcriptionally
regulates MGMT by direct interaction with the long 3′UTR MGMT transcript [116,135]. In vitro
experiments could show that transfection with miR-181d significantly downregulated MGMT mRNA
as well as MGMT protein expression and sensitized cells to TMZ [116]. Further analysis of glioblastoma
patient samples indicated that miR-181d is usually down-regulated and that transfection with a mimic
in vitro inhibits cell proliferation by targeting K-ras, promotes G1 cell cycle arrest and induces apoptosis
by targeting Bcl-2 [115]. Evaluation of clinical data also revealed that a higher miR-181d expression
was associated with improved overall survival [116] and that miR-181d expression levels increased
after either TMZ or irradiation alone and significantly increased after irradiation and TMZ treatment
combined [136]. This suggests that miR-181d could act as a predictive biomarker for chemo- and
radiotherapy outcomes.

Several studies have investigated the effect of miR-181d and MGMT expression and discovered
similar results to Zhang et al. Interaction between miR-181d and other miRNAs, such as
miR-409-3p [133], miR-648 and miR-661 [135], have been found to enhance the effect of MGMT
down-regulation, suggesting that miR-181d is the key miRNA regulating MGMT expression.

Taken these factors together miR-181d as a tumor suppressive miRNA could be of great use in
treating glioblastoma patients to increase sensitivity to TMZ by directly targeting MGMT mRNA [135].
To the best of our knowledge, miR-181d is the only miRNA that regulates MGMT and is associated
with overall survival. Up to date, there are no clinical trials ongoing investigating miR-181d as an
innovative treatment option.

3.4.3. miR-221/222

miR-221/222 have been extensively studied in various cancers and were shown to be overexpressed
in glioblastoma, prostate carcinoma, papillary thyroid carcinoma, hepatocellular cancer and pancreatic
cancer [122]. Gillies and Lorimer demonstrated that miR-221/222 are upregulated in human glioblastoma
and target p27, a cell cycle regulator [121]. Further targets include the Akt signaling pathway, PTEN,
TIMP-3, as well as MMP-2 and MMP-9 [122,137]. In vitro overexpression of miR-221/222 resulted in
the induction of p-Akt, MMP-2, and MMP-9 protein expression and hence increased cell proliferation
and invasion. These results were confirmed in in vivo overexpression experiments, which also led to
increased tumor growth as well as morphological changes towards a malignant phenotype [122].

A binding site of miR-221/222 was found at the 3′UTR of MGMT and further confirmed in
in vitro experiments [123]. Overexpression of miR-221/222 reduced MGMT levels in transfected human
glioblastoma cell lines and increased the cells’ sensitivity to TMZ [123]. It can be concluded that
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miR-221/222 are oncogenic miRNAs negatively influencing patients’ survival, however, increasing
sensitivity to TMZ in vitro by directly targeting MGMT.

3.4.4. miR-370-3p

Peng et al. were the first to discover a suppressive potential of miR-370-3p in human
glioblastoma [114]. miR-370-3p is significantly down-regulated in low- and high-grade gliomas
(Grade II and IV) and also in glioblastoma cell lines. Upon transfection with a miR-370-3p mimic cell
viability decreased, long-term proliferation was suppressed as well as the percentage of cells arrested
in S and G2/M phase of the cell cycle decreased [114]. A direct post-transcriptional target was found in
the 3′UTR of ß-catenin, which is involved in the Wnt signaling pathway promoting cell proliferation
and migration [114].

Gao et al. found similar results: in recurrent GBM miR-370-3p expression was significantly
decreased compared to normal brain tissue, GBM cell lines showed low levels of miR-370-3p, as
well as miR-370-3p-transfected cells showed decreased proliferation [132]. Cell lines expressing the
lowest miR-370-3p were more resistant to TMZ compared to cell lines expressing higher levels of
miR-370-3p [132]. Additionally, they could demonstrate a negative correlation between MGMT mRNA
and miR-370-3p expression.

In 2018, Nadaradjane et al. postulated that miR-370-3p is a biomarker for the prediction of GBM
treatment planning and therapy outcome. However, they found out that the expression level of
miR-370-3p in the blood of GBM patients varies during standard treatment and is not associated with
overall survival [127]. Still, they observed a longer patient survival when miR-370-3p overexpression
lasted longer before relapse occurred. In vitro they could show that miR-370-3p overexpression leads
to decreased MGMT mRNA and decreased MGMT protein levels. Further, miR-370-3p increased the
cells’ sensitivity to TMZ indicated by increased cell death after treatment. Subcutaneous tumors grown
in mice and treated with a combination of TMZ and miR-370-3p significantly decreased in volume.
In the resected tumors, a significant reduction of MGMT expression was observed [127].

Another target of miR-370-3p is FOXM1, which is involved in cell cycle progression. Upon
miR-370-3p overexpression, FOXM1 expression reduced as well [127]. Hence, cell cycle progression
was inhibited and cell death induced.

It can be concluded that miR-370-3p is a tumor suppressive miRNA in GBM by downregulating the
mRNA and protein expression of MGMT as well as FOXM1 expression. miR-370-3p is not deterministic
for patients’ survival but can be used to sensitize to TMZ especially in MGMT unmethylated
patients. However, no clinical trials are currently ongoing investigating miR-370-3p as an innovative
treatment option.

3.4.5. miR-409-3p

miR-409-3p was found 5-fold upregulated in human GBM samples compared to healthy brain
tissue with an inverse correlation between MGMT and miR-409-3p expression [133]. Patient samples
with low MGMT show high miR-409-3p levels, while high MGMT expressing samples show low
miR-409-3p levels. In vitro transfection with a miR-409-3p mimic of the high MGMT expressing cell
line T98G demonstrated a significant down-regulation of MGMT mRNA as well as MGMT protein.
This suggests that miR-409-3p is a strong inhibitor of MGMT by the degradation of MGMT mRNA as
well as by translational repression [133]. An even more enhanced effect of MGMT suppression was
observed when miR-409-3p mimics were cotransfected with miR-181d mimics [133].

As miR-409-3p was found significantly downregulated in human GBM samples repressing
MGMT expression, it can be concluded that miR-409-3p might be a potential therapeutic approach to
sensitize MGMT unmethylated patients to alkylating chemotherapeutics. However, other targets of
miR-409-3p are still unknown, but Khalil et al. suggested a possible protective role in pro-angiogenic
and pro-metastatic processes [133].
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3.4.6. miR-603

miR-603 is found upregulated in glioblastoma samples and promotes cell proliferation as well
as cell cycle progression [130]. Targets of miR-603 include WIF1 and CTNNBIP1 activating the
Wnt/ß-catenin signaling pathway and promoting cell proliferation and migration [130]. Therefore,
miR-603 can be considered an oncogenic miRNA.

MGMT is directly suppressed by the interaction of miR-603 with the 3′UTR of MGMT [134].
Transfection with a miR-603 mimic significantly reduced MGMT mRNA levels and protein expression
and further enhanced sensitivity to TMZ in vitro as well as in vivo [134]. Kushwaha et al. also showed
that the combination of miR-181d and miR-603 most effectively regulated MGMT expression compared
to either alone [134].

For innovative treatment options, miR-603 might be a promising candidate to inhibit MGMT and
Wnt/ß-catenin signaling pathway activation. No clinical trials have been proposed yet.

3.4.7. miR-648, miR-661 and miR-767-3p

When Kreth et al. discovered the presence of two MGMT isoforms either containing a long or a
short UTR, they used target prediction software to determine miRNA with a binding site within the
UTRs of MGMT [52]. They assumed that these miRNAs are expressed in human GBM and negatively
correlate with MGMT expression. In human GBM samples, six miRNAs (miR-184, miR-183, miR-661,
miR-370, miR-767-3p, and miR-648) were found binding exclusively in the long UTR, two (miR-1197
and miR-655) within the short UTR and one (miR-181-d) in both UTRs [135]. Upon cloning both UTRs
into a reporter vector containing two luciferases and co-transfection with the miRNAs, they observed
that the short UTR-binding miRNAs (miR-181d, miR-665, and miR-1197) did not show regulatory
activity [135]. This indicates that the short UTR of MGMT is not regulated by these miRNAs. Five
(miR-661, miR-370, miR-181d, miR-767-39, and miR-648) of the seven miRNAs possibly regulating the
long UTR showed significant luciferase repression but only three miRNAs (miR-181d, miR-767-3p and
miR-648) showed decreased MGMT protein expression. Here, miR-648 exerted the strongest MGMT
protein reduction. In qPCR experiments, only two miRNAs (miR-181d and miR-767-3p) significantly
reduced MGMT mRNA expression, indicating that those two regulate MGMT expression via direct
degradation of the mRNA transcript and miR-648 might act via translational repression [135].

Further, they could show that miR-767-3p and miR-648 are significantly upregulated in human
GBM samples and that cotransfection with all three miRNAs (miR-181d, miR-767-3p and miR-648)
significantly increased the sensitivity to TMZ treatment [135]. These data correlate with data from
Jesionek-Kupnicka et al., who also found an association between MGMT and miR-181d and miR-648
expression [138].

3.5. miRNAs as Innovative Treatment Option for GBM

To the best of our knowledge, no clinical trials are currently ongoing investigating the
above-mentioned miRNAs as innovative treatment options for GBM patients nor have any
miRNA-based therapies been approved by the FDA. Target specificity and tissue toxicities are
major problems in the delivery of miRNA or miRNA inhibitors to their mRNA target.

Several invasive strategies have been postulated to enhance drug delivery across the BBB
including intracerebral implants, disruption of the BBB, intra-arterial and intrathecal drug delivery,
direct injections into the brain, catheters, pumps or microdialysis [139]. As all of these strategies require
invasion into the brain tissue or tumor tissue, there is an increased risk for brain damage and other side
effects, including toxicities, indicating the urgent need for non-invasive strategies. Therefore, biological
strategies have been developed as innovative tools for drug delivery. These strategies include RNA
interference, viral vectors, exosomes, antisense therapy, gene therapy, antibody conjugates, peptide
carriers and other carriers [139,140]. Also, chemical systems have been developed, such as lipophilic
analogues, prodrugs, efflux transporter inhibition, liposomes, nanoparticles, polymeric micelles and
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dendrimers [139,140]. Both biological and chemical strategies allow for target specific delivery, as it
is most important and challenging at the same time to deliver and internalize the drug or miRNA
specifically to the tumor. The challenges of designing nanoparticles are reviewed elsewhere [141].

However, the most limiting factor in delivering these compounds into the brain and promoting
restricted bioavailability is the BBB. Major issues are the enzymatic degradation of the miRNA or
miRNA inhibitors themselves before the target can be reached as well as the inability of packaging
molecules due to high molecular weight and polar functional groups [139]. The BBB is a natural barrier
against toxins, harmful substances, and fluctuations in chemical concentrations [139]. It consists of
endothelial cells, forming the walls of the capillaries and epithelial cells, creating the blood-cerebrospinal
fluid barrier (BCSFB) [142]. The cerebrospinal fluid is secreted into the brain, while the interstitial fluid
is secreted by the capillary endothelium [142]. These two fluids can communicate in order to regulate
fluctuations and maintain a stable environment [142]. The avascular arachnoid epithelium is the
enclosing layer sealing the extracellular fluids from the rest of the body [142]. Physical barriers such as
tight junctions, transport barriers such as transporters, and metabolic barriers including enzymes, are
found at all interfaces representing the protecting characteristics of the BBB. The most important factor
thereby are tight junctions, significantly reducing the trespassing of polar solutes by blocking their
penetration [142]. The only routes molecules and solutes can penetrate the BBB are via passive diffusion
and ABC transporter efflux (lipid, soluble, non-polar molecules), via solute carriers (e.g., glucose,
amino acids, small peptides), via transcytosis or receptor- and adsorptive-mediated (e.g., lipoproteins,
insulin, glycosylated proteins, histones) or leukocytes via diapedesis [142].

However, all these strategies need further characterization, experimentation, and clinical trials to
safely deliver molecules, miRNAs and other compounds to specific target sites. Up to date, only some
miRNAs, including miR-122, -21, -155, -92 and -29 are currently tested in clinical trials as targeted
therapy for Hepatitis C (HCV), nephritis, CLL, wounds and fibrosis [143,144]. Only two miRNAs
are currently tested for the use in cancer therapy: a miR-16 mimic is involved in a Phase I trial for
non-small-cell lung cancer [144] and another clinical trial testing a miR-34a mimic for hepatocellular
carcinoma (HCC) has recently been terminated [145]. MRX34, a synthetic, 23 nt long double-stranded
RNA encapsulated in a liposomal nanoparticle was administered to patients mainly suffering from HCC.
Although pre-clinical studies in non-human primates showed promising results, severe adverse effects
and also death of four patients due to the drug forced the phase I trial to be terminated [145]. Severe
adverse effects were unlikely due to the liposomal carrier, but rather due to severe immune-related
toxicities, which have yet to be resolved [145].

4. Conclusions

In the last decade, miRNAs have become promising tools as prognostic and diagnostic biomarkers
as well as therapeutic targets for innovative and personalized cancer treatment [11,89,90]. Several
miRNAs have been found differentially expressed and predictive for overall survival, progression-free
survival or treatment outcome in several cancer entities. Some miRNAs such as miR-21, the miR-17
cluster and miR-221/222 are dysregulated in several cancer types, but most importantly, cancer
type-specific miRNA signatures were also discovered [89,146–149].

With a survival rate of less than 3% [3], Glioblastoma multiforme presents an urgent need for new
innovative and personalized treatment options. Patients with a wildtype IDH and an unmethylated
MGMT promoter region have the poorest prognosis and the shortest survival [150], identifying these
patients with the most urgent need for new treatment options. In this review, we focused on MGMT
unmethylated patients and tried to identify possible miRNAs regulating MGMT expression, which
could be used for personalized treatment in the future.

We identified eight promising miRNAs—miR-142-3p, -181d, -221/222, -370-3p, -409-3p, -603, -648,
and -767-3p—negatively regulating MGMT expression either via mRNA degradation or translational
repression. Five of these miRNAs (miR-142-3p, -181d, -221/222, -370-3p and -603) were positively tested
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to increase sensitivity to alkylating agents such as BCNU and TMZ in vitro as well as in vivo [110].
miR-181d was the only miRNA found predictive for overall survival [116,136].

We present here miRNAs that could help reduce and repress MGMT expression by targeted
treatment to sensitize the tumors against alkylating agents. However, target-specific delivery, especially
into the brain, represents a challenging task, which has yet to be overcome.

Funding: This research received no external funding.

Acknowledgments: This project was funded in part by the German Consortium for Translational Cancer Research,
Munich/TUM site, as well as by the Medical Faculty of TUM.

Conflicts of Interest: The authors declare no conflict of interest.

References

1. Stewart, B.; Wild, C.P. World cancer report 2014. Public Health 2019, 16, 511–519.
2. Siegel, R.L.; Miller, K.D.; Jemal, A. Cancer statistics, 2020. CA 2020, 70, 7–30. [CrossRef] [PubMed]
3. Furnari, F.B.; Fenton, T.; Bachoo, R.M.; Mukasa, A.; Stommel, J.M.; Stegh, A.; Hahn, W.C.; Ligon, K.L.;

Louis, D.N.; Brennan, C. Malignant astrocytic glioma: Genetics, biology, and paths to treatment. Genes Dev.
2007, 21, 2683–2710. [CrossRef] [PubMed]

4. Crocetti, E.; Trama, A.; Stiller, C.; Caldarella, A.; Soffietti, R.; Jaal, J.; Weber, D.C.; Ricardi, U.; Slowinski, J.;
Brandes, A. Epidemiology of glial and non-glial brain tumours in Europe. Eur. J. Cancer 2012, 48, 1532–1542.
[CrossRef] [PubMed]

5. Stupp, R.; Mason, W.P.; Van Den Bent, M.J.; Weller, M.; Fisher, B.; Taphoorn, M.J.; Belanger, K.; Brandes, A.A.;
Marosi, C.; Bogdahn, U. Radiotherapy plus concomitant and adjuvant temozolomide for glioblastoma.
N. Engl. J. Med. 2005, 352, 987–996. [CrossRef] [PubMed]

6. Stupp, R.; Hegi, M.E.; Mason, W.P.; Van Den Bent, M.J.; Taphoorn, M.J.; Janzer, R.C.; Ludwin, S.K.;
Allgeier, A.; Fisher, B.; Belanger, K. Effects of radiotherapy with concomitant and adjuvant temozolomide
versus radiotherapy alone on survival in glioblastoma in a randomised phase III study: 5-year analysis of
the EORTC-NCIC trial. Lancet Oncol. 2009, 10, 459–466. [CrossRef]

7. Wick, W.; Gorlia, T.; Bady, P.; Platten, M.; Van Den Bent, M.J.; Taphoorn, M.J.; Steuve, J.; Brandes, A.A.;
Hamou, M.-F.; Wick, A. Phase II study of radiotherapy and temsirolimus versus radiochemotherapy with
temozolomide in patients with newly diagnosed glioblastoma without MGMT promoter hypermethylation
(EORTC 26082). Clin. Cancer Res. 2016, 22, 4797–4806. [CrossRef]

8. Weiler, M.; Hartmann, C.; Wiewrodt, D.; Herrlinger, U.; Gorlia, T.; Bähr, O.; Meyermann, R.; Bamberg, M.;
Tatagiba, M.; von Deimling, A. Chemoradiotherapy of newly diagnosed glioblastoma with intensified
temozolomide. Int. J. Radiat. Oncol. Biol. Phys. 2010, 77, 670–676. [CrossRef]

9. Khasraw, M.; Lee, A.; McCowatt, S.; Kerestes, Z.; Buyse, M.E.; Back, M.; Kichenadasse, G.; Ackland, S.;
Wheeler, H. Cilengitide with metronomic temozolomide, procarbazine, and standard radiotherapy in
patients with glioblastoma and unmethylated MGMT gene promoter in ExCentric, an open-label phase II
trial. J. Neuro-Oncol. 2016, 128, 163–171. [CrossRef]

10. Nabors, L.B.; Fink, K.L.; Mikkelsen, T.; Grujicic, D.; Tarnawski, R.; Nam, D.H.; Mazurkiewicz, M.; Salacz, M.;
Ashby, L.; Zagonel, V. Two cilengitide regimens in combination with standard treatment for patients
with newly diagnosed glioblastoma and unmethylated MGMT gene promoter: Results of the open-label,
controlled, randomized phase II CORE study. Neuro-Oncol. 2015, 17, 708–717. [CrossRef]

11. Esquela-Kerscher, A.; Slack, F.J. Oncomirs—microRNAs with a role in cancer. Nat. Rev. Cancer 2006, 6,
259–269. [CrossRef] [PubMed]

12. Si, W.; Shen, J.; Zheng, H.; Fan, W. The role and mechanisms of action of microRNAs in cancer drug resistance.
Clin. Epigenetics 2019, 11, 25. [CrossRef] [PubMed]

13. Louis, D.N.; Ohgaki, H.; Wiestler, O.D.; Cavenee, W.K.; Burger, P.C.; Jouvet, A.; Scheithauer, B.W.; Kleihues, P.
The 2007 WHO classification of tumours of the central nervous system. Acta Neuropathol. 2007, 114, 97–109.
[CrossRef] [PubMed]

14. Ohgaki, H.; Kleihues, P. The definition of primary and secondary glioblastoma. Clin. Cancer Res. 2013, 19,
764–772. [CrossRef]

209



Cancers 2020, 12, 1099

15. Louis, D.N.; Perry, A.; Reifenberger, G.; Von Deimling, A.; Figarella-Branger, D.; Cavenee, W.K.; Ohgaki, H.;
Wiestler, O.D.; Kleihues, P.; Ellison, D.W. The 2016 World Health Organization classification of tumors of the
central nervous system: A summary. Acta Neuropathol. 2016, 131, 803–820. [CrossRef]

16. Scherer, H. Cerebral astrocytomas and their derivatives. Am. J. Cancer 1940, 40, 159–198.
17. Watanabe, K.; Tachibana, O.; Sato, K.; Yonekawa, Y.; Kleihues, P.; Ohgaki, H. Overexpression of the EGF

receptor and p53 mutations are mutually exclusive in the evolution of primary and secondary glioblastomas.
Brain Pathol. 1996, 6, 217–223. [CrossRef]

18. Fujisawa, H.; Reis, R.M.; Nakamura, M.; Colella, S.; Yonekawa, Y.; Kleihues, P.; Ohgaki, H. Loss of
heterozygosity on chromosome 10 is more extensive in primary (de novo) than in secondary glioblastomas.
Lab. Investig. 2000, 80, 65–72. [CrossRef]

19. Parsons, D.W.; Jones, S.; Zhang, X.; Lin, J.C.-H.; Leary, R.J.; Angenendt, P.; Mankoo, P.; Carter, H.; Siu, I.-M.;
Gallia, G.L. An integrated genomic analysis of human glioblastoma multiforme. Science 2008, 321, 1807–1812.
[CrossRef]

20. Ohgaki, H.; Dessen, P.; Jourde, B.; Horstmann, S.; Nishikawa, T.; Di Patre, P.L.; Burkhard, C.; Schüler, D.;
Probst-Hensch, N.M.; Maiorka, P.C. Genetic pathways to glioblastoma: A population-based study. Cancer Res.
2004, 64, 6892–6899. [CrossRef]

21. Ohgaki, H.; Kleihues, P. Genetic pathways to primary and secondary glioblastoma. Am. J. Pathol. 2007, 170,
1445–1453. [CrossRef] [PubMed]

22. Bögler, O.; Su Huang, H.J.; Kleihues, P.; Cavenee, W.K. The p53 gene and its role in human brain tumors.
Glia 1995, 15, 308–327. [CrossRef] [PubMed]

23. Henson, J.W.; Schnitker, B.L.; Correa, K.M.; von Deimling, A.; Fassbender, F.; Xu, H.J.; Benedict, W.F.;
Yandell, D.W.; Louis, D.N. The retinoblastoma gene is involved in malignant progression of astrocytomas.
Ann. Neurol. 1994, 36, 714–721. [CrossRef] [PubMed]

24. Nakamura, M.; Yang, F.; Fujisawa, H.; Yonekawa, Y.; Kleihues, P.; Ohgaki, H. Loss of heterozygosity on
chromosome 19 in secondary glioblastomas. J. Neuropathol. Exp. Neurol. 2000, 59, 539–543. [CrossRef]
[PubMed]

25. Ueki, K.; Ono, Y.; Henson, J.W.; Efird, J.T.; Von Deimling, A.; Louis, D.N. CDKN2/p16 or RB alterations occur
in the majority of glioblastomas and are inversely correlated. Cancer Res. 1996, 56, 150–153.

26. Lathia, J.D.; Mack, S.C.; Mulkearns-Hubert, E.E.; Valentim, C.L.; Rich, J.N. Cancer stem cells in glioblastoma.
Genes Dev. 2015, 29, 1203–1217. [CrossRef]

27. Beier, D.; Hau, P.; Proescholdt, M.; Lohmeier, A.; Wischhusen, J.; Oefner, P.J.; Aigner, L.; Brawanski, A.;
Bogdahn, U.; Beier, C.P. CD133+ and CD133− glioblastoma-derived cancer stem cells show differential
growth characteristics and molecular profiles. Cancer Res. 2007, 67, 4010–4015. [CrossRef]

28. Hottinger, A.F.; Stupp, R.; Homicsko, K. Standards of care and novel approaches in the management of
glioblastoma multiforme. Chin. J. Cancer 2014, 33, 32. [CrossRef]

29. Walker, M.D.; Alexander, E.; Hunt, W.E.; MacCarty, C.S.; Mahaley, M.S.; Mealey, J.; Norrell, H.A.; Owens, G.;
Ransohoff, J.; Wilson, C.B. Evaluation of BCNU and/or radiotherapy in the treatment of anaplastic gliomas:
A cooperative clinical trial. J. Neurosurg. 1978, 49, 333–343. [CrossRef]

30. Wick, W.; Platten, M.; Meisner, C.; Felsberg, J.; Tabatabai, G.; Simon, M.; Nikkhah, G.; Papsdorf, K.;
Steinbach, J.P.; Sabel, M. Temozolomide chemotherapy alone versus radiotherapy alone for malignant
astrocytoma in the elderly: The NOA-08 randomised, phase 3 trial. Lancet Oncol. 2012, 13, 707–715.
[CrossRef]

31. Perry, J.R.; Laperriere, N.; O’Callaghan, C.J.; Brandes, A.A.; Menten, J.; Phillips, C.; Fay, M.; Nishikawa, R.;
Cairncross, J.G.; Roa, W. Short-course radiation plus temozolomide in elderly patients with glioblastoma.
N. Engl. J. Med. 2017, 376, 1027–1037. [CrossRef] [PubMed]

32. Niyazi, M.; Pitea, A.; Mittelbronn, M.; Steinbach, J.; Sticht, C.; Zehentmayr, F.; Piehlmaier, D.; Zitzelsberger, H.;
Ganswindt, U.; Rödel, C. A 4-miRNA signature predicts the therapeutic outcome of glioblastoma. Oncotarget
2016, 7, 45764. [PubMed]

33. Ringel, F.; Pape, H.; Sabel, M.; Krex, D.; Bock, H.C. Clinical benefit from resection of recurrent glioblastomas:
Results of a multicenter study including 503 patients with recurrent glioblastomas undergoing surgical
resection. Neuro-Oncol. 2015, 18, 96–104. [CrossRef] [PubMed]

210



Cancers 2020, 12, 1099

34. Straube, C.; Kessel, K.A.; Zimmer, C.; Schmidt-Graf, F.; Schlegel, J.; Gempt, J.; Meyer, B.; Combs, S.E. A Second
Course of Radiotherapy in Patients with Recurrent Malignant Gliomas: Clinical Data on Re-irradiation,
Prognostic Factors, and Usefulness of Digital Biomarkers. Curr. Treat. Options Oncol. 2019, 20, 71. [CrossRef]

35. Combs, S.E.; Thilmann, C.; Edler, L.; Debus, J.R.; Schulz-Ertner, D. Efficacy of fractionated stereotactic
reirradiation in recurrent gliomas: Long-term results in 172 patients treated in a single institution.
J. Clin. Oncol. 2005, 23, 8863–8869. [CrossRef]

36. Kessel, K.A.; Hesse, J.; Straube, C.; Zimmer, C.; Schmidt-Graf, F.; Schlegel, J.; Meyer, B.; Combs, S.E. Validation
of an established prognostic score after re-irradiation of recurrent glioma. Acta Oncol. 2017, 56, 422–426.
[CrossRef]

37. Combs, S.E.; Kessel, K.A.; Hesse, J.; Straube, C.; Zimmer, C.; Schmidt-Graf, F.; Schlegel, J.; Gempt, J.; Meyer, B.
Moving second courses of radiotherapy forward: Early re-irradiation after surgical resection for recurrent
gliomas improves efficacy with excellent tolerability. Neurosurgery 2018, 83, 1241–1248. [CrossRef]

38. Roy, S.; Lahiri, D.; Maji, T.; Biswas, J. Recurrent glioblastoma: Where we stand. South Asian J. Cancer 2015,
4, 163. [CrossRef]

39. Hegi, M.E.; Diserens, A.C.; Gorlia, T.; Hamou, M.F.; De Tribolet, N.; Weller, M.; Kros, J.M.; Hainfellner, J.A.;
Mason, W.; Mariani, L. MGMT gene silencing and benefit from temozolomide in glioblastoma. N. Engl.
J. Med. 2005, 352, 997–1003. [CrossRef]

40. Reid, J.M.; Stevens, D.C.; Rubin, J.; Ames, M.M. Pharmacokinetics of 3-methyl-(triazen-1-yl)
imidazole-4-carboximide following administration of temozolomide to patients with advanced cancer.
Clin. Cancer Res. 1997, 3, 2393–2398.

41. Newlands, E.; Stevens, M.; Wedge, S.; Wheelhouse, R.T.; Brock, C. Temozolomide: A review of its discovery,
chemical properties, pre-clinical development and clinical trials. Cancer Treat. Rev. 1997, 23, 35–61. [CrossRef]

42. Denny, B.J.; Wheelhouse, R.T.; Stevens, M.F.; Tsang, L.L.; Slack, J.A. NMR and molecular modeling
investigation of the mechanism of activation of the antitumor drug temozolomide and its interaction with
DNA. Biochemistry 1994, 33, 9045–9051. [CrossRef] [PubMed]

43. Barciszewska, A.M.; Gurda, D.; Głodowicz, P.; Nowak, S.; Naskręt-Barciszewska, M.Z. A new epigenetic
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Abstract: Adrenocortical Carcinoma (ACC) is a rare but aggressive malignancy with poor prognosis
and limited response to available systemic therapies. Although complete surgical resection gives
the best chance for long-term survival, ACC has a two-year recurrence rate of 50%, which poses a
therapeutic challenge. High throughput analyses focused on characterizing the molecular signature
of ACC have revealed specific micro-RNAs (miRNAs) that are associated with aggressive tumor
phenotypes. MiRNAs are small non-coding RNA molecules that regulate gene expression by
inhibiting mRNA translation or degrading mRNA transcripts and have been generally implicated
in carcinogenesis. This review summarizes the current insights into dysregulated miRNAs in ACC
tumorigenesis, their known functions, and specific targetomes. In addition, we explore the possibility
of particular miRNAs to be exploited as clinical biomarkers in ACC and as potential therapeutics.

Keywords: adrenocortical carcinoma; micro RNA; non-coding RNA

1. Introduction

Adrenal tumors are very common, affecting up to 10% of the general population, of which the
large majority are benign non-functional adenomas [1]. Adrenocortical cancer (ACC), in contrast,
is a rare endocrine malignancy with an incidence of 0.76 per million in the general population [2].
Approximately 60% of patients with ACC present with signs and symptoms of hormone excess [3],
and approximately 20% present with mass associated symptoms, such as abdominal pain, early satiety,
or abdominal fullness [4]. The remaining patients are incidentally diagnosed on abdominal imaging
for other medical indications. As the clinical manifestations of hormone excess may be subtle and mass
effect symptoms are vague, ACC is often diagnosed late. The median size of the primary tumor is
12 cm at diagnosis [5], and the rate of unresectable metastatic disease at diagnosis ranges between
30% [6] and 70% [7]. Complete surgical resection with oncologically clear margins affords the best
chance of cure in ACC but even despite this, the rate of disease recurrence is high, and the prognosis is
generally poor with five-year survival of less than 40% [8].

Management options for metastatic ACC are limited as cytotoxic chemotherapy affords only
a marginal survival benefit, and mitotane, an adrenolytic agent, which is the only other approved
systemic therapy for metastatic ACC, is poorly tolerated. The first and only randomized controlled
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chemotherapy-based phase III clinical trial for advanced ACC (First International Randomized Trial in
Locally Advanced and Metastatic Adrenocortical Carcinoma Treatment (FIRM-ACT)) was completed in
2010. This study compared mitotane administered in combination with either streptozocin or etoposide,
doxorubicin, and cisplatin (EDPM) and demonstrated a modest improvement in progression-free
survival in the EDPM arm, but no benefit in the overall survival [9]. ACC is, therefore, an orphan
disease that presents challenges on both diagnostic and management fronts. ACC research is currently
focused on developing methods for early detection and effective management of a metastatic disease.
In particular, the discovery of novel approaches to the management of metastatic ACC is crucial to
improving patient outlook.

MicroRNA (miRNA) are small non-protein-coding RNA molecules whose deregulation has been
implicated in the pathogenesis of many human diseases, particularly cancer. Over the past two decades,
miRNA research in cancer has focused on determining the miRNA expression signatures of different
tumors in order to identify potential biomarkers for early diagnosis, as well as functional studies of
specific miRNAs to determine their targets and function. The set of mRNAs targeted by a defined
miRNA is known as its targetome. While multiple studies have profiled the miRNA signature of
childhood and adult ACCs using various techniques and shown consistent deregulation in a set of
candidate miRNAs, relatively fewer have demonstrated miRNA-target interactions. MiRNAs have also
been identified to have both diagnostic and therapeutic potential in the cancer literature, broadening
our understanding of their roles in tumor biology. In this review, we present a current summary of the
mounting body of work describing miRNA dysfunction in ACC with the aims of highlighting their
potential function and roles in modulating key oncogenic pathways.

2. ACC Genetic Landscape and Associated Genetic Disorders

ACC has a bimodal distribution with a worldwide childhood incidence of 0.2 per million [10],
and an adult peak in the fifth decade of life. Childhood ACC differs from adult ACC, as 50–80% of
childhood cases are associated with germline TP53 mutations [11,12]. In contrast, most cases of adult
ACC are sporadic, with germline TP53 mutations being present in around three percent of patients [13].

In rare cases, ACC can be associated with specific germline mutations that cause hereditary cancer
syndromes. ACC is a core malignancy in Li Fraumeni Syndrome (LFS) caused by the germline TP53
mutation and affects ten percent of cases [14]. Notably, in a study by Soon and colleagues, sporadic
ACC was associated with loss of heterozygosity (LOH) at the TP53 gene locus 17p13.1 in 74% of cases
compared with only 14% of adrenal adenomas [15]. ACC affects approximately seven percent of
children with Beckwith–Weidemann Syndrome (BWS) [16], which is caused by mutations or epigenetic
modifications at the genetic locus 11p15 containing the Insulin-Like Growth Factor 2 (IGF2) gene. 11p15
LOH or IGF2 overexpression were demonstrated in 93.1% of sporadic ACCs compared with only 8.6%
of benign adrenal tumors [17] in a study by Gicquel and colleagues, highlighting the importance of this
imprinted locus in the pathogenesis of ACC. Approximately three percent of patients with Familial
Adenomatous Polyposis (FAP), caused by mutations in the Adenomatous Polyposis Coli (APC) gene,
develop adrenocortical cancer as adults [18]. The APC protein is a negative regulator of β-Catenin,
whose accumulation in the nuclei of primary ACCs has been associated with advanced tumor stage
and poor prognosis [19]. ACC is also rarely associated with Lynch Syndrome, Neurofibromatosis Type
1, and Carney Complex, as well as Multiple Endocrine Neoplasia Type 1 (MEN1) in adults [20] (Table 1).
Although mutations in TP53, IGF-2, and β-catenin genes have been established as drivers of sporadic
ACC, the low penetrance of ACC in these genetic cancer syndromes indicates that mutations or the
epigenetic regulation of the expression of nearby genes may play an important role in its etiology.
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Table 1. Genetic syndromes associated with Adrenocortical Carcinoma.

Genetic
Syndrome Inheritance Mutated Gene/s

Cellular
Pathway/s
Affected

Gene Locus ACC
Penetrance Reference/s

Li Fraumeni
Syndrome

Autosomal
Dominant TP53 Cell cycle 17p13.1 10% [14]

Beckwith-
Weidemann
Syndrome

Sporadic IGF2/H19 *
CDKN1C/KCNQ1OT1 * PI3K/TGF-β 11p15 7% [16]

Familial
Adenomatous
Polyposis

Autosomal
Dominant APC Wnt/β-Catenin 5q22.2 3% [18]

Multiple
Endocrine
Neoplasia Type 1

Autosomal
Dominant MEN1 Cell Cycle 11q13 1–5% [21,22]

Lynch Syndrome Autosomal
Dominant

MLH1
MSH2
MSH6
PMS2

DNA
mismatch
repair

3p22.2
2p21
2p16.3
7p22

14 case
reports [23]

Neurofibromatosis
Type 1

Autosomal
Dominant NF1 MAPK/ERK 17q11.2 9 case

reports [24]

Carney Complex Autosomal
Dominant CNC1 (PRKAR1A) cAMP 17q22-24 2 case

reports [25]

* Epigenetic modifications to methylation of imprinting control regions or paternal uniparental disomy are more
common than gene mutations. IGF2, Insulin-like growth factor 2; CDKN1C, Cyclin-dependent kinase inhibitor 1C;
KCNQ1OT, Potassium voltage-gated channel subfamily Q member 1 antisense gene; APC, Adenomatous polyposis
coli; MEN1, Multiple endocrine neoplasia Type 1; MLH1, MutL homolog 1; MutS homolog 2; MSH6, MutS homolog
6; PMS2, PMS1 homolog 2; NF1, Neurofibromatosis 1; CNC1, Carney complex type 1; PRKAR1A, Protein kinase A
regulatory subunit 1-alpha; PI3K, Phosphatidylinositol-3-kinase; TGF-β, Transforming growth factor-beta; Wnt,
Wingless-related integration site; MAPK, Mitogen-activated protein kinase; ERK, Extracellular signal-related kinase;
cAMP, cyclic adenosine monophosphate.

3. Key Genetic Drivers of ACC and Their Cellular Pathways

It is now known that mutations in gene drivers alone do not completely explain the pathogenesis
of ACC, and therefore non-coding gene mutations that lead to aberrant regulation of driver genes
through their pathways can also contribute to tumor biogenesis. The following summary of key genetic
drivers in ACC, therefore, serves to explore the extent to which ACC pathogenesis could be explained
by them, and contextualize the importance of known miRNA targets within these pathways.

3.1. Tumor Suppressor Protein 53 (TP53)

The TP53 gene encodes a homo-tetrameric transcription factor that mediates the cellular response
to genotoxic stress and the activation of oncogenes by transcriptionally targeting many genes to
ultimately activate cellular pathways involved in cell-cycle arrest and DNA damage repair. Where the
cell fails to repair this damage, p53 induces cellular apoptosis via a p53-upregulated modulator of
apoptosis (PUMA) to avoid propagating genetic mistakes. P53 is regulated by Human Double Minute
2 homolog (HDM2), an E3 ubiquitin-protein ligase, which targets p53 for cytosolic translocation,
or proteosomal degradation when it is polyubiquitinated. HDM2 is, in turn, regulated by p53, forming
a negative feedback loop [26].

TP53 mutations in cancer are common and are present in more than half of human tumors [27].
ACC, despite its rarity, accounts for 11.9% of all human tumors harboring germline TP53 mutations,
after breast, soft-tissue, and brain tumors [28]. ACC’s harboring somatic TP53 mutations are on average
larger, more advanced in stage, and associated with shorter disease-free survival [29]. The majority
of TP53 mutations associated with ACC are loss-of-function mutations; however, many of these are
predicted to result only in partial loss of p53 function [30]. Curiously, transgenic TP53 knockout and
mutant mouse models do not develop ACC despite developing multiple tumors [31,32]. Else and
colleagues showed that transgenic mice carrying an inactivation mutation in the tripeptidyl peptidase

221



Cancers 2020, 12, 2198

1/ACD sheltering complex subunit and telomerase recruitment factor (Tpp/Acd) in addition to a single wild
type TP53 allele do develop ACCs at low frequencies [33].

3.2. Insulin-Like Growth Factor 2 (IGF2)

IGF2 is a paternally imprinted critical growth factor in the development of many organ systems,
including the adrenal cortex, where it is highly expressed in early fetal development [34]. Multiple
studies have confirmed IGF2 overexpression in between 83.3% and 90.9% of ACC’s when compared
with ACA and NAC [35–38]. The maternally imprinted long non-coding RNA H19 gene located on the
antisense strand of the IGF2 gene is shown to be underexpressed in ACC compared with ACA and NAC
in multiple studies [39–42]. Both LOH [17] and paternal uniparental disomy at the 11p15 locus result in
IGF2 overexpression and reduced expression of H19 and Cyclin-dependent kinase inhibitor 1C (CDKN1C)
in ACC [36], which are associated with poor prognosis and increased rates of recurrence [43].

IGF2 binds to the membrane tyrosine kinase receptor IGF Receptor Type 1 (IGF-1R),
leading to receptor autophosphorylation and binding of the insulin receptor substrate 1 (IRS-1).
Tyrosine phosphorylation of IRS-1 activates the phosphatidylinositol-3-kinase(PI3K)/serine/threonine
protein kinase B (Akt) and mammalian target of rapamycin(mTOR) pathway as well as the
Ras/Raf/mitogen-activated protein kinase (MEK)/extracellular signal-related kinase (ERK) pathways,
potentiating cellular proliferation and viability in ACC cell models [44].

Transgenic mouse models of IGF2 overexpression [45] and adrenal cortex-specific loss of imprinting
at the IGF2/H19 region [46] have demonstrated that these factors alone are not sufficient to initiate
tumorigenesis. From a therapeutic approach, clinical trials of the IGF-1R small molecule inhibitors,
Linsitinib and Figitumumab to treat advanced ACC failed to show benefit in progression-free survival
or overall survival [47,48]. Another trial involving 26 ACC patients treated with the IGF-1R antibody
Cixutumumab in combination with the mTOR inhibitor Temsirolimus achieved stable disease for at
least six months in 42% of patients but did not lead to any partial or complete responses to therapy [49].

3.3. Wnt/β-Catenin Signalling Pathway

The Wnt signaling pathways are activated by Wnt-protein ligand binding extracellularly to a
membrane Frizzled receptor. Canonical Wnt pathway activation leads to the accumulation of β-catenin
in the cytoplasm, which ultimately translocates to the nucleus where it activates transcription. In the
absence of Wnt, β-catenin is degraded by a protein complex formed by Axin, APC, protein phosphatase
2A (PP2A), glycogen synthase kinase 3 (GSK3) and casein kinase 1α (CK1α), by targeting it for
ubiquitination and ultimate proteosomal degradation [50].

Assie and colleagues performed exome sequencing and single nucleotide polymorphism (SNP)
analysis of 77 ACC tissues and showed alterations in the β-catenin pathway associated genes zinc
and ring finger 3 (ZNRF3) (21%), cadherin-associated protein β1 (CTNNB1) (16%) and APC (2%) [51].
More strikingly, in a series of 50 ACC tissues, Maharjan and colleagues reported that the Wnt/β-catenin
pathway was aberrantly activated in 62% [52].

Transgenic mouse models of constitutive β-catenin activation in the adrenal cortex produced
aggressive adrenal tumors only in a subset of 17-month-old mice [53], while APC knockout mice
displayed hyperplasia progressing to adrenal adenoma but not carcinoma [46].

Together these findings indicate that multiple genetic aberrations are required for the development
of ACC, and combinatorial therapeutic strategies targeting multiple pathways may be effective.

4. Overview of microRNA Structure, Biogenesis, and Function

MiRNAs are short, single-stranded non-coding RNA molecules spanning between 17–25
nucleotides. Approximately 2,300 miRNAs have been identified in the human genome [54].
Their expression is tissue-specific, and they broadly act to negatively regulate the gene expression of at
least 60% of human RNA transcripts through either translational inhibition or transcript decay [55].
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While the majority of miRNA targets are mRNAs, other classes of RNA, including rRNA, tRNA,
lncRNA, and other miRNAs make up 30% of all miRNA targets [56].

The RNAse enzymes DICER and DROSHA involved in miRNA maturation have been implicated
in ACC. In a study which compared the expression of key miRNA processing factors between 29 ACC
and 43 adrenocortical adenoma (ACA) tissues, Caramuta and colleagues showed that DICER, DROSHA,
and TAR RNA-binding protein 2 (TARBP2) (a DICER cofactor required for miRNA processing [57])
were overexpressed at the mRNA and protein levels in ACC compared with ACA [58]. In addition,
in vitro inhibition of TARBP2 expression in the ACC cell line H295R resulted in decreased cellular
proliferation and increased apoptosis [58]. This evidence suggests that dysregulation of the miRNA
biogenesis pathway may potentiate tumorigenesis in ACC.

In the cytoplasm, the mature miRNA duplex unwinds from the thermodynamically less stable
end, and the RNA strand that orients its 5′ end in this direction known as the guide strand is loaded
onto the RNA-induced silencing complex (RISC) [59]. RISC is a multiprotein complex containing one
member of the Argonaute protein family [60]. miRNAs contain a seed region spanning 2–8 nucleotides
at their 5’ ends, which allows them to guide RISC mainly to the 3´ untranslated region (UTR) of their
target mRNA through complementary base pairing. The degree of complementarity between miRNA
and mRNA and the enzymatic properties of the Ago-2 protein determine whether mRNA silencing
will be achieved through target cleavage or translational inhibition [61].

In cancer, the dysregulation of miRNA expression results from various mechanisms, including
amplification or deletion of miRNA genes, dysregulation of transcriptional machinery, changes in
methylation and histone modifications, as well as mutations and changes in expression of miRNA
biogenesis-related proteins [62,63]. As miRNAs play an important role in the regulation of gene
expression, their aberrant expression can lead to significant alterations in cellular phenotype. In their
dysregulated state miRNAs can act as either oncogenes or tumor suppressors, affecting the cellular
processes required for tumor initiation and progression.

IsomiRs and Their Emerging Significance in Cancer

Inaccurate cleavage by either DICER or DROSHA, nucleotide additions at the 3´ end, and
nucleotide modifications could result in the production of miRNA isoforms (isomiRs) [64]. Increasing
data shows that isomiRs have significant impacts on miRNA-mediated gene regulation [65]. Variations
in the 5´ seed sequence could impact the specificity of miRNAs to their targets [66], and variations at
the 3´ ends determine the stability of miRNA-mRNA binding [67]. The impact of a particular isomiR
on miRNA function depends on the relative abundance and stability of the isomiR relative to its
canonical miRNA, as well as its binding efficiency to its target. Chan and colleagues demonstrated
this by showing that isomiRs of miR-31 regulated the expression of known targets to varying degrees
in vitro, and their binding capacity to the RISC complex determined using Ago-2 immunoprecipitation
(IP) was also varied [68].

Recent advances in high-throughput RNA sequencing technologies have allowed tissue
transcriptome profiling at the isomiR level. Telonis and colleagues [69] used The Cancer Gene
Atlas (TCGA) miRNA sequencing data across 32 cancer types, including ACC, to determine whether
the presence or absence of isomiRs could discriminate between the cancer types. By binarizing
the isomiR expression data, they were able to successfully classify tumor datasets with an average
sensitivity of 90% and false discovery rate (FDR) of 3%, which was superior to wild type miRNA
expression (average sensitivity 83%, FDR 5%) [69]. More recently, Wang and colleagues used the same
data to demonstrate that isomiRs that share their seed region (5′ isoforms) could similarly discriminate
between tumors [70]. In 2018, Lan and colleagues published the first study to use breast cancer TCGA
small RNA sequencing expression data to show that the isomiR expression-based classification was
superior to gene expression profiling at distinguishing between breast cancer subtypes [71]. Together
these findings suggest that miRNAs may carry out significant functional roles in tumorigenesis at the
isomiR level.
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A study that investigated isomiR expression in adrenal tissues using RNA sequencing technology
published in 2017 found that 411 miRNAs existed as 1763 various isoforms in a cohort of 14 ACC,
18 ACA, and 18 NAC samples [72]. These isomiRs contained 520 various seed sequences, of which
38% were non-canonical. Over a quarter of all expressed miRNAs in the ACC, ACA, and NAC
groups produced isomiRs with two or more seed regions that were predicted to target a different set of
mRNAs, but these were not investigated further. Therefore, the diagnostic and clinical significance
of differentially expressed isomiRs in ACC remains unknown, and further research is needed to
elucidate this.

While technical challenges related to the identification and quantification of isomiRs exist, recent
developments in data sharing and technology are helping to overcome these. Often isomiR sequencing
data is drawn from small sample numbers making it difficult to make general conclusions, but this is
being overcome by the release of small RNA sequencing data from large sample databases such as
TCGA. This has allowed researchers to study isomiR expression in more detail than previously possible.
Also, recently developed specialized techniques such as photoactivatable ribonucleoside-enhanced
crosslinking and Ago immunoprecipitation (Ago PAR-CLIP) ensures that identified isomiRs are
biologically active and not degradation products, improving the reliability of the experimental data
in this field. The utilization of such advances will facilitate research that will unlock a deeper
understanding of the role of isomiRs in ACC.

5. The Unique microRNA Expression Signature of ACC and Its Clinical Significance

5.1. The microRNA Expression Signature of ACC Tissues

Sporadic ACC is a genetically heterogeneous malignancy that can be classified into distinct
groups based on transcriptomics and clinical behavior. Several published studies have profiled
differential miRNA expression in ACC tissue samples compared with either ACA and/or normal
adrenal cortex (NAC) tissue using microarray data [73–77], TaqMan Low-Density Arrays (TLDA) [78,79],
RT-q-PCR [80], or RNA sequencing [51,72,81] (Table 2). Across these studies, miR-483-5p, miR-503-5p,
miR-210, and miR-483-3p were overexpressed in ACC compared with ACA or NAC in multiple datasets,
and miR-195, miR-497, and miR-335 were underexpressed. Of note, miR-483-5p was overexpressed
in eight of eleven studies, and has been associated with poor prognosis in ACC [73]. Earlier studies
using microarray and RT-q-PCR techniques could only investigate known miRNAs, whereas later
studies which utilized RNA sequencing could identify differentially expressed miRNAs which had not
previously been characterized. Hence, more numerous microRNA candidates have been identified
with RNA sequencing, and novel candidates like miR-508-3p were only identified and validated in
these later studies [51,81].
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5.2. Circulating microRNAs as Diagnostic Biomarkers in ACC

Diagnosing patients with ACC continues to present challenges as no preoperative blood-borne
tumor marker for the disease exists, and suspicion is often raised on imaging. MiRNAs are stable
in bodily fluids within extracellular vesicles shed from tumor cells or in protein complexes and are
relatively protected from enzymatic degradation in the circulation [82], making them attractive as
potential noninvasive diagnostic markers for cancer. Despite a significant body of research confirming
differentially expressed circulating miRNAs in various diseases, none have translated into clinical use.

A number of studies have reported on the expression and diagnostic utility of circulating miRNAs
in ACC, whose findings have been summarized in a recent review by Decmann and colleagues [83].
Several of these studies have attempted to define candidate diagnostic circulating miRNA biomarkers
for ACC in serum [76,84,85], but both relatively low sensitivity and specificity values have limited
their clinical application. Although circulating miR-483-5p relative expression is a reliable differentiator
between aggressive and non-aggressive ACC in serum, as demonstrated by Chabre and colleagues
(AUC 0.929) [76], it is unable to differentiate between ACC and adrenocortical adenoma (AUC 0.74) [85].
Circulating miR-483-5p is also overexpressed in hepatocellular [86] as well as head and neck cancers [87],
and has been proposed as a diagnostic marker in these diseases as in ACC. The lack of specificity of
this miRNA as a biomarker further limits its clinical utility in ACC, and is characteristic of oncological
miRNAs across different tumor types [88].

At present, various methods are in use for the quantification of circulating miRNAs in preclinical
research. The lack of standardization in sample collection, storage, and processing introduces significant
variation in the data, which limits the generalizability of differential expression results [89]. In addition,
common reference RNA genes used as calibrators in comparing miRNA expressions are differentially
expressed in the serum of patients with various diseases, leading to challenges in data normalization
for analysis [90]. To overcome this, the addition of synthetic RNA during RNA extraction as a spike-in
control is a method widely used for technical normalization. Such an exogenous control is helpful
as it undergoes the same processing as endogenous RNA in the sample, but this does not correct for
variables such as the serum miRNA fraction [91]. Standardization of sample collection techniques,
developments in vesicle-associated miRNA quantification, and the use of absolute quantification
methods that do not rely on housekeeper genes could help overcome the obstacles to the clinical
adoption of circulating miRNAs as diagnostic biomarkers in the future.

5.3. Tissue microRNA Expression as a Prognostic Tool in ACC

In patients with ACC, the prescribed adjuvant clinical management and follow-up regimen is
informed by the estimated risk of disease recurrence. Even in patients with unresectable disease,
systemic therapy depends on tumor biology. While clinical and pathological prognostic indicators
such as tumor stage, pathological grade, Ki67 proliferation index, and resection status are helpful in
estimating survival, more recently, genomic and transcriptome based studies have identified molecular
markers that can help predict recurrence-free survival as well [92]. Various RT-q-PCR studies have
shown that tissue relative expression levels of miR-210, miR-483-5p, miR-195, miR-503, miR-1202, and
miR-1275 are associated with overall survival in ACC [73,74,80]. In addition, ACC tissue miR-9 relative
expression has been shown to correlate with recurrence-free survival as well as overall survival [93],
as has the serum relative expression of miR-483-5p and miR-195 [76].

In an RNA sequencing study of 45 ACC and three NAC tissues, Assie and colleagues used
consensus clustering to classify tumors into three groups based on their microRNA profiles. The cluster
most distinct from NAC, Mi1, was also characterized by consistent 14q32 LOH and maternally expressed 3
(MEG3) long non-coding RNA promotor methylation. The 14q32 cytogenetic band contains 54 miRNAs,
one of the largest miRNA clusters in the human genome, and 38 of these were underexpressed in
the good prognosis of Mi1 tumors. The Mi2 group was characterized by weak overexpression of
the miR-506-514 cluster, known to have an oncogenic role in melanoma [94], while the Mi3 group
was strongly correlated with the poor prognosis transcriptome cluster C1A. Interestingly, while
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miRNA expression was maximally deregulated in Mi1 and Mi2 cluster tumors, ACC driver pathway
alterations were more consistently associated with Mi3 cluster tumors [51]. This study suggests that
the integrated analysis of miRNA expression is likely to be a superior approach to single miRNA
prognostic biomarkers for ACC.

6. Computational and Experimental Methods of miRNA Target Identification

Based on the existing understanding of the interactions between miRNAs and target mRNAs,
various software tools have been developed to predict endogenous miRNA targets for experimental
validation [95]. Recently, Ab Mutalib and colleagues reviewed the thirty-nine computational tools
currently available for miRNA target prediction [96], of which only one, DeAnnIso, allows for target
prediction of isomiRs [97]. These bioinformatic prediction tools are limited as they cannot predict
miRNA binding to non-coding RNAs, nor do they account for non-canonical mRNA binding sites [98].
In addition, bioinformatics methods may give false-positive results, and miRNA target predictions do
not always account for the tissue specificity of miRNA expression [99]; therefore, computational target
predictions should always be validated experimentally.

The various experimental methods available for miRNA target validation in biological systems
have been comprehensively reviewed elsewhere [100–102]. They include indirect methods such as
expression profiling or stable isotope labeling by amino acids in cell culture (SILAC) following miRNA
overexpression or inhibition, as well as direct methods such as reporter assays, biotinylated miRNA
pulldown assays, and RISC component pulldown assays. In reporter assays, direct evidence of miRNA
regulation is established when a mutated mRNA target site results in loss of miRNA regulation.
In these experimental approaches, miRNAs are often overexpressed to supraphysiological levels,
resulting in the saturation of RISC complexes at the expense of other endogenous miRNAs, and
false-positive results that allow low-affinity targets to appear functionally relevant [103]. Nevertheless,
these low-affinity targets, while irrelevant to the endogenous functioning of the miRNA in question,
continue to be important when considering the cellular effects of miRNAs as potential therapeutics.
Caution must also be exercised when extrapolating results from miRNA target validation experiments
in particular cellular environments across tissue types, as the failure to detect cell-specific natural
targets may ensue [100].

7. Functional miRNA Target Relationships in ACC

In ACC, the evidence for miRNA functional targets comes largely from reporter assays in
combination with the cellular effects of modulation of miRNA expression in cell culture.

7.1. Overexpressed miRNAs and Their ACCs

Several miRNAs that are overexpressed in ACC relative to NAC have proven oncogenic roles
in vitro, as well as defined molecular targets, that they regulate (Table 3). miR-9 [104], miR-21 [105],
miR-483-3p [106], and miR-483-5p [106] have been well described in the literature as ‘oncomiRs’ across
multiple mammalian cell types, which is consistent with their role in ACC. In contrast, miR-139-5p
is an established tumor suppressor in head and neck/oral, breast, and gastric cancers [107], but is
overexpressed in aggressive ACCs compared with non-aggressive ACCs [108].
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Table 3. Overexpressed microRNAs and their regulated targets in ACC.

microRNA Functional Role in ACC Molecular Target Evidence for Regulatory Interaction Reference/s

miR-9
Associated with reduced
DFS and increased
recurrence in clinical data

LIN28

Weak protein expression pattern in
aggressive ACC
Established reporter assays in
non-ACC models

[109–111]

miR-21 ↑ cellular proliferation PCDC4 Inverse correlation in expression
Reporter assays in non-ACC cell models [112–115]

miR-139-5p
Associated with
anchorage-independent
colony formation

NDRG4 Inverse correlation in expression
Reporter assays in non-ACC cell models [116]

miR-483-3p ↑ cellular proliferation
↓ apoptosis PUMA Inverse correlation in expression

Reporter assays in non-ACC models [74,117]

miR-483-5p
Associated with
anchorage-independent
colony formation

NDRG2 Inverse correlation in expression
Reporter assays in non-ACC models [116]

DFS, Disease-Free Survival; PDCD4, Programmed cell death protein 4; NDRG, N-myc downstream-regulated gene;
PUMA, p53 upregulated modulator of apoptosis.

7.1.1. miR-9 Regulates LIN28

miR-9 has diverse actions in cancer, and whether it acts as a tumor suppressor or oncomiR is tissue
dependent [118]. In ACC, aggressive phenotypes overexpress miR-9 in comparison with non-aggressive
phenotypes [51], and miR-9 overexpression is associated with poor prognosis in clinical datasets [93].
Luciferase-based assays have demonstrated direct binding between miR-9 and LIN28, an RNA binding
protein that regulates miRNA biogenesis via the miRNA let-7 in HeLa and A2780 ovarian carcinoma
cell lines [111]. Aggressive ACCs have been demonstrated to have weak LIN28 protein expression on
immunostaining [93], lending evidence to the hypothesis that LIN28 expression is regulated by miR-9
in this cellular environment.

7.1.2. MiR-21 Regulates PDCD4

MiR-21 is the most commonly overexpressed miRNA in cancer and is generally associated with an
aggressive phenotype and poor prognosis. miR-21 expression is negatively correlated with Programmed
Cell Death Protein 4 (PCDC4) expression across many solid tumors [105]. PCDC4 is upregulated
during apoptosis and inhibits translation of particular genes, including p53, by competitively binding
translation initiation factors [119]. Luciferase reporter assays in HeLa cells as well as colorectal and
thyroid cell lines, have established miR-21 as a direct regulator of PCDC4 expression [114,115]. In ACC,
in vitro gene-specific silencing of miR-21 resulted in increased PCDC4 expression and reduced cellular
proliferation [113], which suggests that this regulatory relationship between miR-21 and PCDC4 is also
present in ACC.

7.1.3. miR-483-3p Regulates PUMA

miR-483-3p is an oncomiR in ACC, promoting cellular proliferation and inhibiting apoptosis in
in vitro cell models [74]. Reporter assays in three different cell lines, including human embryonic
kidney (HEK293), liver cancer (HepG2), and colon cancer (HCT116), demonstrated that miR-483-3p
directly inhibits PUMA expression [117]. PUMA is a downstream target of p53, which antagonizes the
anti-apoptotic B-cell lymphoma 2 (Bcl-2) family proteins and consequently induces apoptosis [120].
PUMA expression was found to be inversely correlated with miR-483-3p expression in ACC, but not in
ACA or NAC tissue [74]. Given that miR-483-3p is a proven regulator of PUMA expression in various
cell models, this relationship can be extrapolated to ACC.
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7.2. Underexpressed miRNAs and Their ACC Targets

The molecular targets of a number of underexpressed tumor suppressor miRNAs in ACC have
also been characterized (Table 4). These miRNAs include miR-7 and miR-205 which have demonstrated
tumor suppressor activity in in vivo xenograft ACC models [121,122]. They also include miR-195
and miR-497, which are members of the tumor suppressor miR-15 family and share the same seed
sequence [123], as well as miR-99 family members miR-99a and miR-100, which are known to target the
mTOR signaling pathway [124].

Table 4. Underexpressed microRNAs and their regulated targets in ACC.

MicroRNA Functional Role in ACC Molecular Target Evidence for Regulatory Interaction Reference/s

miR-7

↓ cellular proliferation
↑ G1 cell cycle arrest
↓ H295R xenograft
growth in vivo

Raf-1 *
EGFR *
CDK1
PAK1
CKS2

Reporter assays *
Inverse correlation in expression [121]

miR-99a IGFR1
mTOR

Inverse correlation in expression
Reporter assays in non-ACC models [125]

miR-100 IGFR1
mTOR

Inverse correlation in expression
Reporter assays in non-ACC models [125]

miR-195
↓ cellular proliferation
↑ cellular invasion
↑ apoptosis

TARBP2
DICER1

Inverse correlation in expression
Ago-2 IP [58,74]

ZNF367 Reporter assays in SW13 cells [126]

miR-205

↓ cellular proliferation
↑ apoptosis
↓ SW13 xenograft tumor
growth in vivo

Bcl-2 Reporter assays [122]

miR-375 ↓ cellular proliferation MTDH Reporter assays
Inverse correlation in expression [127]

miR-431 ↑ cellular sensitivity to
doxorubicin and mitotane ZEB1

Inverse correlation in expression in
miRNA overexpressing doxorubicin
treated H295R cells.
Reporter assays in non-ACC models

[128]

miR-497
↓ cellular proliferation
↑ apoptosis
↑ G1 cell cycle arrest

TARBP2
DICER1

Inverse correlation in
expressionAgo-2 IP [58,74]

MALAT1
eIF4E
SFPQ

Inverse correlation in expression
Reporter assays [129]

* Regulatory interaction demonstrated by reporter assays for Raf-1 and EGFR only. Raf-1, Rapidly Accelerated
Fibrosarcoma-1; EGFR, Epidermal Growth Factor Receptor; PAK1, p21 activated kinase 1; CKS2, CDC28 Protein
Kinase Regulatory Subunit 2; CDK1, Cyclin-Dependent Kinase 1; IGFR1, Insulin-like Growth Factor 1 Receptor;
mTOR, Mechanistic Target of Rapamycin Kinase; TARBP2, TAR RNA-binding protein 2; DICER1, Dicer 1
Ribonuclease III; Ago-2 IP, Argonaute-2 immunoprecipitation; ZNF367, Zinc Finger Protein 367; Bcl-2, B-cell
lymphoma 2; MTDH, metadherin; ZEB1, Zinc finger E-box binding homeobox 1; MALAT1, metastasis-associated
lung adenocarcinoma transcript 1; eIF4E, eukaryotic translation initiation factor 4E; SFPQ, splicing factor proline
and glutamine-rich.
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7.2.1. miR-7 Regulates Raf-1, EGFR, CDK1, PAK1, CKS2

In the human genome, miR-7 is encoded on three separate loci whose different DNA sequences
can all be processed into the same mature miR-7 sequence [130]. miR-7 is an almost ubiquitous tumor
suppressor, being underexpressed in malignancies that range from those derived from brain tissue
to a myriad of solid tumors as well as leukemias [131]. In ACC, in vitro overexpression of miR-7
decreases proliferation and induces G1 cell cycle arrest and decreases the expression of p21 activated
kinase 1 (PAK1), CDC28 protein kinase regulatory subunit 2 (CKS2), and cyclin-dependent kinase 1 (CDK1)
mRNA [121]. PAK1 activation induces apoptosis, while CKS2 is an essential co-factor for CDK proteins
that regulate the cell cycle. Luciferase reporter assays in H295R cells demonstrated the regulatory
relationship between miR-7 and rapidly accelerated fibrosarcoma-1 (Raf-1) as well as the epidermal growth
factor receptor (EGFR) [121]. miR-7 targeting of EGFR has also been demonstrated in breast, lung, gastric,
and ovarian cancers, as well as glioma and schwannoma tumors. In schwannomas and breast cancer,
miR-7 has also been shown to target PAK1 [131].

7.2.2. miR-99a/100 Regulates IGFR1, mTOR

Both miR-99a and miR-100 were discovered as underexpressed relative to NAC in childhood ACC
tissue samples, where their expression was inversely correlated with both mTOR and insulin-like growth
factor 1 receptor (IGFR1) mRNA. miR-100 specific knockdown in in vitro ACC cell models was associated
with increased mTOR and IGFR1 protein expression, and furthermore, luciferase reporter assays in
HEK293 cells showed that both miRNAs could regulate mTOR and IGFR1 [125]. The regulatory
relationship between the miR-99 family and mTOR has been well studied in cardiovascular disease [132]
as well as in wound healing [133]. In cancer, miR-99 regulation of mTOR has been demonstrated to
enhance radiation sensitivity in urothelial carcinoma [134] as well as non-small cell lung cancer [135].

7.2.3. miR-205 Regulates Bcl-2

In ACC, miR-205 was shown to be underexpressed in a clinical cohort with RT-q-PCR.
The subsequent gain of function studies carried out using SW13 cells (a cell line derived from
adrenocortical metastasis of unknown origin) showed that miR-205 promoted apoptosis and impaired
cellular proliferation in vitro, and in vivo mouse SW13 xenograft studies showed that it could inhibit
tumor growth [122]. Luciferase reporter assays also carried out in SW13 demonstrated a direct
regulatory relationship between miR-205 and B-cell lymphoma 2 (Bcl-2) protein, which is known to
regulate the intrinsic apoptotic pathway in cancer [136].

7.2.4. miR-375 Regulates MTDH

miR-375, a known tumor suppressor in multiple cancers, is underexpressed in ACC [78], and in
aldosterone-producing adrenal adenomas, its expression is correlated with the tumor size [127]. In vitro
overexpression of miR-375 reduces cellular proliferation and suppresses metadherin (MTDH), which
functions to promote tumor invasion, metastasis, and chemoresistance. It also acts via the PI3K/Akt
and Wnt/β-catenin pathways to promote cellular proliferation, invasion, and survival [137]. Luciferase
reporter assays in H295R cells show that miR-375 directly binds MTDH mRNA and regulates its
expression in vitro in ACC.

7.2.5. miR-431 Regulates ZEB1

In ACC clinical samples, miR-431 is differentially expressed in chemosensitive tumors compared
with chemoresistant tumors. The gain of function studies in H295R and primary ACC cells showed
that miR-431 overexpression decreased the IC50 of both doxorubicin and mitotane to inhibit cellular
proliferation. In cells treated with doxorubicin, miR-431 reversed epithelial-to-mesenchymal transition
(EMT) [128]. Zinc finger E-box binding homeobox 1 (ZEB1), a protein that induces EMT in cancer
cells, had already been established as a direct target of miR-431 in hepatocellular carcinoma [138].
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Both ZEB1 mRNA and protein expression decreased in doxorubicin treated H295R cells overexpressing
miR-431 [128], indicating that this regulatory relationship between miR-431 and ZEB1 is active in ACC.

7.2.6. miR-497 Regulates TARBP2, DICER1, MALAT1, eIF4E, SFPQ

miR-497 expression is dysregulated in many solid organ tumors, which suggests that it may play
an important tumor suppressor role. Multiple studies have confirmed miR-497 underexpression in
ACC and its genomic location in a region of frequent LOH (17p13.1-13.3), in close proximity to the p53
locus, indicates that it may play a role in ACC tumorigenesis [15]. In vitro H295R gain of function
studies have shown that miR-497 decreases cellular proliferation, increases apoptosis, and also induces
G1 cell cycle arrest [74,129]. miR-497 has been shown to directly target the miRNA biogenesis related
proteins DICER1 and TARBP2 in Ago-2 IP assays, along with miR-195. This was confirmed with gain of
function studies that showed an inverse correlation between miR-497 expression and DICER1, as well
as TARBP2 mRNA and protein expression in H295R cells [58]. In a separate study, which was the
first to demonstrate miRNA targeting of long non-coding RNAs in ACC, luciferase reporter assays
demonstrated that miR-497 regulates the expression of metastasis-associated lung adenocarcinoma transcript
1 (MALAT1) [129]. MALAT1 is overexpressed in numerous types of tumors, including ACC, and is
known to promote cellular proliferation, apoptosis, migration, and invasion [138]. In H295R, miR-497
overexpression and MALAT1 knockdown inhibit the expression of eukaryotic translation initiation factor
4E (eIF4E), which directs ribosomes to the cap structure of mRNAs and is, therefore, essential for protein
synthesis [129]. miR-497 gain of function and MALAT1 knockdown studies further demonstrated the
reciprocal inhibitory relationship between them in in vitro ACC models.

Within the limits of the caveats previously outlined, we can infer from the above studies that
miRNAs modulate many protein targets that are involved in key driver pathways in ACC.

8. miRNA Modulation of ACC Driver Pathways

A significant proportion of the identified ACC miRNA molecular targets play various roles in
the established ACC driver pathways. This supports the notion that miRNA modulation of protein
expression, which in healthy cells helps to finetune and maintain the homeostatic balance, can potentiate
oncogenesis when dysregulated.

8.1. miRNA Modulators of the p53 Pathway in ACC

The overexpressed oncomiR miR-483-3p and the underexpressed tumor suppressors miR-7
and miR-205 all regulate downstream targets of p53 (Figure 1). miR-483-3p suppression of PUMA
expression and the alleviation of miR-205 modulated Bcl-2 inhibition of Bax, act synergistically to
inhibit p53-mediated apoptosis. P53 is known to transcriptionally downregulate CDK1, and thus,
initiates G2 cell cycle arrest. Constitutive activation of CDK1 resulting from the loss of miR-7 targeted
suppression overrides p53 mediated G2 arrest, leading to uncontrolled proliferation.
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8.2. miRNA Modulators of the mTOR Pathway in ACC

The loss of miR-7 regulation of Raf-1 and EGFR expression leads to downstream mTOR activation
in ACC. The underexpression of miR-99a/100 also leads to mTOR activation, ultimately potentiating
protein synthesis, which is further enhanced by the loss of miR-497 mediated eIF4E regulation. The
loss of miR-99a/100 mediated IGFR1 expression also promotes cell survival via the PI3K/AKT signaling
pathway (Figure 2).
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8.3. miRNA Modulators of the Wnt/B-Catenin Pathway in ACC

In ACC, the loss of miR-431 regulation allows ZEB1 to activate Wnt, consequently activating
β-catenin, which potentiates cell cycling. The loss of miR-375 mediated MTDH suppression upstream
of MAPK modulates the Wnt/β-catenin pathway to promote cell cycling (Figure 3).
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9. Future Directions and Conclusions

miRNAs play an important role in the modulation of ACC related target protein expression. The
dysregulation of miRNA expression disturbs the homeostatic balance of proteins that participate in
the pathways controlling cell cycle progression, cellular proliferation, apoptosis, and chemoresistance.
The overexpression of oncogenic miRNAs and underexpression of tumor suppressor miRNAs thus
potentiate tumorigenesis. The role of miRNA regulation in ACC remains an area of active research with
the potential to further our understanding of its tumor biology and the molecular pathways involved.
Small RNA sequencing of isomiRs and further refining our understanding of the miRNA signature of
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ACC provides the opportunity to improve diagnostic accuracy with techniques such as miRNA liquid
biopsy. With continuing advances in functional techniques that allow molecular interactions to be
clearly established, it will be possible to explore novel miRNA-based therapeutic approaches with the
aim of improving the current poor prognosis of these patients.
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Simple Summary: Thyroid cancer is the most common type of endocrine system malignancy.
The effective diagnosis, precise treatment, and better short and long-term prognosis of thyroid cancer
patients have remained challenging. Non-coding RNAs (ncRNAs) are emerging molecules with
diverse capabilities in initiating and promoting thyroid cancer upon dysregulation. The expression
profile of these molecules could be used to detect thyroid cancer, determine the therapeutic approaches,
and predict the patients’ survival. Thus, ncRNAs could have clinical significance in precision medicine.

Abstract: Thyroid cancer is the most prevalent malignancy of the endocrine system and the ninth
most common cancer globally. Despite the advances in the management of thyroid cancer, there are
critical issues with the diagnosis and treatment of thyroid cancer that result in the poor overall
survival of undifferentiated and metastatic thyroid cancer patients. Recent studies have revealed the
role of different non-coding RNAs (ncRNAs), such as microRNAs (miRNAs), long non-coding RNAs
(lncRNAs) and circular RNAs (circRNAs) that are dysregulated during thyroid cancer development
or the acquisition of resistance to therapeutics, and may play key roles in treatment failure and poor
prognosis of the thyroid cancer patients. Here, we systematically review the emerging roles and
molecular mechanisms of ncRNAs that regulate thyroid tumorigenesis and drug response. We then
propose the potential clinical implications of ncRNAs as novel diagnostic and prognostic biomarkers
for thyroid cancer.

Keywords: thyroid carcinoma; non-coding RNA; radioactive iodine; drug resistance; prognosis

1. Introduction

Thyroid carcinoma is the most prevalent malignancy of the endocrine system with a significantly
higher incidence in women [1–3] and is the 9th most common cancer globally [3]. The incidence of
thyroid cancer has been escalating worldwide in recent years [2,4]. According to the Surveillance,
Epidemiology and End Results (SEER) Program [5], ~53,000 newly diagnosed cases of thyroid cancer
are anticipated in the United States in 2020 and these will represent 2.9% of all new cancer cases.
Globally, there were newly diagnosed 567,233 thyroid cancer cases in 2018 that comprise 3.1% of all
cancer incidences [3]. The cause of this rise in incidence is multi-factorial. It is partially contributed by
the detection of incidental thyroid cancers with the increasing use of cross-sectional imaging. However,
other factors likely play a role in the pathogenesis of these thyroid cancer cases. The well-described risk
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factors of thyroid cancer are exposure to ionizing radiation, particularly in childhood, and family history
of thyroid cancer. The potential role of other factors such as smoking, obesity, hormonal exposures,
and environmental toxins/ endocrine-disrupting chemicals have been implicated [6]. Their mechanistic
role in the pathogenesis of thyroid cancer has not been well-elucidated. Further environmental and
biomolecular studies will be essential to better understand the complex etiology of thyroid cancer [7].

The thyroid gland comprises two specific cell types. Thyroid follicular (epithelial) cells produce
and secrete the thyroid hormones, thereby regulating the body’s temperature, metabolism, and heart
rate. The second cell type is parafollicular cells (C cells) that reside in the thyroid connective tissue and
are responsible for calcitonin secretion to regulate the levels of calcium and phosphate in the body [8,9].
Thyroid cancer is classified into four types based on histopathological analysis and site of origin:
(1) papillary thyroid carcinoma (PTC) that accounts for 80% of all cases and commonly metastasize
to cervical lymph nodes. (2) Follicular thyroid carcinoma (FTC) represents 10% of all cases and the
widely invasive sub-type has a tendency for metastasis to distant sites, whereas its minimally invasive
sub-type has an overall low risk of recurrence and metastasis. (3) Medullary thyroid carcinoma (MTC)
that is more aggressive than PTC and FTC, has higher metastatic rates to cervical lymph nodes and
distant sites, and occurs in 4% of thyroid cancer cases. (4) Poorly differentiated thyroid carcinoma
(PDTC) and anaplastic thyroid carcinoma (ATC) are the most aggressive and least differentiated types
of thyroid carcinoma with the highest rate of spread to other organs. PDTC and ATC account for 5–10%
of follicular thyroid cancers [1,10,11]. Among these types, PTC, FTC, PDTC and ATC originate from
follicular cells, whereas MTC develops from C cells.

The main measure to detect thyroid cancer is ultrasound, which can be complemented with
radioiodine scanning and fine-needle aspiration (FNA) biopsy [12]; and the treatment for thyroid
cancer is surgical excision [13]. Post-surgery, other therapeutic strategies including radioactive iodine
(RAI) therapy, and systemic therapies might be incorporated into the treatment regime for patients with
high risk of recurrent or persistent disease [14]. Improvements in detection and treatment strategies
have improved the survival of thyroid cancer. According to the American Society of Clinical Oncology,
the 5-year survival for most of the non-metastatic thyroid cancer types is above 95%, whereas this
rate falls drastically to 31% for ATC. In metastatic thyroid cancer, however, the 5-year survival rate
for PTC, FTC and MTC drops to 78, 63 and 39%, respectively. The 5-year survival rate for metastatic
ATC cases is only 4%. These data indicate that there is room for improvement in the current measures
for thyroid cancer management, especially for more aggressive subtypes, and highlight the need to
identify specific molecular diagnostic/prognostic biomarkers for personalized medicine.

Current diagnostic biomarkers in thyroid cancer include point mutations in the BRAF, NRAS,
KRAS, HRAS genes, and rearrangements in paired box 8 (PAX8)/peroxisome proliferator-activated
receptor gamma (PPARG) and RET [15–18]. In addition, mutations within the telomerase reverse
transcriptase (TERT) promoter region have been detected more frequently in aggressive thyroid cancer
cases [19]. Notwithstanding, the present molecular testing of thyroid cancer is chiefly useful to
stratify indeterminate nodules, thereby to avoid surgery or prevent unnecessary repeated FNA [20].
The identification of novel molecular biomarkers to facilitate early diagnosis and predict drug
responsiveness would be invaluable to improve the survival rate and quality of life for thyroid
cancer patients. Non-coding RNAs (ncRNAs) are fast emerging as novel functional molecules
and also biomarkers in human cancers [21–24]. Around 98% of the transcriptome in human cells
corresponds to ncRNAs that are transcribed from previously considered “junk DNA” sequences
such as introns and intergenic nucleotides [25]. These non-protein-coding transcripts are classified
as small ncRNAs (sncRNAs) and long non-coding RNAs (lncRNAs) that are less than or more than
200 nucleotides in length, respectively. sncRNAs comprise small nuclear RNAs (snRNAs), microRNAs
(miRNAs), piwi interacting RNAs (piRNAs) and small nucleolar RNAs (snoRNAs) [26–30]. However,
circular RNAs (circRNAs) belong to both sncRNA and lncRNA classifications due to their variable
length, ranging from 100–10,000 nucleotides [31]. The majority of human miRNAs and circRNAs are
transcribed from introns, reflecting the importance of non-coding DNA sequences in determining
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cell fate [32]. Compelling evidence highlights the involvement of ncRNAs in almost all physiological
and biological cell processes, such as cell growth, proliferation, senescence, apoptosis, invasion,
migration, angiogenesis and inflammation [22,33–38]. ncRNAs impose their functions through
different mechanisms—summarized in the following sections and Figure 1.

Figure 1. The schematic of mechanisms of action of ncRNAs. (A) lncRNAs and circRNAs can guide
chromatin remodeling factors to either activate or repress the transcription of target genes. (B) lncRNAs
and circRNAs, as scaffolds, can facilitate the assembly of ribonucleoprotein complexes to either activate
or repress the transcription of target genes. (C) lncRNAs and circRNAs can sponge the transcription
factors to repress the transcription of the target genes. (D) Upon transcription, lncRNAs can facilitate the
formation of regulatory complexes and loop the DNA, thereby priming long-range gene transcription.
(E) lncRNAs and circRNAs can sponge the miRNAs, thereby rescuing the miRNA target transcripts.
(F) circRNAs can compete with the linear mRNA(s) transcribed from their host gene and repress
the canonical splicing over the back splicing. (G) miRNAs bind to their target mRNAs and repress
the translation efficiency upon non-perfect complementation between the seed region and targeted
binding site. (H) miRNAs bind to their target mRNAs and result in transcript degradation upon perfect
complementation between the seed region and targeted binding site.
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Upon dysregulation, oncogenic and tumor suppressor ncRNAs could drive cancer initiation and
progression, and/or alter drug response [39–41]. This review systematically focuses on the recent
advances in the molecular roles of different ncRNA classes in thyroid cancer, as well as their implications
as diagnostic and prognostic biomarkers and therapeutic targets.

2. miRNAs Regulating Thyroid Carcinogenesis

miRNAs are a subclass of sncRNAs with about 19–24 nucleotides in length that mainly regulate
gene expression at the post-transcriptional level. miRNAs bind to miRNA response elements on target
protein-coding and non-coding transcripts to regulate their expression. miRNA binding may lead to
mRNA degradation or translational repression, depending on the extent of complementarity with each
target region [42–44] (Figure 1). miRNAs have also been shown to regulate genes transcriptionally via
interacting with lncRNAs, leading to the up or down-regulation of target genes [45–47]. The impact of
miRNA dysregulation on cancer was first described by Calin et al. in 2002 [48]. Shortly after, He et al.
showed the up-regulation of miR-221, miR-222, and miR-146 in PTC patients, which are the first
dysregulated miRNAs reported in thyroid cancer [49]. To date, many additional studies have identified
miRNAs involved in thyroid cancer initiation and progression [50,51]. Here, we summarize the recent
list of dysregulated miRNAs in thyroid cancer, published from 2015 onward, with implications in
cancer initiation and progression, briefly listed in Table 1.

A group of dysregulated miRNAs has been shown by in vitro and in vivo assays to inhibit apoptosis
and promote proliferation, invasion and migration in thyroid cancer. For instance, the down-regulation
of miR-524-5p [68], miR-141-3p [61], miR-9 [67], miR-199b-5p [66], miR-1266 [60], miR-144 [62],
miR-150 [64] and miR-7 [69] were demonstrated to play pivotal roles in thyroid tumorigenesis.
However, there is lack of inclusive data to know how these alterations could mechanistically impose
tumorigenic properties in the context of thyroid cancer. Despite this ambiguity, the dysregulation of
some other miRNAs has been reported to promote thyroid carcinomas via different signaling pathways,
such as Wnt and phosphatidylinositol-4,5-Bisphosphate 3-Kinase (PI3K)/Akt (Figure 2).
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Figure 2. Schematic overview of ncRNA involvement in thyroid cancer-related signaling pathways.
Key components of the PI3K/Akt/mTOR pathway, such as AKT3, ERBB2 and VHL, are regulated
by different miRNAs and lncRNAs in thyroid cancer. The metabolism of glucose is regulated by
miR-143 and miR-125-5p. Well-known cancer-related pathways, NFκB and Wnt, are tightly regulated
by miRNAs and lncRNAs in thyroid cancer. Dysregulation of these miRNAs and lncRNAs in various
types of thyroid cancer eventually results in the induction of proliferation, migration and invasion,
while apoptosis is suppressed. Note: Pink represents direct targets of miRNAs, green represents direct
miRNA targets of lncRNAs and blue represents the indirect target of miRNA or lncRNAs.

2.1. Wnt-Mediated Tumorigenic Effects of Dysregulated miRNAs

Wnt signaling pathway is essential to embryonic development and tissue homeostasis.
Hyperactivation of Wnt signaling is abundant in human cancer [71,72] and thyroid carcinoma
is not an exception [73]. miR-574-5p is one of the most well-studied miRNAs that is linked to thyroid
carcinomas, FTC and PTC in particular, via Wnt pathway. Up-regulation of miR-574-5p was reported
by different groups to promote proliferation, Epithelial-Mesenchymal Transition (EMT), invasion,
migration and inhibit apoptosis [55,74,75]. miR-574-5p exerts its oncogenic effects via targeting
Forkhead Box N3 (FOXN3), Quaking protein 5–7 (QKI5–7), and Suppressor of Cancer Cell Invasion
(SCAI) transcripts. Collectively, this results in the activation of the Wnt signaling pathway. This, in turn,
up-regulates β-catenin, N-cadherin (a mesenchymal biomarker), Snail, c-Myc, cyclin D1 and survivin
proteins [55,74,75], leading to downstream oncogenic phenotypes and thyroid cancer development.
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In addition, the down-regulation of miR-195, which is shown in different cancers [76–80],
was reported to cause thyroid tumorigenesis in vitro and in vivo via activating Wnt pathway.
Through direct targeting cyclin D1 and fibroblast growth factor 2 (FGF2) genes, miR-195 was shown to
inhibit cell proliferation, migration, and invasion via down-regulating β-catenin, c-Myc, cyclin D1 and
matrix metallopeptidase-13 (MMP-13) [65]. A number of Wnt signaling pathway inhibitors are being
examined in clinical trials, such as frizzled receptor antagonist, Vantictumab [81]. It is conceivable that
Wnt pathway blockade may neutralize the oncogenic effects of miR-574-5p or miR-195 up-regulation
in thyroid cancer, leading to the suppression of cancer development or progression. This hypothesis is
yet to be tested experimentally.

2.2. PI3K/Akt-Mediated Tumorigenic Effects of Dysregulated miRNAs

PI3K/Akt signaling is a well-established oncogenic signaling pathway in multiple human
cancers [82], including thyroid carcinoma [83]. Thus far, dysregulation of several miRNAs has
been reported to regulate thyroid cancer by targeting the PI3K/Akt signaling pathway. For instance,
miR-21 overexpression was shown to target Von Hippel-Lindau (VHL) tumor suppressor and activate
PI3K/Akt pathway. This, in turn, resulted in an increase in the EMT markers N-cadherin and vimentin,
and promote cell proliferation and invasion [54]. PTEN is another validated target of miR-21, reported
in various human cancers, that plays pivotal role in the inhibition of PI3K/Akt pathway [84–86]. Thus,
miR-21 up-regulation could synergistically suppress PI3K/Akt pathway via targeting VHL and PTEN
transcripts. This needs to be examined experimentally. In addition to miR-21, heightened expression of
miR-625-3p was reported to activate PI3K/Akt pathway via an unknown mechanism [56]. miR-497 [67]
and miR-375 [57] were demonstrated to be down-regulated in thyroid cancer and target AKT3 and
ErbB2 receptor tyrosine kinase 2 (ERBB2), respectively. The latter is reported to be overexpressed in
PTC clinical samples [87] and mediates the resistance to mitogen-activated protein kinase (MAPK)
inhibitors in BRAF-mutant thyroid cancer cell lines [88], implying that ERBB2 could drastically affect
the thyroid tumorigenesis. The AKT3 up-regulation, caused by miR-497 down-regulation, resulted in
the activation of PI3K/Akt pathway that eventually promotes proliferation and invasion in thyroid
cancer [67]. Although miR-375 down-regulation similarly led to augmentation of oncogenic properties
in vitro and in vivo [57], it is unclear whether these effects were mediated by ERBB2, a key oncogenic
protein involved in the PI3K pathway [89]. Besides, miR-96 is another example of overexpressed ncRNA
in thyroid cancer with possible involvement in PI3K/Akt pathway. miR-96 imposes its proliferative and
anti-apoptotic effects via targeting Forkhead Box O1 (FOXO1), a known tumor suppressor in thyroid
cancer [90] that is phosphorylated and subsequently degraded by PI3K/Akt activation [91]. In parallel
with PI3K/Akt, miR-96 could synergistically amplify the FOXO1-mediated oncogenic properties in
thyroid cancer. However, this proposed model has not been experimentally tested.

Despite the advances in harnessing the oncogenic properties of thyroid cancer via dual
administration of PI3K/Akt pathway inhibitors—palbociclib and omipalisib [92]—it is not known how
dysregulated miRNAs in this context could determine the drug response.

2.3. Glucose Metabolism-Mediated Tumorigenic Effects of Dysregulated miRNAs

The higher activity of glycolytic pathway has been shown in thyroid cancer to impose
tumorigenesis [93,94]. Of note, miR-143 and miR-125a-5p have been reported to affect thyroid
tumorigenesis via regulating glucose metabolism [59,95]. Studies in vitro and in vivo demonstrated
that miR-143 directly targets Hexokinase 2 (HK2) and thereby down-regulates its expression.
miR-143-mediated HK2 down-regulation resulted in suppressed glycolysis and therefore, decreased
proliferation and migration [95]. These support the tumor-suppressive role of miR-143; however,
the expression profile of this miRNA remained to be investigated in clinical thyroid cancer samples.
A more comprehensive study revealed that miR-125a-5p was down-regulated in both thyroid cancer
cell lines and clinical samples. miR-125a-5p was shown to block glucose metabolism via direct targeting
CD147 that eventually suppressed cell viability and migration [59]. Given the clinical significance of
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targeting glucose metabolism in cancer therapy [96,97], a more in-depth study to examine both miR-143
and miR-125a-5p may open a new avenue to control thyroid cancer via regulating glucose metabolism.

2.4. Dysregulated miRNAs in Other Signaling Pathways

The down-regulation of miR-873-5p was shown to increase the expression of its direct target, C-X-C
Motif Chemokine Ligand 16 (CXCL16) in PTC cell lines. This resulted in an increase in phosphorylation
of p65 and Rel-B, thereby leading to activation of the NFκB pathway., and consequently, up-regulation
of MMP1, MMP9 and MMP13 proteins. The overall phenotypic effects of miR-873-5p down-regulation
are enhanced thyroid cancer cell proliferation, migration and invasion [70], which is theoretically
consistent with the lowered expression of this miRNA in PTC clinical samples.

Overexpression of miR-155 was shown by Zhang et al. in ATC aggressive cells to promote cell
proliferation, invasion and migration via directly targeting suppressor of cytokine signaling 1 (SOCS1)
transcripts [53]. SOCS1 is a ubiquitin ligase with the tumor-suppressive activity that is silenced in
human tumors [98–100]. This protein was demonstrated to be a direct inhibitor of the catalytic activity
of Janus kinase 1 (JAK1), JAK2 and tyrosine kinase 2 (TYK2), thereby suppressing the JAK/signal
transducer and activator of transcription (STAT) signaling pathway [101]. Given the oncogenic
nature of JAK/STAT pathway in different human cancers [102] including thyroid carcinomas [103],
targeting miR-155 could inhibit the thyroid cancer development/progression via activating SOCS1
and suppressing JAK/STAT. Notwithstanding, this hypothesis has not been tested in thyroid cancer.
The reduced expression of miR-30 and miR-200 in ATC tumors is another remarkable finding that can
help distinguish the ATC from PTCs or FTCs. The down-regulation of miR-30 and miR-200 mediates
the suppression of mesenchymal-epithelial transition (MET), while inducing EMT [104].

Although the dysregulation of dozens of miRNAs has been reported in thyroid cancer, the majority
of these studies focus on specific miRNAs and do not include transcriptome-wide screening approaches.
Hence, RNA-seq- and/or microarray-based methods could be utilized to show a clearer map of
dysregulated miRNAs. Moreover, despite the comprehensive studies with beneficial attempts to
unravel the underlying molecular pathways involved in thyroid cancer, more studies are needed to
fully map the mechanisms by which miRNA dysregulation mediates thyroid cancer development and
progression. These could reveal the master regulator miRNAs that control key thyroid cancer signaling
pathways, which may be used in personalized medicine.

3. lncRNAs Regulating Thyroid Carcinogenesis

LncRNAs are a sub-class of ncRNAs >200 nucleotides in length. LncRNAs regulate target gene
expression through different mechanisms. At the transcriptional level, lncRNAs can interact with
the polycomb repressive complex 2 (PRC2) and confine its access to particular genomic regions,
leading to the suppression of gene expression [67]. For example, HOX transcript antisense RNA
(HOTAIR) suppresses homeobox D (HOXD) expression via interacting with the catalytic subunit
of PRC2, called enhancer of zeste homolog 2 (EZH2) [105,106]. Alternatively, lncRNAs have been
reported to recruit DNA methyltransferases to modify chromatin conformation [107–109]. As an
example, PTEN pseudogene (PTENpg1) utilizes DNA methyltransferase 3A (DNMT3a) to regulate the
transcription of PTEN [110]. LncRNAs can also regulate gene expression at the post-transcriptional
level by complementary sequence-specific mechanisms that affect the mRNA splicing, turnover and
translation [44]. For example, metastasis- associated lung adenocarcinoma transcript 1 (MALAT1)
was shown to compete with splicing regulatory proteins for binding on target mRNAs [111];
BETA-SECRETASE 1-ANTISENSE (Bace1-AS) hybridizes with Bace1 mRNA to increase its half-life [112],
and long intergenic non-coding RNA p21 (lincRNA-p21) recruits translation repressors to catenin beta
1 (CTNNB1) gene to silence it [113]. The schematic of lncRNAs regulatory mechanisms is shown in
Figure 1.

A series of lncRNAs have been identified to be abnormally regulated and expressed in thyroid
cancer (Table 2).
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Table 2. Dysregulated lncRNAs in thyroid cancer.

LncRNA Alteration Mechanism Thyroid
Cancer Type Sample Ref.

CASC9

↑

↓miR-488-3p→ ↑ ADAM9
→ ↑ EGFR/PI3K/Akt
pathway activation.

PTC
Cell line

and tissue

[114]

DLX6-AS1 Negatively correlated
with UPF1 Not known [115]

ENST00000539653.1
(ENS-653) Not known PTC

Tissue

[116]

H19
Not known ATC [117]

Not known Not known [58]

↓miR-3126-5p→ ↑ ER-β PTCSCs and
PTC tissue [118]

HCP5
↓miR-22-3p, miR-186-5p

and miR-216a-5p→ ↑
ST6GAL2

FTC

Cell line
and tissue

[119]

LINC00152 ↓miR-497→ ↑ BDNF

PTC

[120]

LINC00514 ↓miR-204-3p→ ↑ CDC23 [121]

LINC00941 ↓ CDH6 [122]

MALAT1 No mechanism [123]

n340790 ↓miR-1254 Not known [119]

NEAT1 ↓miR-9-5p ↑ SPAG9 ATC [67]

UNC5B-AS1 Not known PTC Tissue [124]

XIST ↓miR-34a→ ↑MET→
PI3K/Akt activation Not known Cell line

and tissue [125]

H19

↓

Not known FTC
Tissue

[126]

H19 Not known PTC [127]

LINC003121 ↑ PI3K and p-Akt Not known

Cell line
and tissue

[128]

PAR5 ↑ EZH2→ ↓ E-cadherin
ATC

[129]

PTCSC3
↑ STAT3→ ↑ INO80 [130]

↑miR-574-5p→ ↓ SCAI→
↑ β-catenin→ ↑Wnt
pathway activation PTC

[55]

SNHG3 ↑ PI3K/Akt/mTOR
pathway [131]

PTC: Papillary Thyroid Cancer; FTC: Follicular Thyroid Cancer; ATC: Anaplastic Thyroid Cancer; PTCSCs: Papillary
Thyroid Cancer Stem Cells; SNHG3: Small Nucleolar RNA Host Gene 3; PAR5: Prader Willi/Angelman Region RNA5;
CASC9: Cancer Susceptibility 9; DLX6-AS1: Distal-Less Homeobox 6-Antisense 1; NEAT1: Nuclear Paraspeckle
Assembly Transcript 1; UNC5B-AS1: Unc-5 Netrin Receptor B-Antisense 1; XIST: X-inactive specific transcript;
MALAT1: Metastasis Associated Lung Adenocarcinoma Transcript 1; HCP5: HLA complex P5; PTCSC3: Thyroid
Carcinoma Susceptibility Candidate 3; PI3K: Phosphatidylinositol-4,5-Bisphosphate 3-Kinase; mTOR: Mechanistic
Target of Rapamycin Kinase; EZH2: Enhancer of Zeste Homolog 2; ADAM9: ADAM Metallopeptidase Domain 9;
EGFR: Epidermal Growth Factor Receptor; UPF1: UPF1 RNA Helicase and ATPase; ER-β: Estrogen Receptor Beta;
SPAG9: Perm-Associated Antigen 9; BDNF: Brain-Derived Neurotrophic Factor; CDH6: Cadherin 6; STAT3: Signal
Transducer And Activator of Transcription 3; ST6GAL2: alpha-2, 6-sialyltransferase 2; SCAI: Suppressor of Cancer
Cell Invasion.

LncRNAs play roles in regulating diverse cellular processes [132], thereby causing cancer upon
dysregulation [133].
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The dysregulation of lncRNA H19 has been studied widely in different cancers such as bladder [134],
breast [135,136] and liver [137]. The dysregulation of H19 in thyroid cancer is subject of controversy
since the down-regulation was reported in FTC [126] and PTC [127], while the overexpression is
reported in PTC, ATC [117] and PTC/PTC stem cells (PTCSCs) [118]. Given the functional studies
performed in these reports, the oncogenic nature of H19 in thyroid cancer is more conceivable since
H19 knockdown resulted in the suppression of proliferation, migration, and invasion in ATC cells
in vitro and inhibited tumorigenesis and metastasis in vivo [117]. Moreover, the depletion of H19 was
shown to suppress the sphere formation ability [118], collectively suggest that H19 acts as an oncogene
in thyroid cancer.

In contrast to the many studies focusing on specific lncRNAs, Pellecchia et al. performed a
transcriptome-wide screening using lncRNA microarray method. Comparing the ATC tumor to
the normal samples revealed that Prader Willi/Angelman Region RNA5 (PAR5) was a significant
down-regulated lncRNA in tumors. Mechanistically, overexpression of PAR5 expression resulted in the
down-regulation and dissociation of EZH2, leading to the relieving of E-cadherin transcription efficiency,
which subsequently reduced proliferation and migration of ATC-derived cells [129]. In another unbiased
study, utilizing the chromatin immunoprecipitation (ChIP)-seq method, Linc00941 was found as a
highly expressed enhancer-associated lncRNA in PTC tumor samples as compared to the paired healthy
tissues. Of note, Linc00941 expression was significantly higher in BRAFV600E PTC patients and
correlated with extrathyroidal extension in PTC patients, suggesting that the up-regulation might be
mediated by BRAFV600E. However, this hypothesis was not tested. Functionally, Linc00941 promoted
the proliferation and invasion of PTC cell lines, hypothetically mediated by targeting Cadherin 6
CDH6 transcripts [122].

The up-regulation and corresponding oncogenic properties of a diverse range of lncRNAs are
reported in different studies, including distal-less homeobox 6-antisense 1 (DLX6-AS1) [115], nuclear
paraspeckle assembly transcript 1 (NEAT1) [67], ENST00000539653.1 (ENS-653) [116], Unc-5 netrin
receptor B-antisense 1 (UNC5B-AS1) [124], LINC00514 [121], LINC00152 [120], MALAT1 [123], HLA
complex P5 (HCP5) [119] and n340790 [119]. Although the exact modes of action by which these
lncRNAs promote/suppress thyroid carcinomas have not been elucidated, we summarize a number of
altered lncRNAs with implications in Wnt and PI3K/Akt signaling pathways (Figure 2).

3.1. Wnt-Mediated Tumorigenic Effects of Dysregulated lncRNAs

The putative role of lncRNAs in thyroid tumorigenesis mediated by activating the Wnt signaling
pathway has been also tested. Thyroid carcinoma susceptibility candidate 3 (PTCSC3) down-regulation
was observed in the clinical samples as well the cell lines resulting in elevation of miR-574-5p
and subsequently down-regulation of SCAI and activation of β-catenin (Figure 2). Functionally,
overexpression of PTCSC3 inhibited the cell proliferation and migration via suppressing the Wnt
pathway. Besides, PTCSC3 suppressed the growth in vivo, indicating that PTCSC3 acts as a tumor
suppressor in thyroid cancer [55]. It is unclear whether inhibiting/overexpressing the dysregulated
lncRNAs could affect the downstream targetome of thyroid cancer-related signaling pathways.
For example, could PTCSC3 overexpression suppress the Wnt activity using TopFlash assay?

3.2. PI3K/Akt-Mediated Tumorigenic Effects of Dysregulated lncRNAs

In the context of the PI3K/Akt pathway, the down-regulation of small nucleolar RNA host gene
3 (SNHG3) was reported to promote growth and invasiveness in vitro and in vivo via activating
PI3K/Akt/mechanistic target of rapamycin kinase (mTOR) pathway [131]. However, the mechanism by
which such phenotype was observed has not been elucidated. Cancer susceptibility 9 (CASC9) is another
example of a dysregulated ncRNA in thyroid cancer. The up-regulation of this lncRNA was reported
in PTC patient tissues and cell lines and mechanistically was shown to sponge miR-488-3p to rescue
ADAM metallopeptidase domain 9 (ADAM9) oncogene. This consequently resulted in promoting
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the proliferative, migrative, and invasive abilities of thyroid cancer cells in vitro, and augmenting the
tumorigenesis in vivo via activating epidermal growth factor receptor (EGFR)/PI3K/Akt pathway [114].

Similarly, the up-regulation of X-inactive specific transcript (XIST) in thyroid cancer was
demonstrated to activate the PI3K/Akt pathway via sponging miR-34a and the subsequent rescue of
MET, a well-known oncogene in thyroid cancer. The functional experiments properly proved the
oncogenic role of XIST, where its silencing suppressed the proliferation and tumor growth in vitro and
in vivo [125].

LINC003121 is an example of down-regulated lncRNA in thyroid cancer. Although the mechanistic
evaluations were not performed, the lower expression of LINC003121 was shown to increase PI3K
and p-Akt expression, leading to increased cell proliferation and invasion in vitro, and promoting
tumorigenicity in thyroid cancer xenograft models in nude mice [128]. Together with reviewed
miRNAs, PI3K/Akt pathway plays a pivotal role in thyroid development and progression upstream of
a myriad of ncRNAs (Figure 2).

Taken together, recent evidence highlights the molecular and functional relevance of different
lncRNAs in thyroid cancer, especially in the context of PI3K/Akt and Wnt signaling pathways. However,
it remained to know how and to what extend the alterations in lncRNAs could influence the Wnt
and/or PI3K-mediated therapy. Besides, high throughput methods, such as RNA-seq or ChIP-seq and
microarray, have not been utilized to uncover the dysregulated lncRNAs in thyroid cancer patients in a
transcriptome-wide manner.

4. circRNAs Regulating Thyroid Carcinogenesis

circRNAs, the stably expressed ncRNAs in different cell types with special annular structures,
play fundamental regulatory roles in the physiological processes of the cell and have implications
in human diseases such as cancer. Mechanistically, circRNAs impose their downstream effects via
sponging miRNAs or interacting with proteins [138–140] (Figure 1). A few of oncogenic circRNAs
have been reported to drive thyroid cancer (Table 3).

Table 3. Dysregulated circRNAs in thyroid cancer.

circRNA Alteration Mechanism Sample Thyroid
Cancer Type Ref.

circ_0008274 ↑ ↓ AMPK/mTOR
signaling pathway Cell line and tissue PTC [141]

circEIF6 ↑ ↓miR-144-3p→ ↑
TGF-α Cell line and tissue PTC & ATC [142]

circFOXM1 ↑ ↓miR-1179→ ↑
HMGB1 Cell line and tissue PTC [143]

PTC: Papillary Thyroid Cancer; ATC: Anaplastic Thyroid Cancer; circFOXM1: Circular Forkhead Box Protein M1;
circEIF6: circular Eukaryotic Translation Initiation Factor 6; HMGB1: High Mobility Group Box Protein 1; AMPK: 5′
AMP-activated Protein Kinase; mTOR: Mammalian Target of Rapamycin (mTOR); TGF-α: Transforming Growth
Factor Alpha.

For instance, the up-regulation of circular forkhead box protein M1 (circFOXM1) was reported in
PTC tissues, as well as ATC and PTC cell lines [143]. With no effect on the linear FOXM1 transcript,
circFOXM1 was demonstrated to modulate cancer progression through sponging miR-1179 and
rescuing high mobility group box protein 1 (HMGB1) expression, which eventually promotes tumor
growth of PTC in vitro and in vivo [143]. Likewise, the up-regulation of circ_0008274 has been reported
in PTC tissues and cell lines. High circ_0008274 expression has been associated with more advanced
thyroid cancer TNM staging and lymph node metastases. The in vitro studies revealed that this
circRNA promoted cell proliferation and invasion. circ_0008274 imposes its effect via the activation
of the mammalian target of rapamycin (mTOR) signaling pathway (increasing p-mTOR) and the
inhibition of the 5′ AMP-activated protein kinase (AMPK) (reducing p-AMPK) [141]. Given the known
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negative regulatory effect of AMPK on mTOR protein [144], it is conceivable that circ_0008274 activates
mTOR pathway via inhibiting AMPK protein, leading to thyroid cancer development and progression.
However, this notion remained to be tested in depth in thyroid cancer cell lines.

Collectively, circRNAs have been shown to be deregulated and promote thyroid cancer mainly
through sponging miRNAs. More studies are needed, particularly in ATC and metastatic thyroid
cancers, to develop deeper insights on circRNAs roles in thyroid cancer initiation and promotion.

5. ncRNAs May Regulate the Biology of Thyroid Tumor Microenvironment

The tumor microenvironment is composed of a variety of tumor-associated immune cells as well
as growth factors, cytokines, and chemokines. Changes in the tumor microenvironment that occurs
during cancer progression could induce various biological processes like angiogenesis, proliferation,
invasion and metastasis, immune tolerance and alter the response to therapeutic agents [145,146].
B cells, T cells, mast cells, dendritic cells and macrophages are the main immune cells accumulated
in the tumor microenvironment, where machrophages are characterized by plasticity and diversity
and play an important role in the immune response [147]. In response to hypoxia, tumor-associated
macrophages produce WNT7b, which in turn attributes to up-regulation of vascular endothelial growth
factor (VEGF) by adjacent vascular endothelial cells in the tumor microenvironment. This eventually
results in the elevated angiogenesis and promotion of tumor growth [148,149]. Of note, the secretion of
diverse chemokines and cytokines recruits the regulatory T lymphocytes that result in the inhibition
of effector T cells [150]. Although there is lack of conclusive evidence about the roles of ncRNAs in
regulating the microenvironment-associated cells/components in thyroid cancer, here we review the
current data and propose the potential ncRNA-related mechanisms.

NEAT1, an up-regulated lncRNA in thyroid cancer, has been reported to induce tumor-associated
macrophages via sponging miR-214 and inducing the β-catenin/Wnt signaling pathway [151].
This further highlights the therapeutic potential of NEAT1 as a potential target for thyroid cancer
therapy [152]. Another highly-expressed lncRNA in thyroid cancer, MALAT1, can activate angiogenesis
via increasing fibroblast growth factor 2 (FGF2) expression in tumor-associated macrophages [153].
Another up-regulated lncRNA, PTCSC3, may also regulate the thyroid cancer tumor microenvironment
via activating the Wnt signaling pathway [55].The up-regulation of miR-574-5p and miR-195 has
been discussed in Section 2.1 to induce proliferation, EMT, invasion and migration via activating
the Wnt pathway in thyroid cancer. miR-574-5p and/or miR-195 overexpression could induce the
chemokines/cytokines and activate the tumor-associated immune cells. This hypothesis remained to
be tested to assess the potential of these miRNAs in modulating the thyroid tumor microenvironment.

6. ncRNAs are Novel Candidates for Early Detection of Thyroid Cancer

In poorly differentiated, medullary, and anaplastic thyroid carcinomas [154], early detection
of cancer is key to maximizing the chance of successful treatment and prolonging patient survival.
This is achieved by systematic screening and recognizing the warning signs [155]. For thyroid
cancer, the current standard of care is to perform neck ultrasonography together with FNA cytology,
which are determinants to discriminate benign and malignant thyroid nodules [156]. However,
10–40% of thyroid nodule FNA cytology results are indeterminate, resulting in a repeat FNA several
months later [157,158]. In indeterminate thyroid FNA cytology, the estimated incidence of malignancy
ranges between 10 and 75% [159]. Furthermore, it is not possible to distinguish the benign follicular
adenoma (FA) from the malignant FTC via FNA cytology unlike other forms of thyroid cancers.
Hence, the diagnosis of malignancy in this group can only be made post-surgery via histology that
demonstrates the presence of capsular or vascular invasion. This difficulty in making a definite
diagnosis for cytologically-indeterminate FNA usually results in delayed definitive treatment and
management. Treatment for repeatedly indeterminate cases usually takes the form of a diagnostic
hemi-thyroidectomy, or a two-stage thyroidectomy for patients with thyroid cancer on diagnostic
histology. Furthermore, the majority of patients (76–81%) with indeterminate cytology have benign
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thyroid nodules and thus were subjected to unnecessary diagnostic thyroid surgeries [160]. As such,
there is a critical need for clinicians to improve the ability to predict the risk of thyroid cancer in
thyroid nodules.

As reviewed in the introduction section, molecular tests for oncogene mutations such as
BRAF, NRAS, KRAS, HRAS, Pax8-PPARG, re-arrangement of RET and TERT have been used to
improve benign/malignant differentiation [6,161]. However, they have not increased the specificity
of such diagnostic methods [162,163]. Moreover, the performance of these kits may also differ in
different populations due to the different prevalence of the genetic alterations of interests. For example,
while BRAFV600E is present in 38–58% of thyroid cancers in patients of European ancestry, the prevalence
across East Asia can range from 80% in Korea, 62% in China, and 53% in India [164–169]. These suggest
that more molecular tools are needed, especially for the timely diagnosis of advanced thyroid cancers.
Here, we focus on the significance of diagnostic ncRNAs in thyroid cancer (Table 4).

Table 4. Diagnostic ncRNAs in thyroid cancer.

ncRNA ncRNA Type Source Finding Thyroid
Samples Ref.

miR-138-1-3p
miR-139-5p

miR-146b-5p
miR-155miR-204-5p

miR-222-3pmiR-29b-1-5p
miR-31-5p
miR-375

miR-551b-3p

miRNA

FNA

miRNA testing, recently
commercialized as

ThyraMIR, identified
64% of malignant cases

and 98% of benign
cases correctly.

Not known [170]

miR-146b Higher expression in
PTC FNA samples PTC [171]

miR-132-3p
miR-146a-5pmiR-17-5p

miR-183-3p
miR-222-3p
miR-451a

Serum

miR-222-3p and
miR-17-5p can accurately
discriminate MTC from
the benign nodule and
healthy control groups

PTC, MTC,
benign nodules

and controls
[172]

miR-146a-5p
miR-221-3p
miR-222-3p

High pre-surgical
expressionLow

post-surgical expression

PTC

[173]

miR-146b
miR-21
miR-221
miR-222

Higher expression in
PTM serum samples [174]

miR-146a-5p
miR-199b-3p

Lower expression in PTC
serum as compared to
benign serum samples

[175]

let-7b-5pmiR-10a-5p
Higher expression in

PTC serum as compared
to benign serum samples

miR-423-5p Higher expression in
PTC serum samples [176]

let-7a Tissue Lower expression in
thyroid tumor samples Not known [58]

H19

lncRNA

Higher expression in
thyroid tumor samples

H19

Lower expression in
thyroid tumor samples

as compared to
benign samples

PTC
[127]

MALAT1
Higher expression in

thyroid tumor samples

[123]

n340790 Not known [119]

UNC5B-AS1 PTC [124]

PTC: Papillary Thyroid Cancer; MTC: Medullar Thyroid Cancer; UNC5B-AS1: Unc-5 Netrin Receptor B-Antisense
RNA 1; MALAT1: Metastasis Associated Lung Adenocarcinoma Transcript 1; FNA: Fine Needle Aspiration.
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ncRNAs have tremendous potential as diagnostic biomarkers as they are found to be stable and
detectable in body fluids [177–179]. For instance, miR-10b-5p, miR-195-5p, miR-132-3p, miR-20a3p,
miR-185-5p, and miR-296-5p are reported to be significantly overexpressed in gastric cancer patients’
sera [180]. Commercially, a lncRNA named prostate cancer-associated 3 (PCA3) has been approved by
the US Food and Drug Administration as a urine biomarker for prostate cancer [181].

The diagnostic significance of miR-222, miR-146a-5p and miR-146b has been shown by different
studies. Zhang et al. studied the serum level of miR-222-3p, miR-17-5p, miR-451a, miR-146a-5p,
miR-132-3p and miR-183-3p in PTC, MTC, benign nodule and control groups. The results revealed that
the serum levels of miR-222-3p, miR-17-5p, and miR-451a were markedly increased, while miR-146a-5p,
miR-132-3p, and miR-183-3p were significantly decreased in the PTC and benign nodule groups
compared with the control group. There was no difference in the miRNA expression profile between
the PTC and the benign nodule group. Nevertheless, the serum levels of miR-222-3p and miR-17-5p
were significantly increased in the MTC group than the benign nodule and control groups. Therefore,
they concluded that miR-222-3p and miR-17-5p can accurately discriminate MTC from the benign
nodule group and healthy controls [172]. Rosignolo et al. studied the serum level of miR-146a-5p,
miR-221-3p and miR-222-3p before and 30 days after surgery in PTC patients. The pre-surgical high
expression of these miRNAs with a significant post-surgical down-regulation supported the diagnostic
significance of miR-146a-5p, miR-221-3p and miR-222-3p [173]. Moreover, the heightened serum level
of miR-222, miR-221, miR-146b and miR-21 was detected in the PTC tumors with <10 mm diameter as
compared to benign nodules [174]. The importance of miR-146b was supported by another study that
showed the escalated expression of this miRNA in FNA biopsy samples of PTC samples [171]. Graham
et al. measured the expression level of miRNAs in the serum of PTC samples versus the benign nodule
group. The results revealed that miR-146a-5p and miR-199b-3p were highly expressed in the PTC
group, whereas let7b-5p and miR-10a-5p were down-regulated [175]. These various studies on the
clinical significance of miRNAs have resulted in the advent of a commercial diagnostic product in
thyroid cancer. ThyraMIR® miRNA classifier product is developed to be used in combination with the
conventional molecular diagnostic platform as a new thyroid cancer diagnostic tool, with promising
outcomes showing 89% sensitivity and 85% specificity [170]. This kit is expected to reduce 85%
of unnecessary surgeries of benign thyroid nodules [161,182–184]. The miRNAs utilized in this
classifier are miR-29b-1-5p, miR-31-5p, miR-138-1-3p, miR-139-5p, miR-146b-5p, miR-155, miR-204-5p,
miR-222-3p, miR-375 and miR-551b-3p.

Although the diagnostic values of miRNAs have been widely studied in the serum, the diagnostic
significance of lncRNAs is dominantly studied in tissues. This may be because the stability of lncRNA
levels is the lowest among several different RNA species [185]. A nonrandomized, retrospective study
examining PTC patients and benign thyroid nodes revealed that lower H19 expression levels could
distinguish PTC from benign with area under the curve (AUC) of the receiver operating characteristic
(ROC) curve of 0.813 [127]. Liu et al. also studied the diagnostic significance of H19 together with
let-7a in thyroid cancer patients showing that these ncRNAs could discriminate the thyroid cancer
tumors against the healthy samples with AUC of 0.801 and 0.116 for H19 and let-7a, respectively [58].
The higher expression of UNC5B-AS1, MATAL1 and n340790 was shown to distinguish the tumor
and normal samples with AUC values of 0.932, 0.632 and 0.845, respectively [119,123,124]. With the
increasing identification of diagnostic circulating lncRNAs in different cancers [186–190], we expect
to see the utilization of circulating lncRNAs to optimize diagnostic accuracy of thyroid nodules in
the future. Collectively, ncRNAs could be clinically relevant biomarkers for thyroid cancer diagnosis
(Figure 3).

256



Cancers 2020, 12, 3264

Figure 3. The diagnostic, prognostic and therapeutic significance of dysregulated ncRNAs in thyroid
cancer. A variety of ncRNAs are dysregulated during primary to advanced tumor progression.
These ncRNAs could have implications for the prognosis of thyroid cancer patients. The expression
levels of ncRNAs could distinguish normal from tumor thyroid cells, therefore, acting as diagnostic
biomarkers. Several ncRNAs may determine the response/resistance to the routine thyroid cancer
treatment options of radioiodine and/or chemotherapy. FNA: fine needle aspiration.

Other than the ncRNAs utilized in the current commercial kit, other potential ncRNAs such as
miR-146a-5p and H19 could be evaluated in clinical validation studies as diagnostic biomarkers.
Although no circRNA has been reported to convey diagnostic significance in thyroid cancer,
these ncRNAs have tremendous potential as diagnostic biomarkers due to the high stability of
their circular structure and accumulation in exosomes. These characteristics result in the stable
secretion of circRNAs in peripheral body fluids such as plasma and saliva, where they can be detected
for early diagnosis of cancer [170,191–193].

7. ncRNAs as Prognostic Factors for Thyroid Cancer

ncRNAs have recently shown a massive capability as prognostic factors in human cancers [194,195].
For instance, the reduced expression of let-7 was shown to be associated with shortened postoperative
survival of lung cancer patients [196]; and tumor suppressor candidate 7 (TUSC7) is a prognostic
lncRNA that is inversely associated with aggressive stages and shorter survival of gastric cancer
patients has been reported [197].

Thus far, BRAFV600E and TERT [13]/p53 [198] mutations are the main molecular prognostic
biomarkers [199] used along with clinicopathological factors such as age, extra-thyroid tumor spread,
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lymph node and distant metastases and increasing tumor size in thyroid cancer [200]. Nonetheless,
nearly 30% of thyroid cancer patients may face over- or undertreatment in a condition based on
BRAF status alone [200]. Moreover, the impact of BRAF status on the risk of recurrence in the very
low-risk patients appears to be small [13]. This suggests that more molecular biomarkers are needed to
determine the prognosis of thyroid cancer patients. In this section, we review the recent advances in
prognostic ncRNAs in thyroid cancer, that are listed in Table 5.

Table 5. Prognostic ncRNAs in thyroid cancer.

ncRNA ncRNA Type Prognostic Significance Thyroid
Cancer Type Ref.

Let-7a

miRNA

Negative correlation with higher TNM stages
lymph node metastasis and lower 5-year survival Not known [58]

miR-141-3p Negative association with TNM stage and lymph
node metastasis

PTC

[61]

miR-146b
miR-21

miR-222
Poor prognosis [174]

miR-150 Negative association with TNM stage and lymph
node metastasis [64]

miR-199b-5p Negative association with stage [66]

miR-21 Poor prognosis [54]

miR-21
miR-9

Independent prognostic factors of
PTC recurrence [201]

miR-221 Independent prognostic factors of
PTC recurrence [202]

miR-654-3p Down-regulation upon a long-term PTC
progression in BRAFV600E-transgenic mice [203]

miR-7 Negative association with stage [69]

CASC9

lncRNA

Positive association with large tumor size,
advanced stage, or lymph node metastasis. [114]

ENST00000539653.1
(ENS-653)

Positive association with larger tumor size, more
advanced clinical stage and poorer

disease-free survival
[116]

H19

Positive correlation with higher TNM stages
lymph node metastasis and lower 5-year survival Not known [58]

Positive correlation with poor overall survival PTCSCs and
PTC tissue [118]

Negative correlation with extrathyroid extension,
tumor size, histological aggressive type,

pathological lateral node metastasis and poorer
disease-free survivalIndependent risk factor for

extrathyroidal extension and lymph
node metastasis.

PTC [127]

Negative association with tumor size, distant
metastasis and vascular invasion FTC [126]

MALAT1 Positive correlation with tumor size and lymph
node metastases PTC [123]

n340790
Positive correlation with primary

clinicopathological characteristics (good
prognostic factor)

Not known [119]

SNHG3 Negative association with stage and
poor prognosis

PTC

[131]

UNC5B-AS1 Positive correlation with lymph node metastasis,
tumor size and histological type [124]

PTC: Papillary Thyroid Cancer; FTC: Follicular Thyroid Cancer; ATC: Anaplastic Thyroid Cancer; PTCSCs: Papillary
Thyroid Cancer Stem Cells; SNHG3: Small Nucleolar RNA Host Gene 3; CASC9: Cancer Susceptibility 9; PTCSC3:
Thyroid Carcinoma Susceptibility Candidate 3; UNC5B-AS1: Unc-5 Netrin Receptor B-Antisense RNA 1; MALAT1:
Metastasis Associated Lung Adenocarcinoma Transcript 1.
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The overexpression and oncogenic actions of miR-21 have been widely reported in thyroid
cancer [54,204–206], suggesting that this miRNA could be a potential diagnostic factor for early
detection of thyroid cancer. Beyond that, the association between miR-21 with the clinicopathological
characteristics of thyroid cancer uncovered its capability to be used as a prognostic factor. The survival
analysis by Zang et al. revealed that the higher expression of miR-21 can predict poor prognosis of PTC
patients [54]. In another study, the multivariate survival analysis of patients for at least 120 months after
surgery showed that miR-9 and miR-21 were significant independent prognostic factors for recurrence
of PTC patients [201]. Zhang et al. studied miR-21 together with miR-221, miR-222 and miR-146b and
depicted that all these miRNAs, except for miR-221, were highly expressed in poor-prognosis PTC
patients group [174]. Comparing the expression level of miR-21, miR-222, miR-9, miR-10b, miR-146b,
miR-31, miR-220 and miR-221 in recurrent vs. non-recurrent groups in another study showed that
although all the miRNAs were dysregulated, only miR-221 overexpression was the independent
prognostic factor of PTC recurrence [202]. The different outcomes among these studies could be due
to the type of statistical tests used, e.g., multivariate vs. univariate Cox survival analysis. A deeper
epidemiological analysis encompassing more dysregulated miRNAs, all the clinicopathological features
and controlling for potential confounder parameters in a larger cohort size could better assess the
utility of these miRNAs as prognostic markers.

miR-141-3p and miR-150 were separately demonstrated by different studies to be inversely
associated with TNM stage and lymph node metastasis in PTC patients [61,64]. Similarly, the inverse
association between miR-199b-5p or miR-7 and TNM stage was shown in PTC patients [66,69]. In another
study, Geraldo et al. performed a prognosis study using the BRAFV600E-mutant PTC progression
model in mice. The results interestingly showed that miR-654-3p levels underwent a significant
decrease with long-term PTC progression in mice and negatively correlated with EMT. They further
reported the down-regulation of miR-654-3p in PTC cell lines with the subsequent effect on increasing
proliferation and migration. This suggests that not only this miRNA undergoes down-regulation in PTC
development, but it also continues to be suppressed to progress cancer. Nonetheless, the epidemiological
study is required to prove it as a prognostic factor in thyroid cancer [69].

With regard to the prognostic values of lncRNAs in thyroid cancer, several lncRNAs have
been investigated. The decreased expression of small nucleolar RNA host gene 3 (SNHG3) was
shown to correlate with the higher TNM stages and poorer prognosis of PTC patients [131]. On the
contrary, CASC9, ENS-653, MALAT1 and UNC5B-AS1 associated positively with the advanced
clinicopathological characteristics including large tumor size, advanced stage, or lymph node metastasis
in PTC patients [114,116,123,124]. lncRNA H19 has been widely studied in different thyroid cancer
cohorts that showed controversial prognostic results. In PTC, H19 was shown to be inversely
associated with tumor size, pathological lateral node metastasis, extrathyroid extension, histological
aggressive type and poorer disease-free survival [127]. The multivariate analysis of this retrospective,
non-randomised study including 89 patients with benign thyroid nodes and 410 patients with PTC
confirmed that H19 could be an independent risk factor for the extrathyroidal extension and lymph
node metastasis [127]. Li et al. reported that higher H19 expression correlated with the poorer overall
survival of PTC patients [118]. Similarly, Liu et al. studied thyroid cancer patients and showed that
H19 positively correlated with higher TNM stages, lymph node metastasis and lower 5-year survival
rate. Controlling for another ncRNA surveyed in this study, the higher H19 and lower let-7a along with
tumor size, stage and lymph node metastasis were confirmed as the independent prognostic factors of
thyroid cancer [58]. In FTC, H19 was revealed as the prognostic factor negatively associated with tumor
size, distant metastasis and vascular invasion. However, the multivariate regression demonstrated
that only age, primary tumor size ≥4 cm and vascular invasion were the significant prognostic factors
of survival [126].

Taken together, the prognostic significance of ncRNAs has been shown in thyroid cancer (Figure 3).
Notwithstanding, very little is known about the prognostic ncRNAs in more advanced thyroid cancers
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of MTC and ATC that show worse prognosis as compared to PTC and FTC. This indicates that the
dysregulated ncRNAs could be studied epidemiologically in MTC/ATC cohorts.

8. ncRNAs Could Affect Thyroid Cancer Therapy

Upon thyroid cancer diagnosis, surgical excision of tumors is performed [13]. Patients with more
advanced, differentiated thyroid cancers and a higher risk of recurrent or persistent disease undergo
adjuvant RAI therapy. The molecular basis of this adjuvant therapy is the uptake of RAI via the
plasma membrane sodium iodide symporter (NIS). NIS mediates the influx of RAI via transporting
two Na+ ions and one I− ion into the cytosol. RAI is then concentrated into the thyroid cells by
iodine-metabolizing machinery. This eventually increases the efficiency of RAI therapy and improves
the prognosis of thyroid cancer patients.

Notwithstanding, about 25–50% of locally advanced or metastatic thyroid cancers become
refractory to RAI therapy. This leads to a poorer outcome with 5-year survival of <50% and 10-year
survival of <10% [207,208]. RAI refractory response occurs through a complex de-differentiation
process that leads to a diminished or a loss of NIS expression and/or correct localization. These prevent
the cytoplasmic influx of RAI in thyroid cells, thereby causing adjuvant therapy resistance [209].
There are multiple mechanisms by which RAI resistance happens. Dysregulation of the MAPK
signaling pathway is a well-studied mechanism that represses NIS protein expression. Thyroid cancer
cells harboring BRAFV600E mutations exhibit robust activation of MAPK signaling, associated with a
de-differentiated state [209]. BRAFV600E-induced MAPK-independent repression of NIS has also been
reported, where BRAFV600E induces Transforming Growth Factor β (TGF-β) secretion. This resulted
in the repression of NIS and elevated oncogenic properties in PTC cells [210]. The mechanistic
role of PI3K and notch signaling pathways have also been demonstrated in RAI resistance [211].
Although the diversity of underlying mechanisms delineates the complexity and difficulty of the
restoration of RAI sensitivity in thyroid cancer patients, different approaches have been implemented
to overcome this clinical obstacle. Treatment of RAI-refractory thyroid cancer patients with retinoic
acid [212], epigenetic transcriptional restoration of NIS expression via histone deacetylase inhibitors
(HDACi) [213], or peroxisome proliferator-activated receptor (PPAR)-γ agonist [214] have shown
sub-optimal re-differentiation outcomes for the patients.

Among various tested measures, ncRNAs have emerged as potential modulators of NIS restoration.
Inhibition of miR-21, an upregulated miRNA in thyroid cancer, resulted in up-regulation of NIS
expression, although the detailed mechanisms remain unknown [204]. In addition, miR-146b was
reported to be highly up-regulated in dedifferentiated thyroid cancer cells, resulting in the repression
of NIS via direct targeting of the NIS mRNA [215,216]. NIS expression can also be regulated by let7f-5p
in PTC and FTC cells [217]. These findings highlight the potential clinical significance of inhibiting
NIS-targeting miRNAs with respect to the re-differentiation and restoration of RAI sensitivity in
RAI-refractory thyroid cancer patients. Additionally, transcriptome-wide approaches will be critical to
identify the dysregulated lncRNAs and circRNAs in de-differentiated thyroid cancer cases, providing
previously uncharacterized targets forpotential ncRNA-based strategies for the restoration of NIS
expression. Given the known regulatory effects of miR-375, miR-497, CASC9 and XIST on the PI3K/Akt
signaling pathway (Figure 2)—that is involved in NIS repression—in-depth studies could unravel their
potential roles in the redifferentiation process.

Currently, patients with RAI-refractory differentiated thyroid cancer undergo systemic therapy,
including targeted therapy and chemotherapy [12]. The chemotherapy drugs commonly used to
treat thyroid cancer, in particular, the aggressive medullary and anaplastic thyroid malignancies
are dacarbazine, vincristine, cyclophosphamide, doxorubicin, streptozocin, fluorouracil, paclitaxel,
docetaxel and carboplatin [218–222]. However, chemotherapy is rarely used for thyroid cancer
treatment, except for ATC patients. Doxorubicin was the only chemotherapy approved for the
treatment of thyroid cancer patients. Nevertheless, it yielded a complete or partial response rate of
<40% with limited durability [223]. Thus far, 2 multi-targeted tyrosine kinase inhibitors, sorafenib and
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lenvatinib, have been FDA-approved for the treatment of locally advanced or metastatic progressive
RAI-refractory differentiated thyroid cancer. Both had been shown to improve progression-free
survival but not overall survival [224–226]. For progressive metastatic MTC, 2 multi-targeted
tyrosine kinase inhibitors, vandetanib and cabozantinib showed to improve progression-free survival
and have been FDA-approved [227,228]. In metastatic BRAFV600E-mutant ATC, combined targeted
therapy with dabrafenib and trametinib has been shown to improve progression-free survival and
is FDA-approved for this indication [229]. Mutation-selective kinase inhibitor such as RET-inhibitor
selpercatinib is FDA-approved for the treatment of metastatic RET-mutant MTC or RET-fusion
mutant differentiated thyroid cancers with phase II clinical trial showing an overall response
rate of 70%. Another mutation-selective kinase inhibitor that has been FDA-approved is the
TRK inhibitor (larotrectinib or entrectinib) that can be used in metastatic thyroid cancers with
NTRK-fusion mutation [230,231].

Serum thyroglobulin (Tg) is used as a tumor marker to monitor disease burden with treatment [232].
It detects recurrence in thyroid cancer with a sensitivity of 19–40% and specificity of 92–97% [233].
In addition, the presence of anti-thyroglobulin antibody in 25% of thyroid cancer patients affects the
reliability of Tg assay [234,235]. Patients with poorly-differentiated thyroid cancers lose the ability to
produce Tg, making the measurement of Tg an unreliable reflection of tumor burden [232]. Given the
low survival rate of aggressive thyroid cancer patients and the rather low sensitivity of Tg for detecting
thyroid cancer recurrence leave room for the development of molecular tools that are more sensitive,
and hopefully equally specific, than Tg.

The other underlying factor playing role in cancer treatment failure could be drug resistance,
leading to elevated cancer relapse and mortality in patients [236,237]. ncRNAs are increasingly studied
to unravel the complex mechanism of drug resistance development [238,239]. In this section, we discuss
the recent advances contributing to the understanding of how ncRNAs contribute to drug sensitivity
and/or resistance in thyroid cancer (Table 6).

Table 6. Therapeutic ncRNAs in thyroid cancer.

ncRNA ncRNA Type Therapeutic
Significance

Thyroid
Cancer Type Ref.

miR-144

miRNA

↑ Sensitivity to
cisplatin ATC [62]

miR-146b ↓ Radioiodine
uptake FTC [215]

miR-27b-3p ↑ Resistance to
doxorubicin ATC [240]

miR-625-3p
Target of icariin

anti-tumor
substance

PTC [56]

MEG3a

lncRNA

↑ Resistance to
radioactive iodine FTC and PTC [241]

NEAT1 ↑ Resistance to
cisplatin ATC [67]

NEAT1 ↑ Resistance to
radioactive iodine PTC [242]

PTCSC3 ↑ Resistance to
doxorubicin ATC [130]

SLC6A9-5:2 ↑ Resistance to
radioactive iodine PTC [243]

circEIF6 circRNA ↑ Resistance to
cisplatin PTC and ATC [142]

FTC: Follicular Thyroid Cancer; PTC: Papillary Thyroid Cancer; ATC: Anaplastic Thyroid Cancer; NEAT1: Nuclear
Paraspeckle Assembly Transcript 1; MEG3a: Maternally Expressed Gene 3; PTCSC3: Papillary Thyroid Carcinoma
Susceptibility Candidate 3; SLC6A9-5:2: Solute Carrier Family 6 Member 9-5:2; circEIF6: Circular Eukaryotic
Translation Initiation Factor 6.
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Icariin, a chemical flavonoid compound isolated from different species of the genus Epimedium plant,
has recently emerged as an anti-cancer substance [244], e.g., in ovarian cancer by targeting miR-21 [245]
or in colorectal cancer through enhancing the NFκB suppression-mediated radiosensitivity [246].
In thyroid cancer, Fang et al. demonstrated that icariin inhibited cell growth, invasion and migration,
while promoting apoptosis [56]. Mechanistically, icariin was shown to target miR-625-3p leading to
inactivation of the PI3K/Akt and mitogen-activated protein kinase kinase (MEK)/mitogen-activated
protein kinase 1 (ERK) signaling pathways [56]. Therefore, targeting miR-625-3p expression that is
elevated in thyroid cancer could enhance the therapeutic sensitivity of tumor cells to icariin. In another
study, Xu et al. reported that miR-27b-3p expression level was increased in doxorubicin-resistant ATC
cells through targeting and suppressing peroxisome proliferator-activated receptor gamma (PPARγ)
gene [240]. Their findings indicated that targeted inhibition of miR-27b-3p might be a potential
therapeutic approach in doxorubicin-resistant ATC cells. Another study on progressive ATC cells
depicted that down-regulation of miR-144 led to the cisplatin resistance. Transfection with miR-144
mimics improved the sensitivity of ATC cells to cisplatin and inhibited tumor growth by suppressing
(transforming growth factor alpha) TGF-α both in vitro and in vivo [62]. Collectively, the dysregulation
of miRNAs could determine the sensitivity or resistance to the anti-tumor compounds in thyroid
cancer (Figure 3). Together with drug screening, the miRNA microarray array clinical studies could
provide more insights into the functional miRNAs involved in drug response.

To date, many lncRNAs have been shown in human cancer to play role as therapeutic
determinants [247–249]. In thyroid cancer, lncRNAs have recently emerged as important factors
involved in the sensitivity of patients to different treatments. LncRNA NEAT1 has been shown to have
therapeutic implications in different thyroid cancer types. In ATC, in vitro and in vivo overexpression
of NEAT1 was demonstrated to elevate cisplatin resistance via sponging miR-9-5p, which resulted in
rescuing perm associated antigen 9 (SPAG9) [67]. In addition, higher expression of NEAT1 was detected
in radioactivity iodine-resistant PTC tissues and cell lines, and this was associated with miR-101-3p
inhibition, Fibronectin 1 overexpression, and PI3K/Akt pathway activation [242]. These highlight
the importance of targeted inhibition of NEAT1 to overcome the chemotherapy and radioactivity
iodine-resistance of thyroid cancer patients.

In addition to NEAT1, solute carrier family 6 member 9–5:2 (SLC6A9–5:2) and maternally expressed
3 (MEG3a) were discovered as therapeutic lncRNAs in determining the response to 131I therapy. MEG3a,
an important lncRNA in different human diseases [250–252], was shown to be down-regulated in
radioactivity iodine-resistant PTC and FTC tissues and cell lines. Mechanistically, overexpression of
MEG3a resulted in sponging miR-182 that subsequently suppressed 131I-resistant cell viability and
induced DNA damage [241]. Similarly, SLC6A9-5:2 down-regulation was reported in radioactivity
iodine-resistant PTC tissues and cell lines. However, overexpression of SLC6A9-5:2 revoked the
131I-resistant sensitivity via up-regulating PARP-1 protein with an unknown mechanism [243]. lncRNA
PTCSC3 was observed to be down-regulated in ATC tissues and cell lines leading to increased STAT3
and INO80 expression. This axis consequently conferred resistance to doxorubicin [130]. This indicates
that overexpressing PTCSC3 could overcome the resistance to doxorubicin in ATC patients.

The physiological roles of circRNAs are not restricted to their contribution to cancer development.
circRNAs, could also determine the drug response and thereby promote drug resistance in human
cancers [253–257]. In thyroid cancer, circular eukaryotic translation initiation factor 6 (circEIF6) has
been shown to inhibit the response to cisplatin. In the presence of this chemotherapeutic drug, circEIF6
was shown to inhibit the apoptosis via sponging miR-144-3p and the corresponding up-regulation of
TGF-α, thereby enhancing the resistance to cisplatin in both PTC and ATC thyroid cancer cells [142].
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Collectively, ncRNAs play role as therapeutic factors in thyroid cancer (Figure 3). Altering
miR-146b, NEAT1, MEG3a, SLC6A9-5:2 may synergistically improve the resistance to radioactive
iodine, while targeted inhibition of miR-27b-3p and PTCSC3 may overcome the resistance to doxorubicin.
To heighten the sensitivity to cisplatin, miR-144, NEAT1 and circEIF6 could be studied together in
thyroid cancer. Future studies could evaluate the functional role of ncRNAs in determining the
response to targeted kinase therapy.

9. Conclusions and Future Perspectives

Over the years, remarkable progress has been achieved in mapping the genetic basis of thyroid
cancer and developing more efficient molecular tests for its early detection. Notwithstanding, the overall
survival of MTC, ATC, PDTC and metastatic differentiated thyroid cancer patients have not improved
satisfactorily, reflecting the need for deciphering pristine molecular determinants that could guide
early diagnosis and personalized treatment- utilization of ncRNAs is a promising strategy.

In this review, we discussed the current knowledge of three main subtypes of ncRNAs,
including miRNAs, lncRNAs and circRNAs in different histopathological subtypes of thyroid cancer.
Dysregulation of ncRNAs play an important role in thyroid cancer pathogenesis. This information
could be utilized in the diagnostic, prognostic and therapeutic aspects of thyroid cancer clinical care.
A number of clinical trials are ongoing to investigate the potential diagnostic and therapeutic impact of
ncRNA molecules in thyroid cancer (Table 7).

Table 7. List of ongoing clinical trials indexed in ClinicalTrials.gov (https://clinicaltrials.gov/ct2/home)
portal with diagnostic or prognostic relevance in thyroid cancer.

Identifier ncRNA
Type Type of Sample Study Type Observational

Model
Clinical

Significance Status

NCT03469544 HOTAIR Peripheral blood
samples Observational Case-Control Diagnostic

biomarker
Not yet

recruiting

NCT01964508 miRNAs FNA samples Observational Cohort Diagnostic
biomarker

Not yet
recruiting

NCT04594720 lncRNAs Peripheral blood
samples Observational Case-Control Diagnostic

biomarker
Recruiting
completed

NCT01240590 miRNAs ATC tumor samples Interventional Parallel
Assignment

Therapeutic
biomarker

for
Crolibulin

and cisplatin

Recruiting
completed

NCT04285476 miRNAs Thyroid carcinoma Interventional Single Group
Assignment

Diagnostic
biomarker

Not yet
recruiting

NCT00689065 siRNA
Variety of solid

tumors including
Thyroid carcinoma

Interventional Single Group
Assignment

RNA-based
therapy

(CALAA-01)

Recruitment
terminated

FNA: fine needle aspiration.

Owing to the tumor-suppressive or oncogenic function, dysregulated ncRNAs could promote
tumorigenesis via regulating various physiological and cellular activities leading to proliferation/cell
growth or inhibition of cell death. However, little is known about the detailed regulatory mechanisms
by which the ncRNAs, especially circRNAs, are dysregulated in thyroid cancer with the corresponding
downstream tumorigenic and drug-resistance cascades. Understanding the mode of action by which
different ncRNAs, individually or in a network, impose their oncogenic effects could aid in the
development of new therapeutic approaches to harness the progression of malignant cells. This could
be primarily achieved by rational in vitro RNA-based drug design to target the up-regulated ncRNAs
using antagomirs and antisense oligos (ASOs), or by expressing the key down-regulated ncRNAs
using agomirs and expression vectors. However, selecting the key target ncRNAs from a large number
of candidate ncRNAs remains a big challenge.
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The other challenge would be the instability and high immunogenicity of the RNA therapeutics,
necessitating chemical modifications of the RNA molecules. One example is using the inverted
thymidine residues at the 3′ end of the RNA to protect it against exonucleases, thereby improving
stability [258]. In addition, conjugating the RNA with an active targeting moiety, such as an antibody,
has been shown to reduce immunogenicity [259]. Although significant progress has been made,
the delivery of RNA therapeutics remains a major challenge. Negatively charged phosphate backbones
and large molecular weight of RNA molecules hamper RNA uptake through difficulties in passing
through the cell membrane, micropinocytosis, endosomal escape and kidney clearance [258,260,261].
In addition to reducing immunogenicity, the conjugation of RNAs with targeting moieties including
antibodies, aptamers, lipic nanoparticles and polymers has led to magnificent advances in the delivery
efficiency of RNA therapeutics [262]. Attachment of a monoclonal antibody (TCM-9), a specific
antibody for human thyroid cancer [263], could be a strategy to improve the targeted delivery of RNA
therapeutics to thyroid carcinoma cells.

Combination of ncRNAs-based therapeutic interventions with conventional systemic therapy
could emerge as an impactful way to conquer drug resistance in advanced thyroid cancer. Such in-depth
studies may prove the way toward pre-clinical and clinical investigations that eventually could provide
more impactful therapies. Beyond the understanding of cancer pathogenesis and drug resistance,
the alteration in circulating or tissue ncRNAs expression could facilitate the diagnosis of different
thyroid malignancies with improved sensitivity and specificity, and a minimized need for diagnostic
thyroid surgeries. Taken together, we expect the application of ncRNAs as diagnostic/prognostic
biomarkers and therapeutic targets to emerge within the few next years in thyroid cancer.
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Abbreviations

ADAM9 ADAM Metallopeptidase Domain 9
AKT3 RAC-γ serine/threonine-protein kinase
AMPK 5′ AMP-activated Protein Kinase
ATC Anaplastic Thyroid Cancer
BDNF Brain-Derived Neurotrophic Factor
CASC9 Cancer Susceptibility 9
CCND1 Cyclin D1
CDH6 Cadherin 6
circEIF6 Circular Eukaryotic Translation Initiation Factor 6
circFOXM1 Circular Forkhead Box Protein M1
circRNA Circular RNA
CXCL16 C-X-C Motif Chemokine Ligand 16
DLX6-AS1 Distal-Less Homeobox 6-Antisense 1
EGFR Epidermal Growth Factor Receptor
ERBB2 Erb-B2 Receptor Tyrosine Kinase 2
ER-β Estrogen Receptor Beta
EZH2 Enhancer of Zeste Homolog 2
FGF2 Fibroblast Growth Factor
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FGFR2 Fibroblast Growth Factor Receptor 2
FNA Fine Needle Aspiration
FOXE1 Forkhead Box E1
FOXN3 Forkhead Box N3
FOXO1 Forkhead Box O1
FTC Follicular Thyroid Carcinoma
HCP5 HLA complex P5
HK2 Hexokinase 2
HMGB1 High Mobility Group Box Protein 1
ITGA3 Integrin Subunit Alpha 3
lncRNA Long Non-coding RNA
MALAT1 Metastasis Associated Lung Adenocarcinoma Transcript 1
MEG3a Maternally Expressed Gene 3
miRNA microRNA
MMP1 Matrix Metallopeptidase 1
MTC Medullary Thyroid Carcinoma
mTOR Mechanistic Target of Rapamycin Kinase
ncRNA Non-coding RNA
NEAT1 Nuclear Paraspeckle Assembly Transcript 1
PAK1 p21 Activated Kinase-1
PAR5 Prader Willi/Angelman Region RNA5
PDTC Poorly differentiated thyroid carcinoma
PI3K Phosphatidylinositol-4,5-Bisphosphate 3-Kinase
piRNA PIWI-interacting RNA:
PTC Papillary Thyroid Cancer
PTCSC3 Thyroid Carcinoma Susceptibility Candidate 3
PTCSCs Papillary Thyroid Cancer Stem Cells
QKI5-7 Quaking protein 5-7
RAR-β Retinoic Acid Receptor Beta
ROCK1 Rho-associated Protein Kinase 1
SCAI Suppressor of Cancer Cell Invasion
SEER Surveillance, Epidemiology and End Results
SLC6A9-5:2 Solute Carrier Family 6 Member 9-5:2
SNHG3 Small Nucleolar RNA Host Gene 3
snoRNA Small nuclear RNA
SOCS1 Suppressor Protein of Cytokine Signaling 1
SPAG9 Perm Associated Antigen 9
ST6GAL2 alpha-2, 6-sialyltransferase 2
STAT3 Signal Transducer And Activator of Transcription 3
STON2 Stonin 2
TGF-α Transforming Growth Factor Alpha
UNC5B-AS1 Unc-5 Netrin Receptor B-Antisense RNA 1
UPF1 UPF1 RNA Helicase and ATPase
VHL Von Hippel-Lindau Tumor Suppressor
XIST X-inactive specific transcript
YY1 Yin Yang 1
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Abstract: The development of cancer is a complex and dynamically regulated multiple-step process
that involves many changes in gene expression. Over the last decade, microRNAs (miRNAs), a class
of short regulatory non-coding RNAs, have emerged as key molecular effectors and regulators
of tumorigenesis. While aberrant expression of miRNAs or dysregulated miRNA-mediated gene
regulation in tumor cells have been shown to be capable of directly promoting or inhibiting
tumorigenesis, considering the well-reported role of the immune system in cancer, tumor-derived
miRNAs could also impact tumor growth through regulating anti-tumor immune responses.
Here, we discuss howmiRNAs can function as central mediators that influence the crosstalk between
cancer and the immune system. Moreover, we also review the current progress in the development of
novel experimental approaches for miRNA target identification that will facilitate our understanding of
miRNA-mediated gene regulation in not only human malignancies, but also in other genetic disorders.

Keywords: miRNA; oncomiRNA; post-transcriptional regulation; immune regulation

1. Introduction

MicroRNAs (miRNA) are small, non-coding RNA molecules (~22 nucleotides) which play
crucial roles in post-transcriptional regulation of gene expression. To date, more than 2600 mature
human miRNAs have been registered at miRbase (Release 22.1: Oct. 2018) [1]. These mature
miRNAs, incorporated together with Argonaute protein (Ago) to form the RISC (RNA-induced
silencing complex), repress the expression of their targets by either inducing mRNA degradation or
translational inhibition [2]. Since the first miRNA lin-4 was discovered in Caenorhabditis elegans in
1993 [3], miRNAs have been shown to control diverse biological pathways such as cell development,
division, proliferation and differentiation, in both physiological and pathological conditions [4]. To date,
many studies have reported that miRNA expression is dynamically regulated in different tumors.
While dysregulation of miRNA biogenesis and function can directly contribute to tumorigenesis
and malignant progression [5–7], considering the pivotal function of the host immune response
in shaping the tumor microenvironment, the role of miRNA-mediated communication between
tumors and the immune system involving exosomal miRNA, immunometabolites, and checkpoint
regulators, has also begun to be appreciated. Previously, many research efforts in the identification
of individual miRNA-mRNA pairs have helped shed some light on the importance of miRNAs in
cancer [8]. However, as miRNAs generally repress a set of genes that are in a shared pathway or
protein complex, to ensure their impact on gene regulation and the resultant biology, it is essential
to obtain a comprehensive demonstration and validation of the targetome of the desired miRNAs.
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To this end, moving from the complete reliance on computational prediction in the early days, in the
past decade, many cutting-edge experimental techniques have been developed to afford unbiased
examination of the interactions between miRNA and their target mRNAs in the selected cell types [9].
These technological advances have not only made the analysis of entire targetomes for specific miRNAs
possible, but also allowed us to gain mechanistic insights into the biological impact of aberrantly
expressed miRNAs on tumorigenesis.

2. MiRNAs as Mediators of Tumor–Immune Communication

Dysregulation of miRNAs can drive or promote carcinogenesis in a variety of fashions. In cancer,
the expression of miRNAs may be dysregulated in various ways, including by mutations in the
miRNA biogenesis machinery [10], changes in the epigenetic regulation of miRNA-transcribing
genes [11], and altered expression of transcription factors involved in promoting or repressing
miRNA expression [12,13]. Overexpression of miRNAs which target tumor-suppressive genes induce
proliferative signaling, invasion and migration, resistance to apoptosis, etc. On the other hand, the loss
of expression of miRNAs which target oncogenes also leads to such carcinogenic effects. It is also well
known that cancer can co-opt the body’s immune system to serve its needs, whether by generating
inflammation and producing genotoxic damage, or by utilizing immunosuppressive regulatory cells
and molecules to evade destruction. As such, aberrantly expressed miRNAs can also be employed by
tumors to communicate with, and to deactivatethe body’s defenses. Conversely, immune cells can also
limit tumorigenesis through altering the expression of miRNAs in tumors (Figure 1).
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2.1. Tumor-Derived Exosomal miRNAs

Exosomes are extracellular vesicles comprised of proteins, lipids, DNA, and RNA which are
secreted by both healthy and cancerous cells. Crosstalk, mediated by exosomes between cancer
cells and cells residing in the tumor microenvironment (TME), such as immune cells, fibroblasts,
etc., has been implicated in driving tumorigenesis [14]. Thus, exosomes can serve as a mode of
transportation by which tumor cells deliver immunosuppressive miRNAs directly to immune cell
subsets (Figure 1A). To this end, a recent study found that exosomes secreted by melanoma cells
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altered cytokine secretion and T cell receptor signaling in CD8 T cells [15]. These melanoma-derived
exosomes were enriched with miR-181a/b and miR-498, which directly bound to the 3′UTR of TNF
and decreased TNFα secretion in CD8 T cells. Furthermore, another miRNA in melanoma-derived
exosomes, miR-3187-3p, was also found to directly target PTPRC, a gene that encodes CD45, a key
mediator of T cell receptor signaling. Such miRNAs likely serve to stymie the CD8 T cell response to
melanoma and contribute to immune evasion. Notably, although the interaction was confirmed via
the reporter assay, no consensus binding sequence on the PTPRC 3′UTR for miR-3187 was identified,
highlighting the possible pitfalls of relying entirely on computational prediction.

In addition to their direct impact on T cells, tumor-derived exosomal miRNAs could also indirectly
regulate T cell responses throughtargeting other immune cell subsets in the tumor microenvironment.
For example, in liver cancer, miR-23a-3p released by endoplasmic reticulum-stressed hepatocellular
carcinoma (HCC) cells has been reported to inhibit T cell function through targeting PTEN in
macrophages from HCC tissues. Reduced PTEN expression led to elevated phosphorylated
AKT, followed by increased expression of PD-L1, the ligand of PD-1 [16]. On the other hand,
like tumor-derived exosomal miRNAs, miRNAs from tumor-associated macrophage (TAM)-secreted
exosomes could also promote tumor growth and inhibit anti-tumor immunity. To this end, two miRNAs
in TAM-derived exosomes, miR-29a-3p and miR-21-5p, have been shown to target the 3′UTR of STAT3,
which plays a critical role in CD4 T cell differentiation into Th17 cells, thus inducing a higher regulatory
T (Treg)/Th17 cell ratio [17]. It should be noted that while tumor- or TAM-derived exosomal miRNAs
can suppress host anti-tumor responses, immune cells can secrete miRNA-containing exosomes to
fight tumors as well. For example, Seo et al. have demonstrated that healthy, activated CD8 T cells can
deplete mesenchymal stem cells (MSCs) and inhibit tumor invasion and metastasis in vivo through
releasing cytotoxic extracellular vesicles [18]. The cytotoxic effect of the extracellular vesicles was
attributed to miR-298-5p, a miRNA that was able to induce apoptotic depletion of MSCs, via the
activation of caspase-3. This study not only highlights an anti-tumor role of immune cell derived
exosomal miRNAs, but also demonstrates a novel effector mechanism by which CD8 T cells control
tumor progression, independent from their canonical direct cytotoxicity against cancerous cells.

2.2. Immunometabolites Regulated by miRNAs

Tumors can also directly communicate with immune cells in the TME through the generation
of immunomodulatory metabolites (Figure 1B). To this end, elevated expression of indoleamine
2,3-dioxygenase 1 (IDO1), an enzyme which metabolizes tryptophan into kynurenine, in the TME has
been shown todrive the differentiation of several immunosuppressive cell types [19], including Treg
cells [20–22], immunosuppressive dendritic cells [23,24] and macrophages [25,26], or to directly
suppress anti-tumor immunity [27]. In colorectal cancer, overexpression of IDO1 suppressed the CD8
T cell responses, leading to enhanced tumor growth [27]. In this study, miR-448 was shown to be able
to enhance the survival of CD8 T cells by directly attenuating the upregulation of IDO1 in colorectal
tumor cells in response to IFNγ stimulation. Similarly, miR-153 has also been shown to target IDO1 in
colorectal cancer in response to IFNγ [27,28]. Moreover, when combining miR-153-mediated IDO1
inhibition and chimeric antigen receptor (CAR) T cell therapy, further enhanced in vitro T cell killing
activities and reduced xenograft tumor growth in mice were reported [27,28].

2.3. Immune Checkpoint Regulators Targeted by miRNAs

Upon T cell activation, multiple co-inhibitory receptors such as CLTA4, PD-1 and LAG-3 are
up-regulated. Through interacting with their corresponding ligands, these so-called immune checkpoint
molecules are capable of modulating T cell responses to self proteins, as well as to tumor antigens [29].
In the past decade, great clinical success in cancer immunotherapy has been achieved by employing
monoclonal antibodies targeting these immune checkpoints in patients with a variety of cancers [30,31].
In particular, therapeutic blockade of the PD-1 pathway has been considered as possibly one of the
most important advances in the history of cancer treatment. Not only was PD-L1, the ligand of PD-1,
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found to be induced in TAM as discussed earlier, it is also highly expressed in multiple cancers [32].
PD-L1 expression can be regulated in a variety of ways, and recently the miRNA-mediated control of
PD-L1 has become more apparent (Figure 1B) [33]. Indeed, disruption of the Pdl1 3′UTR led to elevated
PD-L1 expression, implying that miRNAs play an active role in regulating PD-L1 expression [34]. To this
end, recent investigation has uncovered multiple Pdl1 mRNA-miRNA interactions in Epstein-Barr
virus (EBV) associated B cell lymphomas, which are known to heavily rely on PD-L1 expression
to evade immune defenses [35]. One report demonstrates that the co-localization of viral protein
EBNA2, and B-cell-specific transcription factor EBF1 at the miR-34a promoter, leads to the repression
of miR-34a, which targets the PDl1 3′UTR in Burkitt lymphoma (BL) and Diffuse Large B-Cell
Lymphoma (DLBCL) cells [36]. Another group has found that a novel EBV-encoded miRNA, EBV
miR-BHRF1-2-5p, could also target the 3′UTRs of Pdl1 as well as another PD-1 ligand, Pdl2, in a model
of EBV-positive DLBCL [37]. It should be noted that both miR-34a and EBV miR-BHRF1-2-5p coincided
with LMP1 expression, which is known to drive PD-L1/2 expression. As such, the “fine-tuning” role
for these counter-regulatory miRNAs may serve as attractive targets for therapeutics. On the other
hand, while miR-155 expression was also higher in the serum of EBV-positive DLBCL patients [38],
interestingly, miR-155-binding to the Pdl1 3′UTR actually served to upregulate PD-L1 expression,
further demonstrating the complex nature of miRNA-mediated gene regulation [39].

In addition to the aforementioned immune checkpoint molecules that mainly act on controlling T
cell responses, CD47, which is commonly expressed in blood cancers [40,41], sends a “don’t eat me”
signal to macrophages, preventing them from clearing cancerous cells via phagocytosis. Like PD-L1,
CD47 was also recently shown to be targeted by miRNAs (Figure 1B). Specifically, binding of miR-708
to two sites in the CD47 3′UTR was capable of reducing CD47 levels in T cell acute lymphoblastic
leukemia [42]. Functionally, enforced miR-708 in CCRF-CEM cell lines made the cells more vulnerable to
phagocytosis, an effect that was synergistically strengthened with CD47 antibodies. Moreover, CD47 was
also found to be targeted by miR-155 in multiple myeloma (MM). In advanced stages of the disease,
miR-155 was downregulated [43]. When miR-155 was overexpressed in drug-resistant MM cell
lines, reduced amounts of CD47 accompanied with an increase in phagocytosis by macrophages
were observed.

3. Identification of miRNA Targetome

Identifying the targets of miRNAs is essential for understanding how aberrantly expressed miRNAs
in tumors or tumor-associated immune cells could impact tumorigenesis. MiRNAs of vertebrates
predominantly bind to partially complementary sequences in the 3′UTR of target mRNAs. Specificity
of this binding is mostly determined by 7–8 nucleotides at the 5′ end of a miRNA molecule referred
to as the seed sequence. As such, many computational miRNA target prediction algorithms such as
TargetScan [44], as well as PicTar [45] and miRanda [46], were initially developed by relying on the seed
rule that is dictated by Watson–Crick (WC) base pairing between the 5′ end of a miRNA molecule and
the conserved complementary sequences in the 3′UTR of the target mRNA. Later, it became evident
that there are exceptions to the seed rule [47,48]. For example, bulges, G:U wobbles, and seedless
interaction can also affect miRNA–mRNA interaction. Furthermore, strong base pairing to the 3′
end of the miRNA canalso support seed pairing and structural accessibility into target sites [49,50].
Through further integrating the various aforementioned sequence or structure criteria, the performance
and the accuracy of the target prediction have improved significantly over time. Nevertheless, while
these computational prediction algorithms have been widely used in miRNA research and afforded
the identification of many important miRNA targets, as discussed in the previous sections, the false
positive rates remain very high [51]. As such, several experimental approaches have been developed to
complement existing computational target prediction methods, allowinginvestigators to gain further
insights into miRNA-mediated gene regulation in cancer and other biological processes.
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3.1. CLIP-seq

CLIP-seq (cross-linking immunoprecipitation), also known as HITS-CLIP (high-throughput
sequencing of RNAs isolated by UV crosslinking immunoprecipitation), is a method that was
originally developed to identify functional protein–RNA interaction sites (Figure 2A) [52]. As only
miRNA and mRNA incorporated into the RISC complex are pulled down for sequencing, not only
does this method provide the opportunity to identify non-canonical miRNA–mRNA interactions,
it has also helped exclude miRNA targets that are falsely predicted by computational means.
Through taking this biochemical approach, unbiased analysis of specific miRNA–mRNA interactions
has become possible [48,52]. For example, in hepatocellular carcinoma (HCC) patients, it has been
previously reported that reduced expression of miR-122 in tumors correlates with metastasis and
poor prognosis [53,54]. Through taking the CLIP-seq approach, many miR-122 targets, conserved in
both humans and mice, and involved in thecell cycle, tight junction pathways, and cancer signaling
pathways such as AMPK, PI3K/AKT, and WNT/β-catenin, were identified [53,54]. Among them,
BCL9, a β-catenin co-factor which mediates transactivation of WNT target genes, was shown to be
uniquely targeted by miR-122 at multiple sites. Further functional studies have established BCL9 as
a conserved miR-122 target that impacts WNT-mediated progression of HCC, specifically through
proliferation. Consistent with these findings, increased expression of BCL9 in tumors, along with
other miR-122 targets such as STX6 and SLC52A2, are also significantly associated with poor patient
survival. Similarly, like the aforementioned miR-122 in HCC, miR-203, the most highly expressed
miRNA in the skin, was also found to be downregulated in the skin ofsquamous cell carcinoma (SCC)
patients. Loss of miR-203 was shown to promote the initiation and development of SCC in both
humans and mice [55]. Furthermore, CLIP-seq analysis revealed that miR-203 limits the proliferation
of skin cells, particularly during the phase of tumor initiation, through targeting key components of
the pro-proliferative Ras signaling pathway. Together, these studies demonstrate the power of the
CLIP-seq approach in decoding disease-associated miRNA targeting networks and suggest that similar
strategies could be applied to other tumor settings.
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Figure 2. Comparison between HITS-CLIP (high-throughput sequencing of RNAs isolated by UV
crosslinking immunoprecipitation) and CLASH (crosslinking, ligation and sequencing of hybrids).
(A) In HITS-CLIP, RNA-Ago protein complexes are cross-linked with UV light and isolated by
immunoprecipitation. MiRNAs and mRNAs purified from such complexes are then sequenced.
MiRNA–mRNA interactions are matched computationally, and can be verified with additional assays.
(B) In CLASH, following cross-linking, an additional ligation step generates miRNA-mRNA hybrids.
Then, after isolation of RNA-Ago protein complexes by immunoprecipitation, miRNA-mRNA hybrids
are sequenced to generate hybrid libraries.

Building upon the basis of HITS-CLIP, another CLIP-seq method, so-called PAR-CLIP
(photoactivatable ribonucleoside-enhanced crosslinking and immunoprecipitation), was established [56].
Compared to HITS-CLIP, PAR-CLIP not only offers higher crosslinking efficiency, but also allows
for a more precise localization of miRNA-containing Ago binding sites. To this end, by employing
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PAR-CLIP analysis combined with RNA-seq in ovarian cancer cells with or without miR-450a
expression, genes associated with the mitochondrial oxidative phosphorylation complex or glutamine
metabolism, ACO2, TIMMDC1, ATP5B and MT-ND2, were identified as miR-450a targets [57].
Interestingly, while most of the Ago binding sites were located in the 3′UTR region, miR-450a seed
complementary sequences were found exclusively in the coding sequences (CDS) of the miR-450a
target genes. Nevertheless, compared to cells devoid of miR-450a, miR-450a expressing cells
exhibited decreased mitochondrial membrane potential, as well as decreased glutamate production.
Together, these data suggest that miR-450a regulates cellular energetic metabolism to limit tumor
formation and progression.

3.2. CLASH (Crosslinking, Ligation and Sequencing of Hybrids)

Although CLIP-seq approaches have permitted the discoveries ofmany relevant miRNA targets
in multiple studies, they havetheir own limitations [58]. Because biochemical identification of
Ago binding sites came from CLIP-seq analysis of pooled mRNA after Ago immunoprecipitation,
bioinformatics analysis is still required to identify the corresponding miRNAs responsible for Ago
bindings. Moreover, when no obvious seed matches can be identified, there is no clear way to confirm
whether the apparently seedless targeting was caused by non-canonical miRNA-target interactions or
miRNA-independent mechanisms. To address this issue, building upon the original CLIP-seq approach,
a new method, which is referred to as CLEAR (covalent ligation of endogenous Argonaute-bound
RNAs)-CLIP [59] or CLASH (crosslinking, ligation and sequencing of hybrids) [60], was developed.
In brief, miRNA–mRNA interactions are first ligated to generate miRNA–target mRNA chimeras
while still bound to the Ago complex. Sequencing these miRNA–target mRNA chimeras allows for
unambiguous mapping ofcanonical and non-canonical pairing (Figure 2B). Moreover, with recent
advances in sequencing technology, this approach was further optimized to skip the clean-up steps
that were previously required to remove unhybridized RNAs. As a result, this newly modified “quick”
CLASH (qCLASH) not only is significantly faster, but can also be used to analyze patient biopsies
which typically have much fewer cell numbers [61]. In this study, qCLASH was utilized to study the
molecular mechanisms underlying Kaposi’s sarcoma-associated herpesvirus (KSHV)-derived miRNAs
that could drive the transformation of endothelial cells. KSHV, also known as human herpesvirus 8
(HHV8), is associated with malignant tumors such as Kaposi’s sarcoma (KS), multicentriccastleman’s
disease (MCD), and primary effusion lymphoma (PEL) [62–64]. Previously, KSHV-derived miRNAs
have been shown to target tumor suppressor genes such as THBS1, TP53IPN1, and YWHAE [65,66].
By taking the qCLASH approach, 1433 gene targets were discovered and were involved in the cell
cycle, glycolysis, and apoptosis pathways. Interestingly, 60% of the target sequences in KSHV-infected
endothelial cells identified by the qCLASH hybrid were mapped to the CDS. In contrast, the majority of
target sequences in KSHV-infected B cells are located in 3′UTR regions, indicating that miRNA–mRNA
interactions can be cell type-specific. Moreover, 50% of the hybrids displayed non-seed pairing
interaction, supporting the utility of generating miRNA–mRNA chimeras for the discovery of new
canonical and non-canonical miRNA–mRNA interactions. Taken together, combining the qCLASH
assay with pathway analysis provides an unbiased opportunity to understand the role of miRNAs in
cancer biology.

4. Conclusions

Since the initial discovery of miRNAs back in the late 1990s, these small non-coding RNA species
have been shown to be crucial for controlling almost every aspect of biological processes. In cancer,
miRNAs can act both as “oncomirs” and tumor suppressors. Moreover, tumor-derived miRNAs
can also impact cancer progression through directly, or indirectly, modulating immune responses,
particularly in the tumor microenvironment. To this end, exosomal miRNAs released by tumor cells
can directly nullify immune responses, while exosomal miRNAs released by immune cells may serve
as a novel weapon in clearing cancer-associated cells, making this an exciting field for future research.
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On the other hand, miRNAs can also indirectly control tumor–immune communication through
regulating the expression of metabolites and immune checkpoint regulators, and so this field warrants
further investigation given the growing importance of such molecules in cancer immunotherapy
(Table 1). Moving forward, with continued technological advances made in miRNA target identification,
functional miRNA–target mRNA interactions revealed by future studies will undoubtedly provide
further mechanistic insights into the development of novel anti-cancer therapeutics.

Table 1. MiRNAs and their targets in tumor-immune communication.

miRNAs Target Genes Function Cancer Type Expression Reference

miR-181a/b,
miR-498 TNFα Reduces the cytotoxicity

of CD8 T cells
Melanoma

Exosomes

[15]

miR-3187-3p PTPRC Inhibition of TCR
signaling

miR-23a-3p PTEN
Induces PD-L1
expression in
macrophages

Hepatocellular
carcinoma [16]

miR-29a-3p,
miR-21-5p STAT3 Induces a higher

Treg/Th17 cell ratio

TAM
(Tumor-associated
macrophages)

[17]

miR-298-5p Unknown Induces apoptosis of
MSCs via Caspase-3 Fibrosarcoma [18]

miR-448
IDO1

Enhance CD8 T cell
survival

Colorectal
cancer

Tumor cells

[27]

miR-153 [28]

miR-34a PDL1

Blocks the PD-1 pathway

Burkitt
lymphoma,

DLBCL
[36]

miR-BHRF1-2-5p PDL1, PDL2 EBV-positive
DLBCL [37]

miR-708
CD47

Promotes tumor cell
elimination by
phagocytosis

T-ALL [42]

miR-155 MM [43]

miR-122
BCL9, AMPK,

PI3K/AKT,
Wnt/β-catenin

Inhibits metastasis and
proliferation

Hepatocellular
carcinoma [53,54]

miR-203 POLA1,
HBEGF

Limits proliferation of
skin cells

Squamous cell
carcinoma [55]

miR-450a

ACO2,
TIMMDC1,

ATP5B,
MT-ND2

Limits tumor formation
and progression Ovarian cancer [57]
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