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In the last two decades, the roles of microRNAs in the biology and progression of
human cancer have been extensively studied; at present, these small non-coding RNAs
are considered powerful gene regulators. microRNAs are involved in almost all biological
and cellular processes, such as proliferation, differentiation and apoptosis [1]. Aberrant
microRNA expression in cancer cells and in their microenvironment, and in body fluids
such as serum or urine, has been linked to transformation, stemness, metastasis, resistance
to chemotherapy and immune modulation in different tumor types, both solid tumor and
hematological diseases.

This Special Issue includes eleven papers—five original manuscripts, six reviews and
one systematic review—investigating the biological role of microRNAs in different tumor
types and potential diagnostic and clinical approaches.

Lin and colleagues [2] presented a detailed overview of the role and regulatory
mechanisms of microRNAs that control their dysregulated expression, focusing on solid
tumors, including colorectal cancer, lung cancer, breast cancer, and liver cancer. Artemaki
and co-workers [3] dissected the role of microRNAs in normal B-cell development and
their deregulation in B-cell non-Hodgkin lymphomas (NHLs). Korac and colleagues [4]
reported interesting details of miR-7’s roles in cancer biology and development. Mainly
described as a tumor-suppressor, miR-7 can act as an oncomiR, underlining how microRNA
expression is tissue- and microenvironment-specific. Okada and colleagues [5] reported
the tumor-suppressive role of the miR-139 duplex (miR-139-5p and miR-139-3p) in renal
cell carcinoma (RCC). The miR-139 duplex can modulate and potentially silence different
oncogenes involved in the pathogenesis of RCC. Lee and colleagues [6] described the role
of microRNAs in the regulation of Hippo-YAP/TAZ signaling in liver cancer. MicroRNAs,
functioning as oncogenes and/or tumor-suppressors, can directly or indirectly modulate
the Hippo-YAP/TAZ signaling pathway, leading to the development and progression of
hepatic cancer.

The discovery of the potential role of microRNAs as a biomarker in the detection of the
early stage of the disease represents one of the most promising developments in microRNA
research. It is well documented that microRNAs are released into body fluids, and their
detection represents a powerful noninvasive and sensitive method for early diagnosis. Aita
and colleagues [7] analyzed serum from patients with early pancreatic ductal adenocarci-
noma (PDAC) to identify a microRNA signature, to ensure early diagnosis and potentially
predict prognosis. Kovynev and colleagues [8] identified a set of microRNAs that were
able to detect the minimal residual disease (MRD) of acute leukemia (AL), regardless of
myeloid (AML) or lymphoblastic leukemia (ALL) origin, compared with the hematopoietic
conditions induced by non-tumor pathologies (NTPs) used as controls. In addition to early
disease detection, microRNAs serve as useful candidate biomarkers to stratify patients with
primary resistance to a specific targeted therapy and those who have developed acquired
resistance. Angerilli and colleagues [9] reported an accurate description of microRNAs as
mediators of resistance to a specific targeted therapy used in the treatment of gastrointesti-
nal tumors, focusing on anti-EGFR, anti-HER2 and anti-VEGF antibodies, small-molecule
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tyrosine kinase inhibitors and immune checkpoint inhibitors. Dias and co-workers [10]
described a microRNA signature capable of modulating the L-type amino acid transporter
1 (LAT1) and alanine–serine–cysteine transporter 2 (ASCT2) expression in colorectal cancer
(CRC). Cancer cells require an increased intake of amino acid to maintain their proliferation
rate; therefore, dysregulation of these two amino acid transporters plays an important role
in CRC development. This microRNA set could represent an inhibitory tool for a potential
therapeutic approach. Ravegnini and colleagues [11] presented a systematic review of
circulating microRNAs that were correlated with therapy in epithelial ovarian cancers
(EOCs). The final analysis pinpointed the miR-200 family as the potential biomarker in EOC.
The miR-200 family has been described as being involved in the epithelial–mesenchymal
transition (EMT) pathway, which promotes EOC progression and metastasis.

The results from studies of circulating microRNAs are often not reproducible due
to a lack of accurate quantification of these molecules. The lack of standardization in
the protocols has been identified as a possible cause of this issue, particularly the use of
different strategies to normalize microRNA expression. Oto and colleagues [12] reported
that miR-29c-3p represents the most stably expressed microRNA, and, therefore, the best
normalizer in urine of bladder cancer (BC) patients. The discovery of this noninvasive stable
reference will support future microRNA analysis among urine samples of BC patients.

All the research presented in this Special Issue provides an overview of the potential
use of microRNAs to understand tumor biology and explain their roles as biomarkers to
modulate the biological pathways that are critical for cancer development and progression,
as well as providing useful insights to predict clinical outcomes or responses to therapy.
We are only at the beginning of the journey to understanding and clinically applying the
knowledge of microRNAs. We hope that the studies presented in this Special Issue can
spark additional interest and trigger new, insightful research in this field in rapid expansion.
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Abstract: Background: Tumor stage predicts pancreatic cancer (PDAC) prognosis, but prolonged
and short survivals have been described in patients with early-stage tumors. Circulating microRNA
(miRNA) are an emerging class of suitable biomarkers for PDAC prognosis. Our aim was to identify
whether serum miRNA signatures predict survival of early-stage PDAC. Methods: Serum RNA from
archival 15 stage I-III PDAC patients and 4 controls was used for miRNAs expression profile (Agilent
microarrays). PDAC patients with comparable age, gender, diabetes, jaundice and surgery were
classified according to survival: less than 14 months (7/15 pts, group A) and more than 22 months
(8/15 pts, group B). Bioinformatic data analysis was performed by two-class Significance Analysis
of Microarray (SAM) algorithm. Binary logistic regression analyses considering PDAC diagnosis
and outcome as dependent variables, and ROC analyses were also performed. Results: 2549 human
miRNAs were screened out. At SAM, 76 differentially expressed miRNAs were found among controls
and PDAC (FDR = 0.4%), the large majority (50/76, 66%) of them being downregulated in PDAC with
respect to controls. Six miRNAs were independently correlated with early PDAC, and among these,
hsa-miR-6821-5p was associated with the best ROC curve area in distinguishing controls from early
PDAC. Among the 71 miRNAs differentially expressed between groups A and B, the most significant
were hsa-miR-3135b expressed in group A only, hsa-miR-6126 and hsa-miR-486-5p expressed in group
B only. Eight miRNAs were correlated with the presence of lymph-node metastases; among these,
hsa-miR-4669 is of potential interest. hsa-miR-4516, increased in PDAC and found as an independent
predictor of survival, has among its putative targets a series of gens involved in key pathways of
cancer progression and dissemination, such as Wnt and p53 signalling pathways. Conclusions: A
series of serum miRNAs was identified as potentially useful for the early diagnosis of PDAC, and for
establishing a prognosis.

Keywords: PDAC; miRNAs; survival; expression profiling

1. Introduction

The incidence of pancreatic ductal adenocarcinoma (PDAC) is increasing worldwide,
this disease being among the first 15 leading forms of cancer in men and women, with its
highest incidence rates in Europe, Northern America, and Australia/New Zealand [1,2].

Despite advances made in the last few decades in understanding PDAC biology
and developing new targeted therapies [3–6], PDAC patients continue to have a dismal
prognosis, with a 5-year survival rate of less than 20% [7,8]. Tumor stage is the main
prognostic determinant, early-stage tumors being associated with a longer survival than
that of locally advanced or metastatic tumors [9]. However, rapidly evolving tumors
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with metastatic spread are relatively frequent, even when PDAC is diagnosed at an early
stage. Differences in tumor biology probably underlie the different clinical evolution of
tumors that, at diagnosis, appear similar in their anatomic extension (i.e., the same TNM
characteristics).

PDAC might harbor several mutations of the cell genome, and a vast heterogeneity
among tumors has been described [10,11]. Despite this complexity, some clustered recurrent
mutations have allowed the classification of PDAC into four main types associated with
different prognoses [12], but also the classification of neoplastic cysts with implications
for the clinical decision, thus allowing patients to be spared unnecessary surgery [13].
On a ground of high genetic heterogeneity across tumors, mutations of some few genes
are strongly correlated with PDAC, namely those of the KRAS oncogene and of TP53,
CDKN2A and SMAD4 tumor suppressor genes [14]. Among these genetic alterations, the
most significantly associated with prognosis is SMAD4 loss, found in about 60% of PDAC
cases [15,16].

Although the above gene mutations alone or combined might determine the onco-
genic and metastatic phenotype, molecules involved in regulating gene expression, namely
microRNA (miRNAs), long non-coding RNA and circular RNA, have been the focus of
attention in the last few decades due to their potential role in understanding tumor biology,
and also in making the diagnosis, establishing the prognosis and providing tailored ther-
apy [17–20]. miRNAs are small (20–25 nucleotide sequences) non-coding single-stranded
RNAs that, by binding complementary mRNA sequences, might repress mRNA translation
or enhance mRNA degradation, thus contributing to the regulation of a wide range of cellu-
lar activities. Any single mRNA molecule might be regulated by several miRNAs, and any
miRNA might regulate several different mRNA molecules [21]. The expression of the key
PDAC-associated oncogene KRAS, as well as that of genes encoding proteins entering in the
core signaling pathways of PDAC, such as JAK/STAT, Wnt/β-catenin or TGF-β, evidences
a number of regulating miRNAs with expression levels that are considered targetable
by mimic or inhibitor compounds as new potential therapeutic strategies [14,18,22,23].
Moreover, miRNAs represent a great challenge for diagnosis, since they might be released
by the tumor into biological fluids, such as plasma/serum or ascitic fluid [24,25], and
because they are stable, thus limiting the impact of pre-analytical variability on the results.
In the PDAC setting, several studies in the literature have evaluated different miRNAs
panels as diagnostic and/or prognostic tools by analyzing tissue expression [26,27], serum
levels [24], blood levels [28] and ascitic fluid levels [25]. New biomarkers of PDAC should
aid early diagnosis and, as prognostic indices in early-stage cases, should be helpful in
distinguishing between patients with long or short life expectancies, thus allowing a more
tailored therapeutic approach [7,29].

The aim of the present retrospective study was, using microarray analysis of 2.549 miR-
NAs, to identify in sera those miRNAs able to diagnose early PDAC and to predict long or
short survival after curative surgery.

2. Materials and Methods

2.1. Patients and Samples

The exploratory cohort comprised archival sera of 15 PDAC patients selected from a
large retrospective series for microarray analysis. To ascertain the effects of survival on
results, the initial selection criteria were: available data on survival allowing classification
into two groups with short (<one year) and long (>two years) survival, tumor stage, tumor
site, treatment, metabolic and biochemical characteristics being common to the two groups.
On these bases the following criteria were established: (1) early-stage tumor; (2) tumor of
the pancreas head; (3) R0 surgical treatment; (4) presence of diabetes mellitus or reduced
glucose tolerance; (5) absence of jaundice, considering bilirubin as a potential interfering
compound. Since only six cases met these criteria, we extended criteria to allow the
potential presence of jaundice and tumor stage III besides stages I and II.
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In addition, archival sera of four subjects with mild gastritis but without any present
or previous evidence of cancer (2 males, 2 females, age range 62–74 years), were used
as controls.

Another independent validation cohort of patients was selected from our archive. This
included a reference group of 8 patients with mild gastritis without any present or previous
evidence of cancer (7 males, 1 female, age range 42–79 years) and a series of 24 PDAC
patients (6 males, 18 females, age range 48–83 years). PDAC stage was: IA = 4 patients;
IIB = 11 patients; III = 8 patients; IV = 1 patient.

All sera were stored in aliquots at −80 ◦C and never subjected to thaw–freeze cycles
before the analyses.

2.2. RNA Extraction

Total RNA, including miRNAs, was extracted from the archival sera (600 μL) using
the miRNeasy Serum/Plasma Advanced Kit (Qiagen, Hilden, Germany) according to
the manufacturer’s instructions. miRNAs were quantified by Qubit microRNA assay kit
(Thermo Fisher Scientific, Waltham, MA, USA). The RNA amount ranged from 3.5 to
18.9 ng/μL.

RNA integrity, and the content of miRNAs (%) in each sample were assessed by
capillary electrophoresis with the Small RNA LabChip using the Agilent Bioanalyzer 2100
(Agilent Technologies, Santa Clara, CA, USA). Only samples with a quantity of ≥4000 pg
were used for microarray analysis.

2.3. MicroRNA Expression Profiling

miRNAs expression profiles were obtained using “Agilent SurePrintG3 Human
miRNA v.21 (8x60K)” microarray (Agilent Technologies, Santa Clara, CA, USA), which
allows the detection of 2549 known human (miRBase Release 21.0) and 76 viral miRNAs
(GEO Platform N. GPL24741).

Every slide contains eight individual microarrays, with 60,000 features each, including
2164 controls, used to estimate fluorescence background and background variance. Each
miRNA was targeted by 16 to 20 array-probes of different sizes. Total RNA (4000 pg) was
labelled with pCp Cy3, according to the Agilent’s protocol, and unincorporated dyes were
removed with MicroBioSpin6 columns (BioRad, Hercules, CA, USA) [30]. Probes were
hybridized at 55 ◦C for 22 h using the Agilent’s hybridization oven, which is suitable for
bubble-mixing and microarray hybridization processes. Slides, washed by Agilent Gene
expression wash buffers 1 and 2, were examined using an Agilent microarray scanner
(model G2565CA) at 100% and 5% sensitivity settings. Agilent Feature Extraction software
version 12.0.0.7 was used for image analysis of miRNA expression arrays. Raw miRNA data
are available in the U.S. National Centre for Biotechnology Information Gene Expression
Omnibus (GEO, http://www.ncbi.nlm.nih.gov/geo (accessed on 16 March 2021)) database
with the Accession N. GSE168996.

2.4. Statistical and Functional Analysis of miRNA Expression Data

Inter-array normalization of miRNA expression levels was performed with cyclic
Lowess for miRNA [31], the average of replicates being used. Feature Extraction software
(Agilent Technologies, Santa Clara, CA, USA) was employed to obtain spot quality mea-
sures for evaluating the quality and the reliability of the hybridization. In particular, the
flag “glsFound” (set to 1 if the spot had an intensity value significantly different from
that of the local background, 0 otherwise) was used to filter out unreliable probes: a flag
equal to 0 was noted as “not available” (NA). In order to make a robust and unbiased
statistical analysis, probes with a high proportion of NA values were removed from the
dataset. NA (47%) was used as a threshold in the filtering process, a total of 142 avail-
able human miRNAs being obtained. Cluster analysis with the average linkage method
and Pearson correlation and profile similarity searches were performed with the Multi
Experiment Viewer 4.9.1 (tMev) of the TM4 Microarray Software Suite [32]. All heat maps
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were obtained by morpheus software1 (https://software.broadinstitute.org/morpheus
(accessed on 24 June 2021), Broad Institute, Cambridge, MA, USA).

Differentially expressed miRNAs were identified with two-class Significance Analysis
of Microarray (SAM) algorithm [33] with default settings. SAM, which uses a permutation-
based multiple testing algorithm, associates a variable false discovery rate (FDR) with
the significant genes. FDR, which refers to the percentage of error that can occur in the
identification of the statistically significant differentially expressed miRNAs in multiple
comparisons, can be manually adjusted.

miRTarBase [34], a current and curated collection of miRNA-target interactions with
experimental support, was used to predict target genes of differentially expressed miRNAs
between PCDAC patients and controls. Biological pathway analysis of putative target genes
was performed using DAVID v. 6.8 [35], which combines web tools such as gene functional
classification, functional annotation chart or clustering and functional annotation table.

2.5. Reverse Transcription and Quantitative PCR (qRT-PCR) of miRNAs

Before starting the miRNA extraction procedure, 1 μL of Qiagen RNA Spike-In mix
(UniSp2, UniSp4, and UniSp5) was added to 200 μL of serum (starting volume) to control
the sample-to-sample variation in the RNA isolation procedure. Subsequently, total RNA,
including miRNAs, was extracted using the miRNeasy Serum/Plasma Advanced Kit
(Qiagen) according to the manufacturer’s instructions. cDNA was synthesized using the
miRCURY LNA RT Kit (Qiagen, Hilden, Germany) starting from 75 ng of total RNA in
10 μL with the addition of 1 μL of UniSp6 as exogenous miRNA spiked-in control. PCR
was performed in a 10 μL volume containing 5 μL 2x miRCURY SYBR GREEN Master Mix
(Qiagen, Hilden, Germany), 1 μL cDNA, and 1 μL of one of the following miRCURY LNA
PCR primer sets (Qiagen): hsa-miR-4516 (ID YP02112882), hsa-miR-6089 (ID YP02109969),
and UniSp4 (ID YP00203953). The qPCR reactions were performed in an ABI7500 Real-Time
PCR System (Applied Biosystems, Foster City, CA, USA). The qPCR cycling conditions were
95 ◦C for 2 min and 40 cycles (95 ◦C for 10 s and 56 ◦C for 1 min). Three replicates of each
sample and control were amplified for each real-time PCR reaction. The relative expression
levels between samples were calculated using the comparative delta Ct (threshold cycle
number) method (2−ΔΔCt), implemented in the 7500 Real Time PCR System software.

2.6. Statistical Analysis of Data

The non-parametric Kruskal–Wallis test, receiver operating characteristic curves (ROC)
and binary logistic regression analyses were performed by Stata 13.1 (StataCorp, 4905
Lakeway Drive, TX, USA).

3. Results

3.1. Serum miRNA Expression Signatures for Early PDAC Diagnosis

Table 1 shows the clinical and biochemical characteristics of the 15 PDAC patients
of the exploratory cohort, seven being short-term (<14 months), and eight long-term
(>22 months) survivors. All 15 patients had a confirmed histological diagnosis of PDAC
with grading, and all underwent radical surgery (R0) and had diabetes mellitus or reduced
glucose tolerance diagnosed within 5 months (concurrent) or more than 5 months prior to
PDAC diagnosis.

We analysed the expression of serum miRNAs in the 15 PDAC patients and in four
controls using a 2549-miR microarrays platform. At SAM two-class analysis, 76 differen-
tially expressed miRNAs were found among controls and PDAC, with an FDR of 0.4%.
Interestingly, the large majority (50/76 samples, 66%) of differentially expressed miRNAs
were downregulated in the sera of PDAC patients with respect to controls (Supplemen-
tary Table S1). A total of 7 (hsa-miR-6126, hsa-miR-2392, hsa-miR-4327, hsa-miR-939-5p,
hsa-miR-4655-3p, hsa-miR-371b-5p, hsa-miR-3135b) out of the 76 miRNAs were undetectable
in controls, but were expressed, albeit at low levels, only in PDAC patients’ sera.
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Microarray data of any patient and control were then used for further analyses. We
performed binary logistic regression analysis considering PDAC diagnosis as a dependent
variable, and any of the 76 differentially expressed miRNAs between controls and PDAC
(Supplementary Table S1), with age and gender, as predictor variables. Six out of the
seventy-six miRNAs were significantly correlated with PDAC diagnosis, independently
from age and gender: hsa-miR-6089 (χ2 = 8.58, p = 0.050), hsa-miR-4466 (χ2 = 9.19, p= 0.047),
hsa-miR-6821-5p (χ2 = 12.05, p = 0.048), hsa-miR-4669 (χ2 = 7.62, p = 0.050), hsa-miR-1202
(χ2 = 6.42, p = 0.048), hsa-miR-574-3p (χ2 = 9.03, p = 0.049). The same binary logistic
regression analysis performed with CA 19-9, age, and gender as predictors, was not
significant (χ2 = 5.81, p = 0.232).

To further evaluate whether miRNAs outperform with respect to CA 19-9 in the early
detection of PDAC, we compared receiver operating characteristic (ROC) curves of the 76
above reported miRNAs with the ROC curve of CA 19-9 considering the two groups of
controls and PDAC. Those miRNAs showing an area under the ROC curve higher than
that of CA 19-9 (0.8083 ± 0.0984, 95%CI: 0.61551–1.00000) are reported in Table 2.

Table 2. Serum miRNAs and early PDAC diagnosis. miRNAs showing an area under the ROC curve
(AUC) higher than that of CA 19-9 in distinguishing controls from PDAC are reported. SE: standard
error; 95% CI: 95% confidence interval; Increase/Decrease: miRNA levels increased or decreased in
PDAC with respect to controls. Bold face: miRNAs significantly correlated with PDAC diagnosis at
binary logistic regression analysis.

ROC Asymptotic Normal
Increase/
Decrease

Obs AUC SE 95% Conf. Interval

hsa-miR-7110-5p 19 0.8167 0.1360 0.55014 1.00000 Decrease
hsa-miR-3135-b 19 0.8333 0.0630 0.70987 0.95680 Increase
hsa-miR-4669 19 0.8333 0.1346 0.56959 1.00000 Decrease

hsa-miR-7107-5p 19 0.8333 0.1225 0.59329 1.00000 Decrease
hsa-miR-574-3p 19 0.8333 0.1225 0.59329 1.00000 Decrease

hsa-miR-1275 19 0.8333 0.1188 0.60049 1.00000 Decrease
hsa-miR-4466 19 0.8500 0.1351 0.58529 1.00000 Increase

hsa-miR-3679-5p 19 0.8500 0.1055 0.64316 1.00000 Decrease
hsa-miR-2392 19 0.8667 0.0591 0.75085 0.98249 Increase

hsa-miR-4655-3p 19 0.8667 0.0591 0.75085 0.98249 Increase
hsa-miR-6089 19 0.8667 0.1196 0.63230 1.00000 Increase
hsa-miR-5100 19 0.8667 0.0970 0.67646 1.00000 Increase

hsa-miR-6749-5p 19 0.8667 0.0858 0.69858 1.00000 Decrease
hsa-miR-4687-3p 19 0.8833 0.0922 0.70258 1.00000 Increase
hsa-miR-1915-3p 19 0.8833 0.0922 0.70258 1.00000 Increase

hsa-miR-6125 19 0.8833 0.1043 0.67896 1.00000 Increase
hsa-miR-1202 19 0.8833 0.0812 0.72426 1.00000 Decrease
hsa-miR-8485 19 0.8833 0.1043 0.67896 1.00000 Decrease
hsa-miR-6126 19 0.9000 0.0535 0.79524 1.00000 Increase

hsa-miR-939-5p 19 0.9000 0.0535 0.79524 1.00000 Increase
hsa-miR-6800-5p 19 0.9000 0.0796 0.74399 1.00000 Increase

hsa-miR-4516 19 0.9167 0.0684 0.78255 1.00000 Increase
hsa-miR-6869-5p 19 0.9167 0.0891 0.74206 1.00000 Increase
hsa-miR-6850-5p 19 0.9167 0.0746 0.77041 1.00000 Increase

hsa-miR-4327 19 0.9333 0.0454 0.84430 1.00000 Increase
hsa-miR-371b-5p 19 0.9333 0.0454 0.84430 1.00000 Increase

hsa-miR-6821-5p 19 0.9667 0.0403 0.88761 1.00000 Increase

3.2. miRNA Expression Profiles and PDAC Survival Rates

The circulating miRNAs expression profiles of controls were compared with those
from patients with long (eight samples) and with short (seven samples) survival in order
to identify miRNA expression signatures associated with different prognoses.
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An unsupervised hierarchical clustering analysis, by using the list of differentially ex-
pressed genes between PDAC patients and controls, enabled the clear separation of controls
and PDAC patients with long (Figure 1a) and short (Figure 1b) survival, respectively.

 

 

 

 
(a) (b) 

Figure 1. Cluster analysis of differentially expressed miRNAs between PDAC patients and controls.
Heat maps representing differentially expressed miRNAs of two different comparisons: long survival
patients (a) and short survival (b) patients with respect to controls. Both dendrograms show the
capability of circulating miRNA signatures to clearly separate PDAC patients with respect to controls.
A color-coded scale for the normalized expression values is used: red and blue represent high and
low expression levels. A complete list of differentially expressed genes identified by SAM two-class
algorithm is provided in the Supplementary Materials (Tables S2 and S3).
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A total of 71 and 80 differentially expressed miRNAs between long-term and short-
term survivors with respect to the same controls were identified by SAM two-class analysis
with an FDR < 3%. We observed an overall downregulation of miRNAs both in long-term
(47/71, 66% differentially expressed miRNAs) and short-term (56/80, 70% differentially
expressed miRNAs) survivors with respect to controls (Supplementary Tables S2 and S3).
Among the above-mentioned miRNAs expressed in sera of PDAC patients, but not in those
of controls, hsa-miR-3135b was detected only in patients with a short survival, whereas
hsa-miR-6126 and hsa-miR-486-5p were specifically observed in long-term survivors.

A SAM two-class analysis to compare short-term and long-term PDAC survivors to
identify prognosis-specific signatures of circulating miRNAs, enabled the identification of
71 differentially expressed miRNAs with an extremely high FDR (62%), thus indicating
that circulating miRNA expression profiles do not allow the correct stratification of PDAC
patients according to their different prognoses. However, although almost all differentially
expressed miRNAs (69/71, 97%) did not attain statistical significance, they were downreg-
ulated in PDAC patients with a poor prognosis with respect to those with a longer survival
(Supplementary Table S4).

We performed binary logistic regression analysis considering survival of PDAC pa-
tients (long or short) as dependent variable, and miRNAs, age, and gender as predictor
variables. In the analyses entered the 76 miRNAs differentially expressed between controls
and PDAC (Supplementary Table S1), and the series of 71 miRNAs differentially expressed
between PDAC patients with long and short survival (Supplementary Table S4). None of
the evaluated miRNA reached the statistical significance.

To further ascertain whether serum miRNAs could predict a PDAC disease that is
more likely with an adverse outcome, we evaluated the presence, if any, of an associa-
tion between miRNAs and lymph node metastases, which was not found for CA 19-9
(χ2 = 4.282, p = 0.1175). All 76 differentially expressed miRNAs between PDAC and con-
trols were analyzed by Kruskal–Wallis rank test comparing controls with PDAC patients
with or without lymph-node metastases. This resulted in 11 significant miRNAs, reported
in Table 3.

Table 3. The Table reports results of Kruskal–Wallis rank test considering lymph node metastases as
variable defining groups and any individual miRNA as predictor variable.

χ2 p

hsa-miR-1202 10.861 0.0044
hsa-miR-3679-5p 8.061 0.0178

hsa-miR-6088 11.782 0.0028
hsa-miR-6791-5p 6.027 0.0491
hsa-miR-1915-3p 10.861 0.0044
hsa-miR-371b-5p 11.982 0.0025

hsa-miR-4669 12.430 0.0020
hsa-miR-4499 9.682 0.0079
hsa-miR-4442 8.219 0.0164

hsa-miR-7107-5p 9.482 0.0087
hsa-miR-4800-5p 6.685 0.0353

Multiple comparison reached a significant difference for eight miRNAs, which expres-
sion levels are depicted in Figure 2.
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Figure 2. Expression levels of miRNAs significantly predicting adverse outcome. Normalized intensity values of miRNAs
expression levels among controls (CS), PDAC patients with (LN pos) and without (LN neg) lymph node metastases have
been compared. *: p < 0.05; **: p < 0.005.
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3.3. Validation of Selected miRNAs in an Independent Cohort of PDAC Patients Using qRT-PCR

To validate the microarray expression data with an independent technique, we per-
formed a qRT-PCR of two miRNAs (hsa-miR-4516 and hsa-miR-6089) upregulated in PDAC
with respect to controls, in a novel validation cohort of 24 PDAC patients and 8 controls.
Figure 3 shows the individual results of these two miRNAs, which was significantly differ-
ent between PDAC and controls for hsa-miR-4516 (Kruskal–Wallis rank test: p = 0.0330),
not for hsa-miR-6089 (p = 0.4862), although values tended to be higher in PDAC than
in controls.

 

(a) (b) 

Figure 3. Relative quantification of hsa-miR-4516 (a) and hsa-miR-6089 (b) serum levels in an independent cohort of PDAC
patients. The relative serum expression levels of hsa-miR-4516 and hsa-miR-6089 measured in 8 controls (CS) and in 24 PDAC
patients are shown.

We then ascertained whether these two miRNAs were correlated with survival, which
ranged from 3 months to 10 years, with a median of 23 months. Cox regression analysis
(Table 4) was performed, including the two evaluated miRNAs, age and gender, tumor
stage, CA 19-9 and hemoglobin as predictors. Survival was significantly correlated with
tumor stage, but also with hsa-miR-4516 and hemoglobin, not with CA 19-9.

Table 4. Cox regression analysis in the validation cohort. Dependent variable: PDAC patients’ survival.

Predictors HR SE z p 95% CI

Sex 11.2116 15.25747 1.78 0.076 0.7785689 161.4499
Age 1.088652 0.0546704 1.69 0.091 0.9866048 1.201255

hsa-miR-4516 1.59 × 10−46 7.36 × 10−45 −2.28 0.023 6.58 × 10−86 3.85 × 10−07

hsa-miR-6089 2.91 × 1034 1.24 × 1036 1.86 0.063 0.0129917 6.53 × 1070

CA 19-9 1.000101 0.0000555 1.81 0.070 0.9999919 1.000209
Hemoglobin 0.9515861 0.0202986 −2.33 0.020 0.9126218 0.9922141

Stage 20.64211 22.01492 2.84 0.005 2.552365 166.9418

3.4. Identification and Functional Analysis of Putative miRNAs Targets

miRTarBase (http://miRTarBase.mbc.nctu.edu.tw (accessed on 16 June 2021)) was
used to predict putative targets of the 76 differentially expressed miRNAs between controls
and PDAC patients (long and short survival). A list of 11.129 miRNA-target interactions
(Table S5) were identified for a total of 5.183 putative target genes. In fact, a single miRNA
has hundreds of putative targets because it has pleiotropic effects on different target genes
based on the biological condition being explored. KEGG pathway analysis of putative
targets was performed by using the DAVID web tool to identify the main biological path-
ways in which are involved the differentially expressed miRNAs among PDAC patients
and controls. Among the 53 most enriched KEGG pathways (EASE < 0.05, Table S6), it is
interesting to note that we found a large majority of putative targets involved in biological
processes associated with cancer. The “Pancreatic cancer” pathway (Table 5) was one of the
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most enriched and this confirms the involvement of differentially expressed serum miR-
NAs in PDAC pathogenesis and/or progression. We also observed a statistically significant
enrichment of target genes in biological processes that are considered highly important for
cancer progression and dissemination, such as the “Wnt signalling pathway” (Table S7),
the “p53 signalling pathway” (Table S8) and the “TGF-beta signalling pathway” (Table S9).

Table 5. List of miRNA-target interactions enriched in the “Pancreatic cancer” pathway. Bold face: the interactions between
miR-4516 (validated in qRT-PCR) and its target genes.

Entrez
ID

Symbol Gene Name miRNA
Log2 (PDAC

Patients/Control)
Experimental Evidence

208 AKT2 AKT serine/threonine kinase 2 hsa-miR-2861 0.60 Luciferase reporter assay;
Western blot

9459 ARHGEF6 Rac/Cdc42 guanine nucleotide
exchange factor 6 hsa-miR-6127 −1.90 PAR-CLIP

598 BCL2L1 BCL2 like 1 hsa-miR-6127 −1.90 PAR-CLIP
598 BCL2L1 BCL2 like 1 hsa-miR-7110-5p −1.11 PAR-CLIP
598 BCL2L1 BCL2 like 1 hsa-miR-4739 −0.98 PAR-CLIP
598 BCL2L1 BCL2 like 1 hsa-miR-5787 −0.74 PAR-CLIP
598 BCL2L1 BCL2 like 1 hsa-miR-6879-5p −0.66 PAR-CLIP
598 BCL2L1 BCL2 like 1 hsa-miR-6756-5p −0.30 PAR-CLIP
598 BCL2L1 BCL2 like 1 hsa-miR-6752-5p 0.02 PAR-CLIP
598 BCL2L1 BCL2 like 1 hsa-miR-6791-5p 0.09 PAR-CLIP
598 BCL2L1 BCL2 like 1 hsa-miR-371b-5p null PAR-CLIP

598 BCL2L2 BCL2 like 1 hsa-miR-630 −1.34 Immunoblot;Luciferase
reporter assay;qRT-PCR

595 CCND1 cyclin D1 hsa-miR-574-5p −2.63 PAR-CLIP
595 CCND1 cyclin D1 hsa-miR-3648 −1.98 PAR-CLIP
595 CCND1 cyclin D1 hsa-miR-5196-5p −1.69 PAR-CLIP
595 CCND1 cyclin D1 hsa-miR-7107-5p −1.27 PAR-CLIP
595 CCND1 cyclin D1 hsa-miR-6867-5p −0.84 PAR-CLIP
595 CCND1 cyclin D1 hsa-miR-3940-5p 0.01 qRT-PCR;Western blot

595 CCND1 cyclin D1 hsa-miR-2861 0.60 Luciferase reporter
assay;Western blot

595 CCND1 cyclin D1 hsa-miR-2392 null PAR-CLIP
1019 CDK4 cyclin dependent kinase 4 hsa-miR-3135b null HITS-CLIP
1021 CDK6 cyclin dependent kinase 6 hsa-miR-6716-3p −2.51 PAR-CLIP
1021 CDK6 cyclin dependent kinase 6 hsa-miR-8485 −1.81 HITS-CLIP
1021 CDK6 cyclin dependent kinase 6 hsa-miR-7847-3p −0.82 PAR-CLIP
1021 CDK6 cyclin dependent kinase 6 hsa-miR-4534 −0.48 PAR-CLIP
1021 CDK6 cyclin dependent kinase 6 hsa-miR-5739 −0.14 PAR-CLIP
1021 CDK6 cyclin dependent kinase 6 hsa-miR-371b-5p null PAR-CLIP
1869 E2F1 E2F transcription factor 1 hsa-miR-940 −3.46 PAR-CLIP
1869 E2F1 E2F transcription factor 1 hsa-miR-6763-5p −1.09 PAR-CLIP
1869 E2F1 E2F transcription factor 1 hsa-miR-939-5p null PAR-CLIP
1870 E2F2 E2F transcription factor 2 hsa-miR-4669 −0.88 HITS-CLIP
1870 E2F2 E2F transcription factor 2 hsa-miR-4433b-3p −0.40 PAR-CLIP
1871 E2F3 E2F transcription factor 3 hsa-miR-6124 −0.94 PAR-CLIP
1871 E2F3 E2F transcription factor 3 hsa-miR-6867-5p −0.84 PAR-CLIP
1871 E2F3 E2F transcription factor 3 hsa-miR-4778-5p −0.33 PAR-CLIP
1871 E2F3 E2F transcription factor 3 hsa-miR-4271 −0.19 PAR-CLIP
1950 EGF epidermal growth factor hsa-miR-940 −3.46 PAR-CLIP
1950 EGF epidermal growth factor hsa-miR-4433a-3p −0.17 PAR-CLIP

1956 EGFR epidermal growth factor
receptor hsa-miR-574-3p −1.57

Luciferase reporter
assay;Microarray;qRT-

PCR;Western
blot

1956 EGFR epidermal growth factor
receptor hsa-miR-2861 0.60 Luciferase reporter

assay;Western blot

2064 ERBB2 erb-b2 receptor tyrosine
kinase 2 hsa-miR-4270 −0.97 HITS-CLIP
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Table 5. Cont.

Entrez
ID

Symbol Gene Name miRNA
Log2 (PDAC

Patients/Control)
Experimental Evidence

8517 IKBKG
inhibitor of kappa light

polypeptide gene enhancer in
B-cells, kinase gamma

hsa-miR-6127 −1.90 PAR-CLIP

8517 IKBKG
inhibitor of kappa light

polypeptide gene enhancer in
B-cells, kinase gamma

hsa-miR-8485 −1.81 HITS-CLIP

8517 IKBKG
inhibitor of kappa light

polypeptide gene enhancer in
B-cells, kinase gamma

hsa-miR-4739 −0.98 HITS-CLIP

3845 KRAS KRAS proto-oncogene, GTPase hsa-miR-671-5p −0.30 PAR-CLIP

5594 MAPK1 mitogen-activated protein
kinase 1 hsa-miR-6763-5p −1.09 PAR-CLIP

5594 MAPK1 mitogen-activated protein
kinase 1 hsa-miR-6831-5p −0.91 PAR-CLIP

5594 MAPK1 mitogen-activated protein
kinase 1 hsa-miR-6088 −0.80 PAR-CLIP

5594 MAPK1 mitogen-activated protein
kinase 1 hsa-miR-4271 −0.19 PAR-CLIP

5594 MAPK1 mitogen-activated protein
kinase 1 hsa-miR-4433a-3p −0.17 PAR-CLIP

5594 MAPK1 mitogen-activated protein
kinase 1 hsa-miR-6869-5p 1.18 PAR-CLIP

5594 MAPK1 mitogen-activated protein
kinase 1 hsa-miR-3135b null HITS-CLIP

5602 MAPK10 mitogen-activated protein
kinase 10 hsa-miR-574-5p −2.63 HITS-CLIP

5602 MAPK10 mitogen-activated protein
kinase 10 hsa-miR-6867-5p −0.84 HITS-CLIP

5599 MAPK8 mitogen-activated protein
kinase 8 hsa-miR-371b-5p null PAR-CLIP

5293 PIK3CD
phosphatidylinositol-4,5-

bisphosphate 3-kinase catalytic
subunit delta

hsa-miR-4433a-3p −0.17 PAR-CLIP

5294 PIK3CG
phosphatidylinositol-4,5-

bisphosphate 3-kinase catalytic
subunit gamma

hsa-miR-8485 −1.81 PAR-CLIP

5295 PIK3R1 phosphoinositide-3-kinase
regulatory subunit 1 hsa-miR-8485 −1.81 PAR-CLIP

5295 PIK3R1 phosphoinositide-3-kinase
regulatory subunit 1 hsa-miR-1202 −0.94 PAR-CLIP

5296 PIK3R2 phosphoinositide-3-kinase
regulatory subunit 2 hsa-miR-3135b null PAR-CLIP

5879 RAC1 ras-related C3 botulinum toxin
substrate 1 hsa-miR-574-3p −1.57

Luciferase reporter
assay;Microarray;qRT-

PCR;Western
blot

5879 RAC1 ras-related C3 botulinum toxin
substrate 1 hsa-miR-6763-5p −1.09 PAR-CLIP

5879 RAC1 ras-related C3 botulinum toxin
substrate 1 hsa-miR-6124 −0.94 PAR-CLIP

5879 RAC1 ras-related C3 botulinum toxin
substrate 1 hsa-miR-939-5p null PAR-CLIP

5881 RAC3 ras-related C3 botulinum toxin
substrate 3 hsa-miR-5703 −1.70 PAR-CLIP

5881 RAC3 ras-related C3 botulinum toxin
substrate 3 hsa-miR-4516 1.51 PAR-CLIP

5888 RAD51 RAD51 recombinase hsa-miR-940 −3.46 PAR-CLIP
5888 RAD51 RAD51 recombinase hsa-miR-7847-3p −0.82 PAR-CLIP
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Table 5. Cont.

Entrez
ID

Symbol Gene Name miRNA
Log2 (PDAC

Patients/Control)
Experimental Evidence

5888 RAD51 RAD51 recombinase hsa-miR-1915-3p 0.72 HITS-CLIP
5888 RAD51 RAD51 recombinase hsa-miR-7975 1.09 HITS-CLIP
5888 RAD51 RAD51 recombinase hsa-miR-371b-5p null HITS-CLIP

5894 RAF1 Raf-1 proto-oncogene,
serine/threonine kinase hsa-miR-4534 −0.48 PAR-CLIP

5894 RAF1 Raf-1 proto-oncogene,
serine/threonine kinase hsa-miR-6789-5p −0.27 PAR-CLIP

5970 RELA RELA proto-oncogene, NF-kB
subunit hsa-miR-3162-3p −2.72 PAR-CLIP

5970 RELA RELA proto-oncogene, NF-kB
subunit hsa-miR-4534 −0.48 PAR-CLIP

4087 SMAD2 SMAD family member 2 hsa-miR-8485 −1.81 HITS-CLIP
4087 SMAD2 SMAD family member 2 hsa-miR-937-5p −0.38 HITS-CLIP
4089 SMAD4 SMAD family member 4 hsa-miR-574-5p −2.63 HITS-CLIP

4089 SMAD4 SMAD family member 4 hsa-miR-574-3p −1.57
Luciferase reporter

assay;qRT-PCR;Western
blot

4089 SMAD4 SMAD family member 4 hsa-miR-6867-5p −0.84 HITS-CLIP
4089 SMAD4 SMAD family member 4 hsa-miR-371b-5p null PAR-CLIP

6774 STAT3 signal transducer and activator
of transcription 3 hsa-miR-4270 −0.97 PAR-CLIP

6774 STAT3 signal transducer and activator
of transcription 3 hsa-miR-4516 1.51

Luciferase reporter
assay;Microarray;qRT-

PCR;Western
blot

7040 TGFB1 transforming growth factor
beta 1 hsa-miR-574-3p −1.57

Luciferase reporter
assay;qRT-PCR;Western

blot

7046 TGFBR1 transforming growth factor
beta receptor 1 hsa-miR-6831-5p −0.91 HITS-CLIP

7048 TGFBR2 transforming growth factor
beta receptor 2 hsa-miR-940 −3.46 PAR-CLIP

7048 TGFBR2 transforming growth factor
beta receptor 2 hsa-miR-574-5p −2.63 HITS-CLIP

7048 TGFBR2 transforming growth factor
beta receptor 2 hsa-miR-630 −1.34 Microarray

7048 TGFBR2 transforming growth factor
beta receptor 2 hsa-miR-6867-5p −0.84 HITS-CLIP

7157 TP53 tumor protein p53 hsa-miR-6127 −1.90 PAR-CLIP
7157 TP53 tumor protein p53 hsa-miR-5703 −1.70 PAR-CLIP
7157 TP53 tumor protein p53 hsa-miR-7110-5p −1.11 PAR-CLIP
7157 TP53 tumor protein p53 hsa-miR-937-5p −0.38 PAR-CLIP
7157 TP53 tumor protein p53 hsa-miR-6756-5p −0.30 PAR-CLIP
7157 TP53 tumor protein p53 hsa-miR-4271 −0.19 PAR-CLIP
7157 TP53 tumor protein p53 hsa-miR-6752-5p 0.02 PAR-CLIP
7157 TP53 tumor protein p53 hsa-miR-4516 1.51 PAR-CLIP

7422 VEGFA vascular endothelial growth
factor A hsa-miR-8485 −1.81 PAR-CLIP;HITS-CLIP

7422 VEGFA vascular endothelial growth
factor A hsa-miR-6769b-5p −0.70 PAR-CLIP

7422 VEGFA vascular endothelial growth
factor A hsa-miR-6756-5p −0.30 PAR-CLIP

4. Discussion

PDAC is the only cancer type with a survival rate that has not improved in the last
40 years [8]. Since most patients are diagnosed when they have metastases, they can
only be considered candidates for palliative treatment. Radical surgery for patients with
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locally confined tumors might not provide long-term survival, the median survival interval
following diagnosis ranging from eight to ten months and early tumor relapse occurring
in most patients [29]. Several factors affect the survival rates, such as cancer type, tumor
stage at diagnosis, treatment modality, age, sex, overall health, lifestyle and differences in
healthcare systems [36,37].

Although survival duration is mainly related to tumor stage, both long-term and short-
term survivals have been described in patients diagnosed with early-stage tumors [29,36,37].
Recent studies have reported the prognostic utility of circulating miRNAs profiling in
several malignancies due to their altered expression during tumorigenesis and their stability
in body fluids [17,18]. In sera, miRNAs could be either entrapped in exosomes or they
could circulate bound to proteins, such as Ago2 [38]. Although circulating exosomes
are important vehicles of tumor-derived miRNAs and a potential source for biomarker
identification, the overall RNA yield that could be obtained after exosomes isolation is
generally lower than that from pooled sera, thus compromising test sensitivity [39]. For
this reason, we choose to analyse whole sera.

In the present retrospective study, we performed whole miRNAs microarray anal-
ysis in the sera of cancer-free controls and of selected early-stage PDAC patients with
different survival rates (<14 months or >22 months after curative surgery) in order to
establish whether miRNAs measurement can enable early disease diagnosis and predict
survival in a minimally invasive way. Unsupervised cluster analysis allowed a distinc-
tion between PDAC patients and controls. A number of 76 miRNAs were identified as
differently expressed between PDAC patients (short and long-term survivors) with respect
to controls, and the large majority of them were downregulated in PDAC patients with
respect to controls, in line with findings reported in the current literature. In fact, the
overall downregulation of miRNAs, emerging as a common hallmark of cancer, contributes
to the malignant phenotype and a poor prognosis [40]. Our results not only corroborate
this assumption, but also indicate that this is an early and detectable finding, since our
patients’ series comprised only early-stage PDAC. Furthermore, seven circulating miRNAs
(hsa-miR-6126, hsa-miR-2392, hsa-miR-4327, hsa-miR-939-5p, hsa-miR-4655-3p, hsa-miR-371b-
5p, hsa-miR-3135b), expressed in low levels, were found only in the sera of PADC patients
and not in controls, thus suggesting their potential role as an emerging class of suitable
biomarkers for this cancer type.

Further studies are required to investigate the effect of these selected miRNAs, which
were until now poorly evaluated in the PDAC setting, although some of them have been
studied in other cancer types. Our findings are in agreement with those of Mazza et al., who
demonstrated that hsa-miR-6126 was one of the most significantly increased miRNAs in
the plasma of PDAC patients [41], and the same hsa-miR-6126 has been found in the tumor
tissues of five patients with stage II colon cancer but not in cancer-free tissues [42]. hsa-miR-
939-5p, of potential interest for its role in invasive cancer, is reportedly upregulated in lung
adenocarcinomas [43], hepatocellular carcinomas [44,45], ovarian cancer tissue [46] and
in the promotion of blood vessel invasion in breast cancer [47]. The recent study by Shen
et al. [48] shed some light on the role of this hsa-miR-939-5p in PDAC biology and prognosis.
By studying human pancreatic cancer tissues and cell lines, the authors demonstrated that
high expression levels of this miRNA are associated with a poor prognosis in patients,
while promoting in vitro tumor cell migration and invasion by targeting the Rho GTPase,
activating protein 4.

Another series of six miRNAs was found to be significantly and independently corre-
lated with early PDAC, namely hsa-miR-6089, hsa-miR-4466, hsa-miR-6821-5p, hsa-miR-4669,
hsa-miR-1202 and hsa-miR-574-3p. Among these, hsa-miR-6821-5p was associated with the
best ROC curve area in distinguishing controls from early PDAC, supporting its potential
role in early diagnosis. This result fits well with findings of Keller et al. [49], who demon-
strated that hsa-miR-6821-5p is one of the most deregulated miRNAs in serum for decades
prior lung, breast, or colon cancer diagnosis. The same study emphasized hsa-miR-4687-3p
and hsa-miR-574-3p as potential pre-diagnostic markers and, in agreement, we identified
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these miRNAs among those most significant in distinguishing early PDAC from controls.
All the above-described miRNAs outperformed with respect to the established PDAC
biomarker CA 19-9, which levels did not significantly differ between controls and patients.
This finding is not surprising, considering its low sensitivity for early tumor diagnosis [50].

When miRNA expression data of PDAC patients were analysed in order to identify a
miRNA transcriptional signature characterizing early-stage PDAC patients with different
prognoses, unsupervised cluster analysis did not enable a distinction between short-term
and long-term survivors, but SAM two-class analysis (high FDR: 62.5%) allowed the
identification of 71 differentially expressed miRNAs. The majority of survival-related
differentially expressed miRNAs were downregulated in short-term survival with respect
to long-term survival patients, thus confirming the association between cancer progression
and miRNA downregulation, as reported above [40].

We first focused our attention on the three miRNAs that were expressed exclusively in
the sera of PDAC patients with long-term (hsa-miR-486-5p and hsa-miR-6126) or short-term
(hsa-miR-3135b) survival, but not in controls.

The finding of hsa-miR-486-5p expression exclusively in long-term survival patients
supports the hypothesis that tumor progression determines a progressive decline for this
miRNA expression, as occurs in colorectal cancer [51]. While no data in the literature report
an association between hsa-miR-3135b and cancer progression and/or survival, hsa-miR-
6126 has been recently identified by Mazza et al. in PDAC plasma with levels increasing
with metastases, but not correlated with survival [41]. The differences between our results
and the results of Mazza et al. [41] might depend on the different characteristics of the
patients studied: our series was mainly represented by stage I-II, while the series of Mazza
et al. by stage III-IV PDAC cases.

To obtain further insights into the association between serum miRNAs and outcome,
we verified whether miRNAs were correlated with the presence or absence of lymph-
node metastases, known to be associated with worse outcome [52]. Eight miRNAs were
identified among the most significant (Figure 2). Few data are present in the literature
on these miRNAs, but hsa-miR-1202, which decreased in the presence of lymph-node
metastases, was described to similarly decline with the progression of cervical cancer
in tissue samples [53] and it was shown to exert an anti-tumor effect in vitro on HCC
cells lines [54]. The hsa-miRNA-4669, which also declines in the presence of lymph-node
metastases, was also described to diminish in sera of colorectal cancer patients [55].

One upregulated miRNA, namely hsa-miR-4516, was confirmed by qRT-PCR in an
independent PDAC patients’ validation cohort to have increased expression levels in PDAC
with respect to controls. This miRNA was also an independent predictor of survival, which
was correlated as expected with tumor stage, but also with hemoglobin levels, not with
CA 19-9. Furthermore, the putative targets of this miRNA were statistically significantly
enriched in the target’s prediction analysis performed with miRTarBase, and they are
involved in key pathways of cancer progression and dissemination such as the “Wnt
signalling pathway” (CCND2, RAC3, TP53, WNT8B, FBXW11, SOX17, TBL1XR1) and the
“p53 signalling pathway” (CDKN1A, SFN, TP53, RPRM).

Overall, our results support the importance of exploring the use of liquid biopsies in
PDAC patients, managing the clinical utility of circulating miRNAs as novel diagnostic
and prognostic biomarkers for this disease.

The main limitation of our study is related to the few numbers of the studied patients
in both the exploratory and validation cohorts. This limitation derives from the choice to
study early tumors with short or particularly long survival that imposed strict selection
criteria (cases of early-stage cancer, without jaundice, with diabetes or reduced glucose
tolerance, and with survival data including long-term survival). Considering that at
diagnosis, PDAC patients with stage I–II are less than 20% [56], this left few cases within a
large retrospective cohort meeting the requirements. On the other hand, our findings were
not biased by tumor stage and allowed to consider the identified circulating miRNAs as
early biomarkers.
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5. Conclusions

In conclusion, the findings made in the present study suggest that new circulating
miRNAs are a potentially useful biomarker for making an early diagnosis of PDAC and for
establishing the prognosis. These miRNAs include hsa-miR-3135b, hsa-miR-6126, hsa-miR-
486-5p, hsa-miR-6821-5p, hsa-miR-4669 and hsa-miR-4516 that, after future and independent
validation, could be measured in the sera of PDAC patients, thus enabling improved
management and prolonging survival.
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Abstract: Introduction: The standard treatment of acute leukemias (AL) is becoming more efficacious
and more selective toward the mechanisms via which to suppress hematologic cancers. This tendency
in hematology imposes additional requirements on the identification of molecular-genetic features of
tumor clones. MicroRNA (miRNA, miR) expression levels correlate with cytogenetic and molecular
subtypes of acute leukemias recognized by classification systems. The aim of this work is analyzing
the miRNA expression profiles in acute myeloblastic leukemia (AML) and acute lymphoblastic
leukemia (ALL) and hematopoietic conditions induced by non-tumor pathologies (NTP). Methods:
A total of 114 cytological samples obtained by sternal puncture and aspiration biopsy of bone
marrow (22 ALLs, 44 AMLs, and 48 NTPs) were analyzed by real-time PCR regarding preselected
25 miRNAs. For the classification of the samples, logistic regression was used with balancing of
comparison group weights. Results: Our results indicated potential feasibility of (i) differentiating
ALL+AML from a nontumor hematopoietic pathology with 93% sensitivity and 92% specificity using
miR-150:miR-21, miR-20a:miR-221, and miR-24:nf3 (where nf3 is a normalization factor calculated
from threshold cycle values of miR-103a, miR-191, and miR-378); (ii) diagnosing ALL with 81%
sensitivity and 81% specificity using miR-181b:miR-100, miR-223:miR-124, and miR-24:nf3; and (iii)
diagnosing AML with 81% sensitivity and 84% specificity using miR-150:miR-221, miR-100:miR-24,
and miR-181a:miR-191. Conclusion: The results presented herein allow the miRNA expression profile
to de used for differentiation between AL and NTP, no matter what AL subtype.

Keywords: acute myeloblastic leukemia; acute lymphoblastic leukemia; microRNA

1. Introduction

Acute leukemia (AL) is a hematologic cancer arising from early hematopoietic precursors that have
undergone malignant transformation and for that reason lost their ability to differentiate into mature
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blood cells. From a clinical perspective, the progression of this type of hematologic cancer may be
evident on a hemogram as pancytopenia due to the withdrawal of normal lineages from bone marrow
by tumor blasts, as pronounced tumor toxicity, as secondary lesions to internal organs due to blastic
infiltration, and as hematopoietic deficiencies (anemia, hemorrhagic syndrome, and infection-based
agranulocytosis). Special epidemiological features of ALs make these pathologies some of the most
important types of hematologic cancers that are determinants of treatment efficacy of hematologic
cancers [1].

The standard treatment of ALs is becoming more efficacious and more selective toward the
mechanisms via which to suppress hematologic cancers. Cells that remain in the BM after chemotherapy
are believed to be responsible for relapses. This is why protocols for an early and accurate detection
of the residual leukemic cells (minimal residual disease (MRD)) are important. MRD monitoring
may have importance for clinical decision making, as it allows survival rates and relapse risk to be
accurately assessed [2].

Classical cell-based methods used to ascertain relapsed AL, including flow immunocytofluorometry,
are well proven and reliable. However, these methods are no aids to monitor early molecular-genetic
events in the genomes of the pre-cancerous precursors that have implications for AL progression.
This is why the only privilege that a physician armed with standard laboratory methods for detecting a
relapse has at the moment is to observe what clonal selection has done rather than to have full control
of the process.

Residual leukemic cells are not seldom present in very low numbers, and so their detection requires
more sensitive methods [3]. Real-time PCR and droplet digital PCR are some of them. However,
MRD detection can be complicated by a phenomenon known as ‘clonal evolution’. Thus, analysis of all
molecular markers at diagnosis and first relapse may show that the predominant clone is not always of
one and the same origin [4]. There is little doubt that the use of any MRD detection method requires a
biomarker or a combination of biomarkers that can clearly differentiate between normal and cancer
cells. This is especially difficult in AL due to a high genetic instability of tumor cells’ genome and, as a
consequence, a substantial clonal heterogeneity of this disease.

On the other hand, patients who are neither genetically nor epigenetically predisposed to tumor
progression/relapse have to rely on standard chemotherapeutic relapse prevention protocols and are
exposed to undue risk of side effects and even death.

Analysis of molecular-genetic factors in the pathogenesis of leukemias has allowed to discover
a new regulatory mechanism underlying an abnormal function of the key genes responsible for
differentiation into myeloid and lymphoid cell types. This mechanism involves microRNAs (miRNAs,
miRs), i.e., short noncoding RNAs exerting regulatory action on the expression of target genes,
both transcriptionally and translationally [5].

It has been demonstrated that miRNA expression levels correlate with cytogenetic and molecular
AL subtypes recognized by classification systems and determine many properties of tumor blasts [5,6].
Aberrations in miRNA expression profiles in AL have been demonstrated [7–9]. Today, there is little
doubt that miRNAs correlate strongly with the efficacy of standard chemotherapy for AL and clinical
outcomes of hematologic cancers [10].

The aim of this work is analyzing the miRNA expression profiles in acute myeloblastic leukemia
(AML), acute lymphoblastic leukemia (ALL), and hematopoietic conditions induced by non-tumor
pathologies (NTP). Data obtained will allow us to identify the miRNAs that can be used as
high-sensitivity biomarkers to detect MRD with.

2. Experimental Section

Clinical material. A total of 114 cytological samples were obtained by sternal puncture and
aspiration biopsy of bone marrow on the posterior iliac spine. All the cases were AL patients at the
Novosibirsk Municipal Hematological Center before treatment initiation. Cytological material was
obtained in compliance with Russian laws and regulations, written informed consent was obtained
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from each patient, and all the data were depersonalized. The study protocol No.15 of May 25, 2020 was
approved by the Ethics Committee of Novosibirsk State Medical University.

The types of hematologic cancers included in the study population were ALL (22 specimens)
and AML (44 specimens). The characteristics of the groups are shown in Supplementary Table S1.
Work with healthy bone marrow donors for allogeneic transplantation is beyond the competence of
our clinic. Taken together, we decided to go with a control group composed of people who had no
hematologic cancer, but had indications for bone marrow examination to exclude one. They were
people with secondary anemic and cytopenic conditions, in whom leukemias were not confirmed by
myelography (NTP (48 specimens)). The characteristics of the NTP group are shown in Table 1.

Table 1. Clinical data of non-cancerous blood diseases (NTP) (n = 48).

Characteristic n (%)

Gender
Male 23 (48)

Female 25 (52)

Age
>60 years 11 (23)
<60 years 37 (77)

Median hemoglobin, g/L 90
Median WBC count, ×109/L 6.7

Median ANC, /dL 5
Median platelet count, ×109/L 200.5

Sybtype
Iron-deficiency anemia 28 (58)

hemolytic anemia 3 (6)
B12 deficiency anemia 5 (10)
chronic disease anemia 6 (13)

immune thrombocytopenia 5 (10)
aplastic anemia 1 (2)

Abbreviations: WBC =white blood cell; ANC = absolute neutrophil count.

Selecting miRNAs. MiRNAs were chosen based on literature data. The experimental analysis
involved 25 miRNAs: miR-100-5p, -124-3p, -126-3p, -128-3p, -146a-5p, -150-5p, -155-5p, -18a-5p,
-181a-5p, -181b-5p, -196b-5p, -20a-5p, -21-5p, -210-3p, -221-3p, -223-3p, -24-3p, -26a-5p, -29b-3p, -451a,
-9-5p, -92a-3p, -96-5p, -99a-5p, and let-7a [10–15]. Reference miRNAs were miR-378-3p, -191-5p,
and -103a-3p, which were selected by means of our original data and literature data [16]. In some
classification variables, the geometric mean of threshold cycle (Ct) values of the three reference miRNAs
was employed for normalization as proposed by Vandesompele [17].

Total nucleic acid isolation. Nucleic acid was isolated and, as described by Titov et al., a dried
cytological smear was washed into a microcentrifuge tube with three 200 μL portions of guanidine
lysis buffer [18]. The sample was vigorously mixed and incubated in a thermal shaker for 15 min at
65 ◦C. Next, an equal volume of isopropanol was added. The reaction solution was thoroughly mixed
and kept at room temperature for 5 min. After centrifugation for 10 min at 14000 g, the supernatant
was discarded, and the pellet was washed with 500 μL of 70% ethanol and 300 μL of acetone. Finally,
the RNA was dissolved in 200 μL of deionized water. If not analyzed immediately, RNA samples were
stored at 20 ◦C.

Oligonucleotide primers and probes. All the oligonucleotides, including fluorescently labeled ones,
were synthesized by AO Vector-Best (Novosibirsk, Russia). The oligonucleotides were chosen using an
online tool, PrimerQuest (https://eu.idtdna.com/). For each miRNA, several sets of oligonucleotides
were chosen, from which those with the highest real-time PCR efficiency were selected. PCR efficiency
was assessed by constructing a standard curve for serial dilutions of synthetic miRNA analogs
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(OOO Biosan, Novosibirsk, Russia) of known concentration. Depending on the system, the E value
varied from 91.5% to 99.8%. The sequences of the oligonucleotides are given in Supplementary Table S2.

Detection of miRNA by real-time PCR. Mature miRNAs were detected via the method proposed
by Chen et al. [19]. For each miRNA, reverse transcription was carried out, followed by real-time
PCR as described by Titov et al. [18]. Reverse transcription and PCR for each sample involved one
replicate each. Concentrations of some miRNAs were normalized to “nf3,” which is the geometric
mean of Ct values of the three reference miRNAs (miR-103a-3p, miR-191-5p, and miR-378-3p), by the
2−ΔCt method [20]. Concentrations of some other miRNAs were normalized to another miRNA
(instead of nf3), as described below. In other words, nf3 served as the normalization factor for some
classification variables.

Classifying samples. To investigate the association between miRNA concentrations and outcomes
in NTP, ALL, and AML, classification variables were created that represent binary logarithms of
pairwise ratios of miRNA concentrations; for example, the classification variable miR-150:miR-378
denotes Ct(miR-150) minus Ct(miR-378). The paper by Ivanov et al. explains why it is worthwhile
to use ratios corresponding to pairs of markers (where an oncogenic or tumor suppressor miRNA
is normalized to another marker miRNA) rather than stand-alone markers (individual miRNAs)
normalized to housekeeping genes [21]. Above-mentioned normalization factor nf3 was employed
to create some classification variables (i.e., to calculate some ratios), for example, miR-150:nf3 was
equal to Ct(miR-150) − Ct(nf3). The reference miRNAs miR-103a-3p, miR-191-5p, and miR-378-3p
were included in our analysis as nonreference miRNAs too, even though they are components of nf3.
For instance, variables miR-150:miR-378 and miR-191:nf3 were utilized in the classification analysis.
A total of 406 of such classification variables based on miRNA Ct values were tested in this analysis.

Primary analysis. For each classification variable, the following comparisons were made: NTP vs.
others, ALL vs. others, AML vs. others, and ALL vs. AML. The comparisons were carried out by
the exact Mann–Whitney test. In accordance with the Bonferroni approach to multiple comparisons,
differences with p-values less than 0.05/(4 × 406) were considered statistically significant. In addition
to the p-values, we calculated the following prediction accuracy measures for leave-one-out cross-
validation: accuracy, sensitivity, specificity, and receiver-operating characteristic (ROC) area under the
curve (AUC) with DeLong’s confidence interval. Predicted values were computed via logistic regression
with balancing of the comparison groups’ weights. The accuracy, sensitivity, specificity, and ROC AUC
values in the leave-one-out cross-validation were calculated for the threshold value of 0.5.

Secondary analysis. To assess the possibility of improving prediction accuracy, we examined all
logistic regression models based on two or three of the created variables. In total, for each of the four
comparisons, (406 × 405/2) + (406 × 405 × 404/6) = 11,153,835 models with two or three regressors
were tested. Additionally, we tried the following machine learning methods: support vector machine,
linear discriminant analysis, and boosting, but their performance was not better than that of logistic
regression, and therefore their results are omitted here.

The computations were made in the R software, v.3.6.3 (R Core Team).

3. Results

3.1. Comparing miRNA Concentrations among ALL, AML, and NTP Samples

Relative concentrations of miRNAs in different sample types were determined by RT-PCR
(Figure 1). As an example, the scatterplot of miR-150:nf3 and miR-221:nf3 for individual patients is
displayed in Figure 2.
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Figure 1. Boxplot for binary logarithms of some miRNA concentrations, those that were normalized to
nf3. The boxes depict medians with the 1st and 3rd quartiles.

Figure 2. The scatterplot of miR-150:nf3 and miR-221:nf3 for individual patients.

3.2. Sample Classification

Although significant differences in the concentrations of seven miRNAs were found between
either ALL or AML and NTP samples, none of the miRNAs could serve as a single marker (Figure 1).
For this reason, when classifying samples, we used ratios of concentrations for pairs of miRNAs
(some of these ratios involved reference miRNAs and/or nf3) in univariate classification models or
combinations of such ratios in multivariable classification models.
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The results of the comparison between NTP and the others are given in Table 2; those for ALL vs.
others, in Table 3; the results on AML vs. others in Table 4, and the comparison between ALL and AML
is presented in Table 5. The tables list univariate models for the variables for which p × 4 × 406 < 0.05
and those classification variables that are based on normalization to nf3. For the sake of convenience,
in the tables, the p-values are multiplied by the number of comparisons 4 × 406 to allow the reader
to compare the “normalized” p-values with the common threshold of 0.05, which is equivalent to
comparing the “raw” p-values with 0.05/(4 × 406). Additionally, some logistic regression models based
on two or three variables with the best cross-validation accuracy are presented in the tables.

According to Table 2, which shows the results of the comparison between NTP and the
others, the best prediction accuracy (93.8% sensitivity with 92.4% specificity) was manifested by
the classification model based on covariates miR-150:miR-21, miR-20a:miR-221, and miR-24:nf3.
Among univariate models, miR-150:miR-378 had the best prediction accuracy (87.5% sensitivity with
72.7% specificity).

Table 2. Comparison of NTP vs. others.

p-Value × 4
× 406

CV
Accuracy

CV
Sensitivity

CV
Specificity

CV AUC

miR-150:miR-21 +
miR-20a:miR-221 +

miR-24:nf3
0.930 0.938 0.924 0.949 (0.910, 0.989)

miR-150:miR-223 +
miR-150:miR-221 +
miR-126:miR-191

0.921 0.917 0.924 0.950 (0.910, 0.991)

miR-150:miR-223 +
miR-150:nf3 +

miR-126:miR-221
0.921 0.917 0.924 0.959 (0.926, 0.993)

miR-150:miR-223 +
miR-223:miR-221 +
miR-126:miR-191

0.921 0.917 0.924 0.950 (0.910, 0.991)

miR-150:miR-223 +
miR-223:nf3 +

miR-126:miR-221
0.921 0.917 0.924 0.959 (0.926, 0.993)

miR-150:miR-221 +
miR-223:miR-221 +
miR-126:miR-191

0.921 0.917 0.924 0.950 (0.910, 0.991)

miR-150:nf3 +
miR-20a:miR-221 +
miR-24:miR-103a

0.921 0.917 0.924 0.946 (0.900, 0.991)

miR-150:nf3 +
miR-223:nf3 +

miR-126:miR-221
0.921 0.917 0.924 0.959 (0.926, 0.993)

miR-150:miR-146a +
miR-155:miR-221 +

miR-24:miR-378
0.921 0.938 0.909 0.951 (0.910, 0.993)

miR-150:miR-221 +
miR-196b:miR-99a +

miR-24:nf3
0.921 0.958 0.894 0.950 (0.909, 0.992)

miR-223:miR-378 +
miR-221:miR-24 +

miR-29b:nf3
0.921 0.958 0.894 0.943 (0.895, 0.990)

miR-223:nf3 +
miR-221:miR-24 0.886 0.917 0.864 0.919 (0.865, 0.972)
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Table 2. Cont.

p-Value × 4
× 406

CV
Accuracy

CV
Sensitivity

CV
Specificity

CV AUC

miR-150:miR-221 +
miR-24:miR-378 0.877 0.917 0.848 0.931 (0.886, 0.976)

miR-223:miR-221 +
miR-126:miR-103a 0.877 0.875 0.879 0.929 (0.881, 0.977)

miR-223:miR-221 +
miR-126:miR-191 0.877 0.896 0.864 0.932 (0.888, 0.975)

miR-223:miR-221 +
miR-29b:nf3 0.877 0.875 0.879 0.930 (0.880, 0.980)

miR-150:miR-378 0.00000000071 0.789 0.875 0.727 0.863 (0.794, 0.932)

miR-150:nf3 0.0000000024 0.772 0.854 0.712 0.857 (0.785, 0.929)

miR-221:miR-24 0.000000044 0.746 0.792 0.712 0.836 (0.764, 0.908)

miR-223:miR-221 0.00000056 0.719 0.792 0.667 0.820 (0.744, 0.895)

miR-150:miR-221 0.00000099 0.728 0.792 0.682 0.817 (0.741, 0.893)

miR-150:miR-191 0.0000021 0.746 0.812 0.697 0.811 (0.730, 0.892)

miR-223:miR-378 0.0000045 0.693 0.792 0.621 0.806 (0.726, 0.886)

miR-150:miR-92a 0.000043 0.746 0.792 0.712 0.788 (0.703, 0.873)

miR-150:miR-103a 0.000045 0.719 0.771 0.682 0.785 (0.699, 0.871)

miR-128:miR-150 0.000068 0.693 0.729 0.667 0.782 (0.698, 0.867)

miR-150:miR-146a 0.00011 0.719 0.792 0.667 0.779 (0.695, 0.863)

miR-150:miR-181a 0.00011 0.711 0.792 0.652 0.778 (0.695, 0.861)

miR-451a:miR-103a 0.00015 0.684 0.667 0.697 0.775 (0.690, 0.860)

miR-150:miR-181b 0.00017 0.711 0.812 0.636 0.773 (0.687, 0.860)

miR-92a:miR-451a 0.00032 0.667 0.688 0.652 0.769 (0.682, 0.855)

miR-221:miR-26a 0.00045 0.728 0.771 0.697 0.764 (0.675, 0.853)

miR-126:miR-221 0.00059 0.728 0.750 0.712 0.764 (0.676, 0.852)

miR-150:miR-21 0.00099 0.719 0.729 0.712 0.759 (0.668, 0.849)

miR-451a:nf3 0.0015 0.649 0.667 0.636 0.753 (0.665, 0.842)

miR-451a:miR-21 0.0016 0.667 0.792 0.576 0.753 (0.662, 0.844)

miR-181b:miR-223 0.0019 0.640 0.833 0.500 0.751 (0.662, 0.841)

miR-221:miR-451a 0.0020 0.693 0.750 0.652 0.751 (0.663, 0.840)

miR-451a:miR-378 0.0032 0.667 0.750 0.606 0.745 (0.656, 0.834)

miR-221:miR-9 0.0034 0.702 0.771 0.652 0.747 (0.656, 0.837)

miR-221:miR-29b 0.0042 0.711 0.729 0.697 0.747 (0.656, 0.838)

miR-26a:miR-378 0.0050 0.675 0.646 0.697 0.741 (0.649, 0.833)

miR-150:miR-20a 0.0054 0.693 0.688 0.697 0.744 (0.653, 0.835)

miR-29b:miR-378 0.0069 0.711 0.708 0.712 0.740 (0.647, 0.832)

miR-150:miR-18a 0.0074 0.693 0.729 0.667 0.739 (0.647, 0.831)

miR-24:miR-378 0.0091 0.667 0.625 0.697 0.735 (0.638, 0.833)

miR-150:miR-99a 0.011 0.702 0.750 0.667 0.732 (0.639, 0.825)

miR-451a:let7a 0.016 0.684 0.771 0.621 0.729 (0.637, 0.822)

miR-223:nf3 0.017 0.675 0.792 0.591 0.725 (0.633, 0.818)
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Table 2. Cont.

p-Value × 4
× 406

CV
Accuracy

CV
Sensitivity

CV
Specificity

CV AUC

miR-150:miR-196b 0.017 0.667 0.792 0.576 0.732 (0.638, 0.827)

miR-126:miR-378 0.019 0.675 0.667 0.682 0.729 (0.633, 0.825)

miR-150:miR-155 0.026 0.684 0.792 0.606 0.727 (0.633, 0.821)

miR-20a:miR-451a 0.026 0.632 0.646 0.621 0.724 (0.629, 0.820)

miR-451a:miR-191 0.032 0.649 0.667 0.636 0.722 (0.628, 0.815)

miR-29b:nf3 0.18 0.684 0.646 0.712 0.698 (0.597, 0.799)

miR-126:nf3 0.41 0.649 0.646 0.652 0.686 (0.581, 0.791)

miR-26a:nf3 0.70 0.623 0.604 0.636 0.681 (0.581, 0.781)

miR-20a:nf3 >1 0.588 0.604 0.576 0.636 (0.535, 0.737)

miR-210:nf3 >1 0.632 0.583 0.667 0.628 (0.521, 0.735)

let7a:nf3 >1 0.570 0.625 0.530 0.627 (0.519, 0.735)

miR-221:nf3 >1 0.570 0.604 0.545 0.624 (0.520, 0.728)

miR-24:nf3 >1 0.579 0.542 0.606 0.628 (0.520, 0.735)

miR-196b:nf3 >1 0.614 0.562 0.652 0.621 (0.517, 0.724)

miR-18a:nf3 >1 0.570 0.542 0.591 0.614 (0.508, 0.720)

miR-96:nf3 >1 0.561 0.646 0.500 0.608 (0.504, 0.713)

miR-9:nf3 >1 0.614 0.500 0.697 0.597 (0.489, 0.705)

miR-128:nf3 >1 0.596 0.521 0.652 0.543 (0.433, 0.652)

miR-124:nf3 >1 0.553 0.583 0.530 0.553 (0.448, 0.659)

miR-21:nf3 >1 0.553 0.542 0.561 0.534 (0.420, 0.648)

miR-181b:nf3 >1 0.579 0.667 0.515 0.553 (0.447, 0.659)

miR-92a:nf3 >1 0.544 0.562 0.530 0.490 (0.383, 0.597)

miR-155:nf3 >1 0.491 0.583 0.424 0.462 (0.356, 0.569)

miR-100:nf3 >1 0.456 0.521 0.409 0.500 (0.389, 0.611)

miR-181a:nf3 >1 0.465 0.562 0.394 0.523 (0.416, 0.630)

miR-99a:nf3 >1 0.439 0.521 0.379 0.591 (0.486, 0.696)

miR-146a:nf3 >1 0.465 0.604 0.364 0.511 (0.404, 0.618)

In this table, sensitivity is the proportion of NTP patients that are correctly identified as such, and specificity is the
proportion of ALL+AML patients correctly identified as such.

According to Table 3, which presents the results of the comparison between ALL and the others,
the model based on covariates miR-181b:miR-100, miR-223:miR-124, and miR-24:nf3 had the best
prediction accuracy (81.8% sensitivity with 81.5% specificity).

Table 3. Comparison of ALL vs. others.

p-Value × 4
× 406

CV
Accuracy

CV
Sensitivity

CV
Specificity

CV AUC

miR-181b:miR-100 +
miR-223:miR-124 +

miR-24:nf3
0.816 0.818 0.815 0.796 (0.679, 0.914)

miR-155:miR-124 +
miR-181b:miR-100 +
miR-223:miR-103a

0.807 0.818 0.804 0.839 (0.736, 0.941)
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Table 3. Cont.

p-Value × 4
× 406

CV
Accuracy

CV
Sensitivity

CV
Specificity

CV AUC

miR-155:miR-378 +
miR-181b:miR-223 +

miR-100:miR-210
0.807 0.818 0.804 0.829 (0.732, 0.926)

miR-196b:miR-124 +
miR-92a:miR-24 +
miR-100:miR-181a

0.807 0.818 0.804 0.850 (0.763, 0.936)

miR-155:miR-378 +
miR-181b:miR-196b +

miR-223:miR-146a
0.807 0.773 0.815 0.768 (0.646, 0.890)

miR-155:miR-378 +
miR-181b:miR-223 +

miR-196b:miR-24
0.807 0.773 0.815 0.772 (0.663, 0.882)

miR-155:miR-100 +
miR-196b:miR-124 +

miR-223:miR-92a
0.807 0.727 0.826 0.801 (0.689, 0.914)

miR-181b:miR-223 +
miR-196b:miR-103a +

miR-100:miR-124
0.807 0.727 0.826 0.796 (0.674, 0.918)

miR-196b:miR-124 +
miR-223:miR-26a +
miR-99a:miR-378

0.807 0.727 0.826 0.792 (0.673, 0.911)

miR-196b:nf3 +
miR-223:miR-181a +

miR-126:miR-210
0.807 0.727 0.826 0.726 (0.590, 0.862)

miR-223:miR-26a +
miR-100:miR-181a +
miR-451a:miR-103a

0.807 0.727 0.826 0.777 (0.658, 0.896)

miR-196b:miR-181a +
miR-92a:miR-24 +
miR-221:miR-21

0.807 0.682 0.837 0.719 (0.584, 0.855)

miR-155:miR-92a +
miR-181b:miR-196b +

miR-221:miR-451a
0.807 0.545 0.870 0.698 (0.567, 0.829)

miR-196b:miR-181a +
miR-20a:miR-451a +

let7a:miR-21
0.807 0.545 0.870 0.643 (0.488, 0.798)

miR-155:miR-92a +
miR-181b:miR-126 +
miR-196b:miR-181a

0.807 0.500 0.880 0.650 (0.496, 0.803)

miR-181b:miR-223 +
miR-196b:miR-103a 0.789 0.682 0.815 0.727 (0.596, 0.858)

miR-18a:miR-451a +
miR-181a:miR-24 0.789 0.545 0.848 0.647 (0.502, 0.793)

miR-181b:miR-223 +
miR-221:miR-9 0.789 0.545 0.848 0.727 (0.616, 0.838)

miR-128:miR-21 +
miR-223:miR-181a 0.789 0.500 0.859 0.617 (0.452, 0.781)

miR-196b:nf3 >1 0.649 0.591 0.663 0.703 (0.570, 0.836)

miR-223:nf3 >1 0.684 0.591 0.707 0.686 (0.548, 0.824)

miR-100:nf3 >1 0.596 0.591 0.598 0.643 (0.527, 0.759)
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Table 3. Cont.

p-Value × 4
× 406

CV
Accuracy

CV
Sensitivity

CV
Specificity

CV AUC

miR-9:nf3 >1 0.570 0.682 0.543 0.625 (0.502, 0.748)

miR-451a:nf3 >1 0.596 0.500 0.620 0.595 (0.453, 0.737)

miR-124:nf3 >1 0.588 0.545 0.598 0.595 (0.459, 0.732)

miR-150:nf3 >1 0.614 0.455 0.652 0.570 (0.439, 0.700)

miR-29b:nf3 >1 0.526 0.591 0.511 0.583 (0.450, 0.715)

miR-126:nf3 >1 0.570 0.636 0.554 0.564 (0.436, 0.691)

miR-24:nf3 >1 0.535 0.455 0.554 0.574 (0.449, 0.699)

miR-21:nf3 >1 0.518 0.500 0.522 0.564 (0.439, 0.689)

miR-181a:nf3 >1 0.588 0.364 0.641 0.558 (0.428, 0.688)

miR-181b:nf3 >1 0.623 0.409 0.674 0.558 (0.409, 0.707)

miR-20a:nf3 >1 0.596 0.545 0.609 0.509 (0.361, 0.658)

let7a:nf3 >1 0.570 0.455 0.598 0.549 (0.409, 0.689)

miR-96:nf3 >1 0.579 0.455 0.609 0.535 (0.384, 0.686)

miR-26a:nf3 >1 0.518 0.545 0.511 0.506 (0.372, 0.641)

miR-146a:nf3 >1 0.596 0.364 0.652 0.502 (0.366, 0.637)

miR-99a:nf3 >1 0.500 0.636 0.467 0.523 (0.408, 0.637)

miR-18a:nf3 >1 0.491 0.455 0.500 0.502 (0.379, 0.625)

miR-155:nf3 >1 0.561 0.364 0.609 0.499 (0.348, 0.650)

miR-128:nf3 >1 0.588 0.364 0.641 0.489 (0.334, 0.644)

miR-221:nf3 >1 0.500 0.318 0.543 0.602 (0.482, 0.722)

miR-210:nf3 >1 0.482 0.500 0.478 0.650 (0.536, 0.763)

miR-92a:nf3 >1 0.447 0.364 0.467 0.629 (0.507, 0.752)

In this table, sensitivity is the proportion of ALL patients that are correctly identified as such, and specificity is the
proportion of NTP+AML patients correctly identified as such.

According to Table 4, which lists findings of the comparison between AML and the others, the best
prediction accuracy (81.8% sensitivity with 84.3% specificity) was shown the model based on the
covariates miR-150:miR-221, miR-100:miR-24, and miR-181a:miR-191. Among univariate models,
miR-150:miR-191 had the best prediction accuracy (68.2% sensitivity with 78.6% specificity).

Table 4. Comparison of AML vs. others.

p-Value × 4
× 406

CV
Accuracy

CV
Sensitivity

CV
Specificity

CV AUC

miR-150:miR-221 +
miR-100:miR-24 +
miR-181a:miR-191

0.833 0.818 0.843 0.868 (0.803, 0.934)

miR-150:miR-221 +
miR-100:miR-124 +

miR-26a:nf3
0.825 0.841 0.814 0.882 (0.821, 0.944)

miR-150:miR-100 +
miR-181a:miR-221 +

miR-24:nf3
0.825 0.818 0.829 0.872 (0.807, 0.937)

miR-150:miR-100 +
miR-181a:nf3 +

miR-221:miR-24
0.825 0.818 0.829 0.882 (0.819, 0.944)
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Table 4. Cont.

p-Value × 4
× 406

CV
Accuracy

CV
Sensitivity

CV
Specificity

CV AUC

miR-150:miR-21 +
miR-18a:miR-92a +
miR-26a:miR-191

0.825 0.795 0.843 0.831 (0.754, 0.908)

miR-150:nf3 +
miR-20a:miR-92a +
miR-100:miR-124

0.825 0.795 0.843 0.843 (0.765, 0.921)

miR-223:miR-100 +
miR-146a:miR-103a +

miR-221:miR-451a
0.825 0.795 0.843 0.836 (0.755, 0.917)

miR-223:miR-103a +
miR-100:miR-451a +
miR-146a:miR-221

0.825 0.795 0.843 0.823 (0.741, 0.905)

miR-100:miR-126 +
miR-146a:miR-221 +

miR-26a:miR-21
0.825 0.773 0.857 0.822 (0.736, 0.908)

miR-128:miR-221 +
miR-20a:miR-100 +

miR-24:nf3
0.825 0.773 0.857 0.812 (0.726, 0.898)

miR-150:miR-221 +
miR-196b:miR-24 +
miR-100:miR-99a

0.825 0.773 0.857 0.819 (0.730, 0.907)

miR-181b:miR-100 +
miR-146a:miR-103a +

miR-221:miR-451a
0.825 0.773 0.857 0.834 (0.752, 0.915)

miR-150:miR-221 +
miR-26a:miR-103a 0.798 0.795 0.800 0.837 (0.763, 0.911)

miR-150:miR-191 +
miR-124:miR-221 0.781 0.773 0.786 0.789 (0.700, 0.878)

miR-150:miR-21 +
miR-26a:miR-191 0.781 0.750 0.800 0.823 (0.745, 0.901)

miR-150:miR-191 +
miR-210:miR-21 0.781 0.727 0.814 0.803 (0.719, 0.887)

miR-150:miR-191 +
miR-181b:miR-124 0.781 0.705 0.829 0.780 (0.689, 0.872)

miR-150:miR-100 +
miR-26a:miR-378 0.781 0.682 0.843 0.808 (0.728, 0.889)

miR-150:nf3 0.000022 0.737 0.636 0.800 0.794 (0.712, 0.876)

miR-150:miR-191 0.000057 0.746 0.682 0.786 0.786 (0.699, 0.874)

miR-150:miR-378 0.00016 0.711 0.614 0.771 0.775 (0.690, 0.860)

miR-150:miR-100 0.0011 0.702 0.659 0.729 0.757 (0.665, 0.849)

miR-150:miR-221 0.0015 0.719 0.659 0.757 0.756 (0.659, 0.854)

miR-150:miR-103a 0.0072 0.719 0.682 0.743 0.741 (0.646, 0.837)

miR-150:miR-196b 0.0072 0.684 0.568 0.757 0.741 (0.645, 0.838)

miR-150:miR-21 0.0076 0.684 0.682 0.686 0.739 (0.645, 0.833)

miR-150:miR-92a 0.020 0.711 0.636 0.757 0.729 (0.631, 0.828)

miR-221:miR-24 0.022 0.711 0.636 0.757 0.728 (0.630, 0.825)

miR-26a:miR-21 0.028 0.711 0.636 0.757 0.726 (0.624, 0.829)

miR-221:miR-26a 0.042 0.693 0.636 0.729 0.718 (0.613, 0.822)
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Table 4. Cont.

p-Value × 4
× 406

CV
Accuracy

CV
Sensitivity

CV
Specificity

CV AUC

miR-100:miR-26a 0.043 0.667 0.659 0.671 0.721 (0.624, 0.819)

miR-451a:nf3 > 1 0.649 0.614 0.671 0.675 (0.575, 0.775)

miR-26a:nf3 > 1 0.596 0.614 0.586 0.649 (0.547, 0.751)

miR-29b:nf3 > 1 0.623 0.705 0.571 0.634 (0.527, 0.740)

miR-126:nf3 > 1 0.570 0.568 0.571 0.630 (0.526, 0.734)

miR-210:nf3 > 1 0.623 0.636 0.614 0.629 (0.520, 0.737)

miR-221:nf3 > 1 0.605 0.568 0.629 0.613 (0.500, 0.725)

miR-128:nf3 > 1 0.544 0.636 0.486 0.604 (0.497, 0.712)

miR-100:nf3 > 1 0.588 0.477 0.657 0.608 (0.501, 0.715)

miR-223:nf3 > 1 0.596 0.477 0.671 0.591 (0.483, 0.699)

miR-18a:nf3 > 1 0.570 0.591 0.557 0.592 (0.483, 0.700)

miR-20a:nf3 > 1 0.570 0.500 0.614 0.584 (0.474, 0.694)

let7a:nf3 > 1 0.570 0.523 0.600 0.573 (0.467, 0.679)

miR-24:nf3 > 1 0.579 0.591 0.571 0.564 (0.456, 0.673)

miR-96:nf3 > 1 0.561 0.477 0.614 0.558 (0.449, 0.666)

miR-181a:nf3 > 1 0.421 0.182 0.571 0.777 (0.685, 0.869)

miR-155:nf3 > 1 0.342 0.227 0.414 0.867 (0.797, 0.936)

miR-9:nf3 > 1 0.500 0.341 0.600 0.572 (0.463, 0.682)

miR-92a:nf3 > 1 0.509 0.477 0.529 0.498 (0.380, 0.616)

miR-146a:nf3 > 1 0.491 0.318 0.600 0.629 (0.518, 0.740)

miR-99a:nf3 > 1 0.544 0.432 0.614 0.505 (0.388, 0.622)

miR-181b:nf3 > 1 0.570 0.455 0.643 0.486 (0.371, 0.602)

miR-21:nf3 > 1 0.465 0.432 0.486 0.586 (0.480, 0.693)

miR-196b:nf3 > 1 0.491 0.386 0.557 0.507 (0.393, 0.621)

miR-124:nf3 > 1 0.377 0.227 0.471 0.827 (0.745, 0.910)

In this table, sensitivity is the proportion of AML patients that are correctly identified as such, and specificity is the
proportion of NTP+ALL patients correctly identified as such.

According to Table 5, which lists the results for the comparison between ALL and AML, the best
prediction accuracy (86.4% sensitivity with 84.1% specificity) belonged to the classification model based
on covariates miR-100:miR-124, miR-24:miR-26a, and miR-24:miR-9, the model based on covariates
miR-100:miR-124, miR-24:miR-26a, and miR-26a:miR-9, and the model based on mirR-100:miR-124,
miR-24:miR-9, and miR-26a:miR-9.

Table 5. Comparison of ALL vs. AML.

p-Value × 4
× 406

CV
Accuracy

CV
Sensitivity

CV
Specificity

CV AUC

miR-100:miR-124 +
miR-24:miR-26a +

miR-24:miR-9
0.848 0.864 0.841 0.893 (0.809, 0.976)

miR-100:miR-124 +
miR-24:miR-26a +

miR-26a:miR-9
0.848 0.864 0.841 0.893 (0.809, 0.976)
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Table 5. Cont.

p-Value × 4
× 406

CV
Accuracy

CV
Sensitivity

CV
Specificity

CV AUC

miR-100:miR-124 +
miR-24:miR-9 +
miR-26a:miR-9

0.848 0.864 0.841 0.893 (0.809, 0.976)

miR-155:miR-181b +
miR-100:miR-124 +

miR-24:miR-26a
0.848 0.818 0.864 0.897 (0.810, 0.984)

miR-155:miR-124 +
miR-181b:miR-100 +

miR-24:miR-26a
0.848 0.818 0.864 0.893 (0.802, 0.983)

miR-20a:miR-9 +
miR-100:miR-124 +

miR-24:miR-26a
0.848 0.818 0.864 0.871 (0.781, 0.961)

miR-223:miR-124 +
miR-92a:miR-100 0.773 0.773 0.773 0.794 (0.682, 0.907)

miR-100:miR-124 +
miR-24:miR-26a 0.773 0.727 0.795 0.851 (0.756, 0.946)

miR-223:miR-124 +
miR-100:miR-26a 0.773 0.682 0.818 0.818 (0.715, 0.921)

miR-100:nf3 >1 0.652 0.636 0.659 0.692 (0.561, 0.824)

miR-196b:nf3 >1 0.591 0.591 0.591 0.657 (0.514, 0.800)

miR-181a:nf3 >1 0.576 0.318 0.705 0.560 (0.416, 0.703)

miR-210:nf3 >1 0.621 0.727 0.568 0.572 (0.428, 0.716)

miR-150:nf3 >1 0.530 0.591 0.500 0.568 (0.416, 0.721)

miR-223:nf3 >1 0.652 0.591 0.682 0.565 (0.408, 0.722)

miR-124:nf3 >1 0.530 0.545 0.523 0.544 (0.399, 0.690)

miR-9:nf3 >1 0.530 0.682 0.455 0.569 (0.426, 0.712)

miR-128:nf3 >1 0.606 0.409 0.705 0.568 (0.409, 0.727)

miR-221:nf3 >1 0.606 0.682 0.568 0.544 (0.401, 0.688)

miR-26a:nf3 >1 0.561 0.545 0.568 0.507 (0.351, 0.664)

miR-21:nf3 >1 0.485 0.500 0.477 0.472 (0.325, 0.619)

miR-146a:nf3 >1 0.515 0.227 0.659 0.438 (0.292, 0.584)

miR-181b:nf3 >1 0.606 0.409 0.705 0.496 (0.341, 0.650)

miR-155:nf3 >1 0.545 0.364 0.636 0.505 (0.349, 0.661)

miR-18a:nf3 >1 0.530 0.636 0.477 0.485 (0.333, 0.636)

miR-99a:nf3 >1 0.500 0.636 0.432 0.485 (0.345, 0.624)

miR-92a:nf3 >1 0.470 0.455 0.477 0.548 (0.404, 0.691)

miR-24:nf3 >1 0.455 0.364 0.500 0.518 (0.367, 0.668)

let7a:nf3 >1 0.485 0.409 0.523 0.586 (0.434, 0.738)

miR-29b:nf3 >1 0.424 0.455 0.409 0.689 (0.555, 0.823)

miR-126:nf3 >1 0.455 0.409 0.477 0.753 (0.625, 0.881)

miR-96:nf3 >1 0.515 0.364 0.591 0.644 (0.500, 0.787)

miR-451a:nf3 >1 0.470 0.500 0.455 0.679 (0.540, 0.818)

miR-20a:nf3 >1 0.485 0.591 0.432 0.595 (0.448, 0.742)

In this table, sensitivity is the proportion of ALL patients that are correctly identified as such, and specificity is the
proportion of AML patients correctly identified as such.
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4. Discussion

The expression of miRNA is always different between tumors and healthy tissues or a secondary
nontumor pathology. Additionally, differences in the miRNA profiles among different tumor types
and among different stages of the same malignant tumor are not uncommon [22,23]. Because miRNAs
are highly stable in tissues and body fluids, they appear to be promising diagnostic markers.

In this work, we compared the expression profiles of 25 miRNA in bone marrow samples from
new cases of AML, ALL, and NTPs.

Our study indicates that each of the aforementioned hematopoietic bone marrow disorders may be
identified through profiling of miRNAs. The results of our analysis show that some of our classification
variables are statistically significantly associated with the comparison groups.

The results from our multivariable models, even though they may be subject to overfitting to
some extent, cannot be explained by overfitting alone. For example, in the comparison of NTP
with ALL+AML, the best accuracy (93.8% sensitivity with 92.4% specificity) was shown by the
classification model based on covariates miR-150:miR-21, miR-20a:miR-221, and miR-24:nf3. In the
exact Mann–Whitney test comparing the values predicted by logistic regression during the leave-one-out
cross-validation between the comparison groups, we obtained a p-value < 2.2 × 10−16. On the other
hand, dividing 0.05 by the total number of comparisons yields 0.05/(4 × (11,153,835 + 406)) = 1.1 × 10−9,
which is at least 5 × 106 times greater than the above p-value.

As for individual miRNAs, NTP was best discriminated from ALL+AML by miR-150 (85.4%
sensitivity with 71.2% specificity for the corresponding variable, miR-150:nf3), ALL was best
discriminated from AML+NTP by miRNA-223 (59.1% sensitivity with 70.7% sensitivity for the
corresponding variable, miR-223:nf3), AML was best differentiated from ALL+NTP by miRNA-150
(63.6% sensitivity with 80.0% specificity for miR-150:nf3), and, finally, ALL was best differentiated from
AML by miRNA-100 (63.6% sensitivity with 65.9% specificity for miR-100:nf3), although expression
deregulation of these miRNAs has been described [14]. AML is a special case because changes in
the expression of miRNA-126, -29b, and -26a are reported more often [24–27] in comparison with
miRNA-150. In ALL, changes in the expression of miRNA-150 and -155 are detected more often [28–32]
as compared to miRNA-223.

Inconsistency between miRNA profiling results of different studies is a common problem.
This could be because different authors use dissimilar control groups; this is especially true for
the research on hematologic cancers. Another source of inconsistency is a relatively large error in
measurements of miRNA concentrations whether by RT-PCR or via microarray technologies. Because
of the measurement errors, potentially significant under-three-fold changes in miRNA concentrations
may not be taken into account accurately. Thus, in this study, the most reliable results, which at the
same time were most consistent between different studies, were obtained only for miRNAs whose
cancer-specific differences in concentration were the greatest.

Therefore, our results point to potential feasibility of (i) discriminating ALL+AML from NTP with
93% sensitivity of and 92% specificity using miR-150:miR-21, miR-20a:miR-221, and miR-24:nf3;
(ii) diagnosing ALL with 80% sensitivity and 81% specificity by means of miR-196b:miR-221,
miR-223:miR-378, and miR-100:miR-29b; and (iii) diagnosing AML with 80% sensitivity and 83%
specificity with the help of miR-150:miR-100, miR-181a:miR-191, and miR-221:miR-26a.

The results presented herein allow the miRNA expression profile to be used for differentiation
between AL and NTP, no matter what AL subtype.

Effective treatment for acute leukemias strongly depends on our understanding of the basics of
their genesis. One of the fundamental mechanisms underlying leukemias is the phenomenon known as
‘clonal selection’. This pathogenetic mechanism is in fact responsible for all the clinical features of tumor
relapse to come. One of the problems where the data obtained can be helpful is the detection of MRD.
There is little doubt that the use of any MRD detection method requires a biomarker or a combination
of biomarkers that can clearly differentiate between normal and cancer cells. Data obtained allow
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miRNAs to be seen as promising biomarkers with sufficient sensitivity and specificity to detect MRD,
no matter what clonal nature of the disease.

The aim of this publication is to present the results of the first, pilot stage of the research project.
With reliance on a wide spectrum of miRNAs, we have confirmed the feasibility of using analyses of
miRNA patterns for solving differential problems when analyzing bone marrow samples.

To this end, it is necessary to do testing with larger sample sizes. The obvious extension of this
work will be to analyze miRNA expression profiles after consolidation chemotherapy and to see
whether they correlate with the patient’s clinical data.

Supplementary Materials: The following are available online at http://www.mdpi.com/2227-9059/8/12/607/s1,
Table S1: Patient characteristics at the time of diagnosis, Table S2: The oligonucleotide sequences used in the study.

Author Contributions: I.B.K. contributed to the conception and design of the work, data collection, and writing of
the manuscript draft. S.E.T. contributed to the conception and design of the work, participated in the experiments
and data analysis, and wrote the manuscript draft. M.M.A. collected clinical samples. Y.A.V. conducted the
experiments. P.S.R. and V.M.N. carried out statistical analysis and drafted the figure. T.I.P. and I.F.Z. contributed to
the conception and design of the work, supervised this study, and reviewed and edited the manuscript. All authors
have read and agreed to the published version of the manuscript.

Funding: The work of S.E.T. was financially supported by the Russian Science Foundation (project No. 20-14-00074).
The work of Y.A.V. was supported by the Russian Foundation for Basic Research (project No. 19-34-60024). The work
of P.S.R. was supported by the Mathematical Center in Akademgorodok under agreement No. 075-15-2019-1675
with the Ministry of Science and Higher Education of the Russian Federation. The work of V.M.N. was supported
by a state contract of Sobolev Institute of Mathematics (Project No. 0314-2019-0015).

Acknowledgments: The authors thank the Siberian Supercomputer Center of the Siberian Branch of the Russian
Academy of Sciences for providing supercomputer facilities.

Conflicts of Interest: The authors have no competing interests.

References

1. Kovynev, I.B.; Agakishiev, M.M.; Kolesnikova, M.A.; Zalavina, S.V.; Tarnovsky, R.V.; Soldatova, G.S.;
Tairova, S.A.; Nechunaeva, I.N.; Pospelova, T.I. Epidemiology and Molecular Genetics of Acute Leukemia in
a Major Industrial Center of Western Siberia. Int. J. Adv. Biotechnol. Res. 2019, 2, 260–266.

2. Cruz, N.M.; Mencia-Trinchant, N.; Hassane, D.C.; Guzman, M.L. Minimal residual disease in acute
myelogenous leukemia. Int. J. Lab. Hematol. 2017, 39 (Suppl. 1), 53–60. [CrossRef] [PubMed]

3. Brooimans, R.A.; van der Velden, V.H.J.; Boeckx, N.; Slomp, J.; Preijers, F.; Te Marvelde, J.G.; Van, N.M.;
Heijs, A.; Huys, E.; van der Holt, B.; et al. Immunophenotypic measurable residual disease (MRD) in acute
myeloid leukemia: Is multicentric MRD assessment feasible? Leuk. Res. 2019, 76, 39–47. [CrossRef] [PubMed]

4. Eckert, C.; Flohr, T.; Koehler, R.; Hagedorn, N.; Moericke, A.; Stanulla, M.; Kirschner-Schwabe, R.; Cario, G.;
Stackelberg, A.; Bartram, C.R.; et al. Very early/early relapses of acute lymphoblastic leukemia show
unexpected changes of clonal markers and high heterogeneity in response to initial and relapse treatment.
Leukemia 2011, 25, 1305–1313. [CrossRef]

5. Cammarata, G.; Augugliaro, L.; Salemi, D.; La Rosa, C.A.M.; Dagnino, L.; Civiletto, G.; Messana, F.; Marfia, A.;
Bica, M.G.; Cascio, L.; et al. Differential expression of specific microRNA and their targets in acute myeloid
leukemia. Am. J. Hematol. 2010, 85, 331–339. [CrossRef]

6. Li, Z.; Lu, J.; Sun, M.; Mi, S.; Zhang, H.; Luo, R.T.; Chen, P.; Wang, Y.; Yan, M.; Qian, Z.; et al. Distinct
microRNA expression profiles in acute myeloid leukemia with common translocations. Proc. Natl. Acad.
Sci. USA 2008, 105, 15535–15540. [CrossRef]

7. Kluiver, J.; Kroesen, B.J.; Poppema, S.; van den Berg, A. The role of microRNAs in normal hematopoiesis and
hematopoietic malignancies. Leukemia 2006, 20, 1931–1936. [CrossRef]

8. Fabbri, M.; Garzon, R.; Andreeff, M.; Kantarjian, H.M.; Garcia-Manero, G.; Calin, G.A. MicroRNAs and
noncoding RNAs in hematological malignancies: Molecular, clinical and therapeutic implications. Leukemia
2008, 22, 1095–1105. [CrossRef]

9. Garzon, R.; Croce, C.M. MicroRNAs in normal and malignant hematopoiesis. Curr. Opin. Hematol. 2008, 15,
352–358. [CrossRef]

37



Biomedicines 2020, 8, 607

10. Trino, S.; Lamorte, D.; Caivano, A.; Laurenzana, I.; Tagliaferri, D.; Falco, G.; Del Vecchio, L.; Musto, P.;
De Luca, L. MicroRNAs as New Biomarkers for Diagnosis and Prognosis, and as Potential Therapeutic
Targets in Acute Myeloid Leukemia. Int. J. Mol. Sci. 2018, 19, 460. [CrossRef]

11. Wang, Y.; Li, Z.; He, C.; Wang, D.; Yuan, X.; Chen, J.; Jin, J. MicroRNAs expression signatures are associated
with lineage and survival in acute leukemias. Blood Cells Mol. Dis. 2010, 44, 191–197. [CrossRef]

12. Luan, C.; Yang, Z.; Chen, B. The functional role of microRNA in acute lymphoblastic leukemia: Relevance
for diagnosis, differential diagnosis, prognosis, and therapy. OncoTargets Ther. 2015, 8, 2903–2914.

13. Liao, Q.; Wang, B.; Li, X.; Jiang, G. miRNAs in acute myeloid leukemia. Oncotarget 2016, 8, 3666–3682.
[CrossRef] [PubMed]

14. Yeh, C.; Moles, R.; Nicot, C. Clinical significance of microRNAs in chronic and acute human leukemia.
Mol. Cancer 2016, 15, 37. [CrossRef]

15. Ultimo, S.; Martelli, A.M.; Zauli, G.; Vitale, M.; Calin, G.A.; Neri, L.M. Roles and clinical implications of
microRNAs in acute lymphoblastic leukemia. J. Cell. Physiol. 2018, 233, 5642–5654. [CrossRef] [PubMed]

16. de Leeuw, D.C.; van den Ancker, W.; Denkers, F.; de Menezes, R.X.; Westers, T.M.; Ossenkoppele, G.J.; van de
Loosdrecht, A.A.; Smit, L. MicroRNA profiling can classify acute leukemias of ambiguous lineage as either
acute myeloid leukemia or acute lymphoid leukemia. Clin. Cancer Res. 2013, 19, 2187–2196. [CrossRef]
[PubMed]

17. Vandesompele, J.; De Preter, K.; Pattyn, F.; Poppe, B.; Van Roy, N.; De Paepe, A.; Speleman, F. Accurate
normalization of real-time quantitative RT-PCR data by geometric averaging of multiple internal control
genes. Genome Biol. 2002, 3, 34. [CrossRef]

18. Titov, S.E.; Ivanov, M.K.; Karpinskaya, E.V.; Tsivlikova, E.V.; Shevchenko, S.P.; Veryaskina, Y.A.;
Akhmerova, L.G.; Poloz, T.L.; Klimova, O.A.; Gulyaeva, L.F.; et al. miRNA profiling, detection of BRAF
V600E mutation and RET-PTC1 translocation in patients from Novosibirsk oblast (Russia) with different
types of thyroid tumors. BMC Cancer 2016, 16, 201. [CrossRef]

19. Chen, C.; Ridzon, D.A.; Broomer, A.J.; Zhou, Z.; Lee, D.H.; Nguyen, J.T.; Barbisin, M.; Xu, N.L.;
Mahuvakar, V.R.; Andersen, M.R.; et al. Real-time quantification of microRNAs by stem–loop RT–PCR.
Nucleic Acids Res. 2005, 33, 1–9. [CrossRef]

20. Livak, K.J.; Schmittgen, T.D. Analysis of relative gene expression data using real-time quantitative PCR and
the 2-ΔΔCt method. Methods 2001, 25, 402–408. [CrossRef]

21. Ivanov, M.K.; Titov, S.E.; Glushkov, S.A.; Dzyubenko, V.V.; Malek, A.V.; Arkhangelskaya, P.A.; Samsonov, R.B.;
Mikhetko, A.A.; Bakhidze, E.V.; Berlev, I.V.; et al. Detection of high-grade neoplasia in air-dried cervical PAP
smears by a microRNA-based classifier. Oncol. Rep. 2018, 39, 1099–1111. [CrossRef] [PubMed]

22. Veryaskina, Y.A.; Titov, S.E.; Kometova, V.V.; Rodionov, V.V.; Zhimulev, I.F. Intratumoral Heterogeneity of
Expression of 16 miRNA in Luminal Cancer of the Mammary Gland. Non-Coding RNA 2020, 6, 16. [CrossRef]
[PubMed]

23. Veryaskina, Y.A.; Titov, S.E.; Kovynev, I.B.; Pospelova, T.I.; Zhimulev, I.F. The miRNA Profile in Non-Hodgkin’s
Lymphoma Patients with Secondary Myelodysplasia. Cells 2020, 9, 2318. [CrossRef] [PubMed]

24. Gong, J.N.; Yu, J.; Lin, H.S.; Zhang, X.H.; Yin, X.L.; Xiao, Z.; Wang, F.; Wang, X.S.; Su, R.; Shen, C.; et al.
The role, mechanism and potentially therapeutic application of microRNA-29 family in acute myeloid
leukemia. Cell Death Differ. 2014, 21, 100–112. [CrossRef]

25. Jongen-Lavrencic, M.; Sun, S.M.; Dijkstra, M.K.; Valk, P.J.; Lowenberg, B. MicroRNA expression profiling in
relation to the genetic heterogeneity of acute myeloid leukemia. Blood 2008, 111, 5078–5085. [CrossRef]

26. Wang, S.; Aurora, A.B.; Johnson, B.A.; Qi, X.; McAnally, J.; Hill, J.A.; Richardson, J.A.; Bassel-Duby, R.;
Olson, E.N. The endothelial-specific microRNA miR-126 governs vascular integrity and angiogenesis.
Dev. Cell 2008, 15, 261–271. [CrossRef]

27. Cattaneo, M.; Pelosi, E.; Castelli, G.; Cerio, A.M.; D′angiò, A.; Porretti, L.; Rebulla, P.; Pavesi, L.; Russo, G.;
Giordano, A.; et al. A miRNA Signature in Human Cord Blood Stem and Progenitor Cells as Potential
Biomarker of Specific Acute Myeloid Leukemia Subtypes. J. Cell. Physiol. 2015, 230, 1770–1780. [CrossRef]

28. Havelange, V.; Garzon, R. MicroRNAs: Emerging Key Regulators of Hematopoiesis. Am. J. Hematol. 2010,
85, 935–942. [CrossRef]

29. Slavov, S.N.; Teixeira, H.L.G.; Rego, E.M. The role of micro-ribonucleic acids in normal hematopoiesis and
leukemic T-lymphogenesis. Braz. J. Med. Biol. Res. 2010, 43, 619–626. [CrossRef]

38



Biomedicines 2020, 8, 607

30. Ghisi, M.; Corradin, A.; Basso, K.; Frasson, C.; Serafin, V.; Mukherjee, S.; Mussolin, L.; Ruggero, K.;
Bonanno, L.; Guffanti, A.; et al. Margherita Ghisi, Alberto Corradin, Katia Basso, Chiara Frasson, Valentina
Serafin, Subhamoy Mukherjee, Lara Mussolin, Katia Ruggero, Laura Bonanno, Alessandro Guffanti et al.
Modulation of microRNA expression in human T-cell development: Targeting of NOTCH3 by miR-150.
Blood 2011, 117, 7053–7062.

31. Seddiki, N.; Brezar, V.; Ruffin, N.; Levy, Y.; Swaminathan, S. Role of miR-155 in the regulation of lymphocyte
immune function and disease. Immunology. 2014, 142, 32–38. [CrossRef] [PubMed]

32. He, Y.; Chevillet, J.R.; Liu, G.; Kim, T.K.; Wang, K. The effects of microRNA on the absorption, distribution,
metabolism and excretion of drugs. Br. J. Pharmacol. 2015, 172, 2733–2747. [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/).

39





biomedicines

Article

Regulation of Oncogenic Targets by the
Tumor-Suppressive miR-139 Duplex (miR-139-5p and
miR-139-3p) in Renal Cell Carcinoma

Reona Okada 1, Yusuke Goto 1,2, Yasutaka Yamada 1,2, Mayuko Kato 1,2, Shunichi Asai 1,

Shogo Moriya 3, Tomohiko Ichikawa 2 and Naohiko Seki 1,*
1 Department of Functional Genomics, Chiba University Graduate School of Medicine, Chiba 260-8670, Japan;

reonaokada@chiba-u.jp (R.O.); caxa1117@chiba-u.jp (Y.G.); yasutaka_yamada@dfci.harvard.edu (Y.Y.);
mayukokato@chiba-u.jp (M.K.); cada5015@chiba-u.jp (S.A.)

2 Department of Urology, Chiba University Graduate School of Medicine, Chiba 260-8670, Japan;
tomohiko_ichikawa@faculty.chiba-u.jp

3 Department of Biochemistry and Genetics, Chiba University Graduate School of Medicine,
Chiba 260-8670, Japan; moriya.shogo@chiba-u.jp

* Correspondence: naoseki@faculty.chiba-u.jp; Tel.: +81-43-226-2971

Received: 20 November 2020; Accepted: 10 December 2020; Published: 12 December 2020

Abstract: We previously found that both the guide and passenger strands of the miR-139 duplex
(miR-139-5p and miR-139-3p, respectively) were downregulated in cancer tissues. Analysis of TCGA
datasets revealed that low expression of miR-139-5p (p< 0.0001) and miR-139-3p (p< 0.0001) was closely
associated with 5-year survival rates of patients with renal cell carcinoma (RCC). Ectopic expression
assays showed that miR-139-5p and miR-139-3p acted as tumor-suppressive miRNAs in RCC cells.
Here, 19 and 22 genes were identified as putative targets of miR-139-5p and miR-139-3p in RCC
cells, respectively. Among these genes, high expression of PLXDC1, TET3, PXN, ARHGEF19, ELK1,
DCBLD1, IKBKB, and CSF1 significantly predicted shorter survival in RCC patients according to TCGA
analyses (p < 0.05). Importantly, the expression levels of four of these genes, PXN, ARHGEF19, ELK1,
and IKBKB, were independent prognostic factors for patient survival (p < 0.05). We focused on PXN
(paxillin) and investigated its potential oncogenic role in RCC cells. PXN knockdown significantly
inhibited cancer cell migration and invasion, possibly by regulating epithelial–mesenchymal transition.
Involvement of the miR-139-3p passenger strand in RCC molecular pathogenesis is a new concept.
Analyses of tumor-suppressive-miRNA-mediated molecular networks provide important insights
into the molecular pathogenesis of RCC.

Keywords: miR-139-5p; miR-139-3p; renal cell carcinoma (RCC); microRNA; tumor suppressor;
paxillin (PXN)

1. Introduction

Renal cell carcinoma (RCC) accounts for approximately 3% of adult malignancies, with more than
330,000 cases newly diagnosed in 2018 and more than 100,000 deaths annually [1]. Clear cell RCC
is the most common histological subtype of RCC, accounting for approximately 75% of all cases [2].
Approximately 20–30% of RCC patients have metastatic lesions at diagnosis, and thus the 5-year
survival rate of these patients is less than 20% [2,3]. In addition, more than 20% of patients develop
metastases during the postoperative follow-up period [4]. Elucidation of the molecular mechanisms
involved in distant metastasis of RCC will contribute to the development of new diagnostic and
therapeutic strategies.

MicroRNAs (miRNAs) are classified as noncoding RNAs approximately 18–25 bases long that
are found in a wide range of organisms, from plants to humans [5]. miRNAs bind to the 3′-UTR of
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their target genes (protein coding and noncoding) in a sequence-dependent manner to regulate their
expression. miRNAs are involved in various intracellular processes [6,7]. A unique property of these
molecules is that a single miRNA can control a vast number of genes in normal and diseased cells [6,7].
Therefore, aberrant expression of miRNAs disrupts intracellular transcriptional networks, which in
turn causes human diseases. In cancer cells, aberrant expression of miRNAs is closely associated with
cancer cell progression, metastasis, and drug resistance [8,9].

According to the original theory regarding miRNA biogenesis, the passenger strand of the miRNA
duplex is degraded and therefore considered to have no function [6,7]. Our RNA-sequencing-based
signatures refute this concept, and our recent studies showed downregulation of both the guide and
passenger strands of miRNA duplexes (e.g., miR-30c, miR-99a, miR-101, miR-143, miR-145, and miR-150)
in cancer tissues [10–12]. Furthermore, ectopic expression assays revealed that the passenger strand
of some miRNAs, similar to the guide strand, functions as tumor-suppressive miRNAs, regulating
many oncogenes intracellularly [13–16]. Involvement of miRNA passenger strands in the molecular
pathogenesis of human cancers is a new concept, and additional research on passenger strands is
needed. A recent study confirmed that both strands of miRNAs are functional and, despite having
different seed sequences, cooperate to control molecular pathways across cancer types [17].

In this study, we focused on miR-139-5p (the guide strand) and miR-139-3p (the passenger strand)
and investigated their functional significance. We searched for oncogenes that are controlled by
miR-139-3p in RCC cells in public databases and identified 22 genes as putative targets of miR-139-3p
regulation. Among these genes, high expression of PXN, ELK1, ARHGEF19, DCBLD1, IKBKB, and CSF1
significantly predicted shorter survival in RCC patients according to The Cancer Genome Atlas (TCGA)
analyses (p < 0.05). We discuss the oncogenic role of PXN in RCC cells.

2. Materials and Methods

2.1. Human RCC Cell Lines

The A498 and 786-O human RCC cell lines were used in this study and were obtained from
the Japanese Collection of Research Bioresources Cell Bank. Cell maintenance was performed as we
described previously [15].

2.2. RNA Extraction and Quantitative Reverse Transcription-Polymerase Chain Reaction

RNA was extracted from cell lines using TRIzol reagent (Invitrogen, Carlsbad, CA, USA) according
to the manufacturer’s protocol. For gene expression assays, reverse transcription of the RNA was
performed using the High-Capacity cDNA Reverse Transcription Kit (Applied Biosystems, Waltham,
MA, USA) and TaqMan Gene Expression Assays (Applied Biosystems), according to our previous
studies [13–16]. The expression of GAPDH was evaluated as the internal control. We used the CFX
Connect Real-Time PCR Detection System (Bio-Rad, Hercules, CA, USA). The TaqMan primers and
probes used in this study are listed in Table S1.

2.3. Transfection of miRNAs, siRNAs, and Plasmid Vectors into RCC cells

Transfection of miRNAs and siRNAs into RCC cells was performed using Lipofectamine RNAiMAX
reagent (Invitrogen) according to our previous studies [13–16]. miRNAs or siRNAs were added to a
final concentration of 10 nM. Plasmid vectors were transfected into the cells using Lipofectamine 2000
(Invitrogen). The final concentration was 50 ng/well.

2.4. Functional Assays (Cell Proliferation, Migration, and Invasion Assays) in RCC cells

XTT assay for cell proliferation, wound healing assay for migration, and Matrigel chamber assay
for invasion were performed using RCC cells as described previously [13–16]. The reagents used are
listed in Table S1.
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2.5. Identification of miR-139-5p and miR-139-3p Gene Targets in RCC Cells

The search strategy used to identify miRNA targets is summarized in Figure S1. The expression
profiles of miR-139-5p/miR-139-3p-transfected A498 and 786-O cells from the Gene Expression
Omnibus (GEO) GSE129043 dataset were used. GSE36895 datasets were also utilized
(details below). The TargetScanHuman database (http://www.targetscan.org/vert_72/) was used
to predict miRNA-binding sites.

2.6. In silico Analysis of RCC Public Databases

For comparison of gene expression levels between normal and cancer tissues, we utilized the
GSE36895 datasets obtained from GEO. GSE36895 contains mRNA microarray data from clear cell
RCC tumors, normal kidney tissues, and mouse tumor graft samples obtained using Affymetrix U133
Plus 2.0 whole-genome chips (Affymetrix, Santa Clara, CA, USA). Expression is shown as signal
intensities, and for each gene with multiple probes, the mean intensity value was used. In addition,
RNA sequencing data from TCGA—Kidney renal clear cell carcinoma (TCGA-KIRC) RNA sequencing
datasets were utilized to re-evaluate gene expression levels in normal versus tumor samples.

2.7. Clinicopathological Analysis of RCC

For Kaplan–Meier analyses of overall survival, we downloaded TCGA clinical data
(Firehose Legacy) from cBioportal (https://www.cbioportal.org). The patients were divided into
two groups by median expression for each gene, according to the data collected from OncoLnc
(http://www.oncolnc.org). R version 4.0.2 (R Foundation for Statistical Computing, Vienna, Austria)
was used for the analyses.

Multivariate Cox regression analyses were also performed using TCGA-KIRC clinical data and
survival data according to the expression level of each gene from OncoLnc to identify factors associated
with RCC patient survival. In addition to gene expression, the tumor stage, pathological grade, and age
group were evaluated as potential independent prognostic factors. The multivariate analyses were
performed using JMP Pro 15.0.0 (SAS Institute Inc., Cary, NC, USA).

We performed gene set enrichment analysis (http://software.broadinstitute.org/gsea/index.jsp)
to obtain lists of differentially expressed genes between high and low PXN expression groups in the
TCGA-KIRC cohort.

2.8. Plasmid Construction and Dual-Luciferase Reporter Assays

psiCHECK-2 plasmid vectors (Promega, Madison, WI, USA) harboring the wild-type or a deletion
sequence of the miR-139-3p-binding site within the 3′-UTR of PXN were prepared. The predicted
binding site sequence was obtained from the TargetScanHuman database (release 7.2). Cells were
co-transfected with miR-139-3p and the plasmid vectors for 36 h, after which firefly and Renilla luciferase
activities in cell lysates were measured consecutively using the Dual-Luciferase Reporter Assay System
(Promega). Renilla luciferase activities are expressed as normalized values to firefly luciferase activities.
The dual-luciferase reporter assay procedure was described in our previous studies [13–16].

2.9. Western Blotting

Cell lysates were prepared 48 h after transfection with RIPA buffer (Nacalai Tesque, Chukyo-ku,
Kyoto, Japan). Then, 20 μg of protein lysates were separated on 4–15% Mini-PROTEAN TGX Precast
Gels (Bio-Rad), and transferred to Immun-Blot PVDF membranes (Bio-Rad). Blocking was performed
with Blocking One (Nacalai Tesque) for 30 min. The antibodies used in this study are shown in Table S1.

2.10. Statistical Analyses

For comparisons among multiple groups, Dunnett’s test was applied. The statistical analyses
were performed using JMP Pro 15. Significance levels were set to p < 0.05 if not otherwise mentioned.
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3. Results

3.1. Analysis of miR-139-5p and miR-139-3p Expression Levels in Clinical RCC Tissues and Their Clinical
Significance

The expression levels of miR-139-5p and miR-139-3p were evaluated in RNA sequencing data from
RCC tissue samples obtained from TCGA. miR-139-5p and miR-139-3p were significantly downregulated
in RCC tissues compared with normal tissues (p < 0.0001 and p < 0.0001, respectively; Figure 1A).
Cohort analyses using the TCGA-KIRC datasets revealed that low expression of miR-139-5p and
miR-139-3p was associated with poorer survival in patients with RCC (p < 0.0001 and p < 0.0001,
respectively; Figure 1B).
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Figure 1. The expression and clinical significance of miR-139-5p and miR-139-3p in renal cell carcinoma
(RCC) clinical specimens. (A) Expression of miR-139-5p and miR-139-3p were significantly reduced
in The Cancer Genome Atlas—Kidney Renal Clear Cell Carcinoma (TCGA-KIRC) cancer specimens
compared with adjacent normal specimens (p < 0.001). (B) Spearman’s rank test showed positive
correlations between the expression levels of miR-139-5p and miR-139-3p in TCGA-KIRC clinical
specimens (R = 0.8278, p < 0.001). (C) Kaplan–Meier survival curves of patients from TCGA-KIRC
cohort. Patients were divided into two groups according to the median expression levels of miR-139-5p
or miR-139-3p: high- and low-expression groups. Both miR-139-5p and miR-139-3p expression levels
were significantly associated with the 5-year survival rate of RCC patients (p < 0.0001).

3.2. Tumor-Suppressive Functions of miR-139-5p and miR-139-3p in RCC Cells

To investigate the tumor-suppressive functions of miR-139-5p and miR-139-3p in RCC cells,
we assessed cell proliferation, migration, and invasion after ectopic transfection of miR-139-5p and
miR-139-3p into A498 and 786-O cells. Ectopic expression of the two miRNAs did not significantly affect
the proliferation of RCC cells (Figure 2A). In contrast, the expression of these miRNAs significantly
inhibited the migration and invasive abilities of RCC cells (Figure 2B,C).
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Figure 2. Functional assays of cell proliferation, migration, and invasion following ectopic expression of
miR-139-5p and miR-139-3p in RCC cell lines A498 and 786-O. N.S.: not significant. (A) Cell proliferation
was assessed using XTT assays. Data were collected 72 h after miRNA transfection. (B) Cell migration
was assessed using wound healing assays. (C) Cell invasions were determined 48 h after seeding
miRNA-transfected cells into chambers using Matrigel invasion assays.

3.3. Identification of Putative Oncogenic Targets Regulated by miR-139-3p and miR-139-3p in RCC Cells

To identify the genes regulated by miR-139-5p and miR-139-3p in RCC cells, we integrated three
datasets. First, we obtained RNA microarray data from miR-139-5p- or miR-139-3p-transfected A498 or
786-O cells (GSE129043). Second, we used data from the TargetScanHuman database (release 7.2) to
obtain annotated putative targets regulated by each miRNA strand. Third, we extracted genes highly
expressed in clinical specimens of RCC from GSE36895.

A schematic of the strategy used to narrow down the gene list is shown in Figure S1. A total of
19 genes regulated by miR-139-5p and 22 by miR-139-3p were finally selected (Table 1A,B).
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Table 1. A. Candidate target genes of miR-139-5p. B. Candidate target genes of miR-139-3p.

A. Candidate target genes of miR-139-5p

Gene
Symbol

Gene Name
Entrez
Gene

ID

miR-139-5p-
Transfected
A498 Cells
(log2 FC)

miR-139-5p-
Transfected
786-O Cells

(log2 FC)

GSE36895
(log2
FC)

Total
Binding

Sites

TCGA
5y OS

p-Value

PLXDC1 plexin domain containing 1 57125 −0.615791 −1.455703 1.6528159 1 0.0098
TET3 tet methylcytosine dioxygenase 3 200424 −1.074818 −1.152835 0.7350367 1 0.0261
IRF4 interferon regulatory factor 4 3662 −2.491284 −1.563216 0.72956836 1 0.0575

RAB27B RAB27B, member RAS oncogene family 5874 −0.620716 −0.970745 0.7823266 1 0.1244
FCHSD2 FCH and double SH3 domains 2 9873 −1.834753 −1.364281 0.5673638 1 0.1565

DMD dystrophin 1756 −0.98734 −1.12498 0.46094477 1 0.3891
APOL6 apolipoprotein L, 6 80830 −1.363298 −0.574163 0.43652818 2 0.4733
AP1S2 adaptor-related protein complex 1, sigma 2 subunit 8905 −0.571341 −0.63469 0.57979524 1 0.5072
PTPRU protein tyrosine phosphatase, receptor type, U 10076 −1.430874 −0.883479 0.8481535 1 0.6152
TRAT1 T cell receptor associated transmembrane adaptor 1 50852 −1.192173 −1.781637 1.9733018 2 0.7395

SLC39A14 solute carrier family 39 (zinc transporter), member 14 23516 −0.536152 −0.705082 1.0408258 1 0.8125
OTUD4 OTU deubiquitinase 4 54726 −1.720465 −1.59549 0.21931966 1 0.9338
CDCA7L cell division cycle associated 7-like 55536 −1.478013 −0.564377 2.1733913 1 0.969
ZNF678 zinc finger protein 678 339500 −1.585917 −0.621832 0.25128952 2 0.0086 *
FGFBP2 fibroblast growth factor binding protein 2 83888 −0.830757 −1.317887 1.5742466 1 0.0058 *
ATP2B2 ATPase, Ca++ transporting, plasma membrane 2 491 −1.109889 −2.668194 1.3068246 3 0.0050 *
EML1 echinoderm microtubule associated protein like 1 2009 −0.56874 −0.541978 0.38891175 2 0.0014 *
PCSK5 proprotein convertase subtilisin/kexin type 5 5125 −1.751102 −0.577052 0.57546955 1 0.0006 *

FAM168A family with sequence similarity 168, member A 23201 −1.390649 −0.959992 0.25754136 1 0.0002 *

B. Candidate target genes of miR-139-3p

Gene
Symbol

Gene Name
Entrez
Gene

ID

miR-139-3p-
Transfected
A498 Cells
(log2 FC)

miR-139-3p-
Transfected
786-O Cells

(log2 FC)

GSE36895
(log2
FC)

Total
Binding

Sites

TCGA
5y OS

p-Value

PXN paxillin 5829 −1.164181 −0.707167 0.481819 2 <0.0001
ARHGEF19 Rho guanine nucleotide exchange factor (GEF) 19 128272 −0.607603 −1.826996 1.1049173 1 <0.0001

ELK1 ELK1, member of ETS oncogene family 2002 −1.518329 −0.839984 0.5987212 2 0.0001
CSF1 colony stimulating factor 1 (macrophage) 1435 −0.952795 −0.537074 1.0153022 1 0.0124

IKBKB inhibitor of kappa light polypeptide gene enhancer in
B-cells, kinase beta 3551 −0.511766 −1.882033 0.23441868 1 0.0251

DCBLD1 discoidin, CUB and LCCL domain containing 1 285761 −1.398862 −0.668245 0.28628728 1 0.0285
SYT11 synaptotagmin XI 23208 −1.034462 −0.578617 0.4411527 1 0.0556

SERPINE1 serpin peptidase inhibitor, clade E (nexin,
plasminogen activator inhibitor type 1), member 1 5054 −2.516404 −0.663638 1.8049024 3 0.0731

KDM6B lysine (K)-specific demethylase 6B 23135 −0.62567 −0.733171 0.42303625 1 0.1019

RASSF5 Ras association (RalGDS/AF-6) domain family
member 5 83593 −1.180982 −4.605049 1.5059676 1 0.3643

ACBD3 acyl-CoA binding domain containing 3 64746 −0.688812 −0.542166 0.65537864 1 0.3841
APOL6 apolipoprotein L, 6 80830 −1.350307 −0.858142 0.43652818 1 0.4733
EPN2 epsin 2 22905 −0.619177 −0.520903 0.29098234 1 0.581

GIT2 G protein-coupled receptor kinase interacting
ArfGAP 2 9815 −0.64332 −0.544951 1.4113243 1 0.7179

KIF3C kinesin family member 3C 3797 −0.694929 −0.956568 0.29198763 1 0.9148

ARAP2 ArfGAP with RhoGAP domain, ankyrin repeat and
PH domain 2 116984 −1.161352 −1.258001 0.3943753 1 0.0940 *

RFX2 regulatory factor X, 2 (influences HLA class II
expression) 5990 −0.937881 −0.580092 1.4766915 1 0.0671 *

RNF125 ring finger protein 125, E3 ubiquitin protein ligase 54941 −0.539067 −1.811576 0.6103558 1 0.0394 *
ARSK arylsulfatase family, member K 153642 −1.505581 −0.887476 0.4327301 1 0.0219 *
STAG2 stromal antigen 2 10735 −0.527565 −0.563985 0.38703138 1 <0.0001 *
TNS1 tensin 1 7145 −0.764289 −0.609893 0.28155625 1 <0.0001 *

* Better prognosis in high-expression group.

3.4. Clinical Significance of miR-139 Target Genes in RCC Pathogenesis

Kaplan–Meier analyses of 5-year overall survival were performed according to high versus low
expression of miR-139 target genes. The high expression of two miR-139-5p (PLXDC1 and TET3) and
six miR-139-3p target genes (PXN, ARHGEF19, ELK1, CSF1, IKBKB, and DCBLD1) was found to be
related to better 5-year overall survival rates of the patients (p < 0.05, Table 1A,B, and Figure 3).
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Figure 3. Clinical significance of miR-139-5p or miR-139-3p target genes in TCGA-KIRC database.
High expression of two miR-139-5p target genes (PLXDC1 and TET3) and six miR-139-3p target genes
(PXN, ARHGEF19, ELK1, CSF1, IKBKB, and DCBLD1) were significantly associated with poor prognosis
in patients with RCC. Kaplan–Meier curves for 5-year overall survival according to the expression of
each miR-139-3p target gene are shown.

Furthermore, multivariate analyses identified four genes (PXN, ARHGEF19, ELK1, and IKBKB) as
independent prognostic factors for patient survival (p < 0.05; Figure 4). We validated the expression
levels of these target genes using TCGA-KIRC RNA sequencing dataset. All target genes except
ARHGEF19 were upregulated in cancer tissues in this cohort (Figure 5).
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Figure 4. Forest plot showing the results of multivariate analyses of eight genes (PLXDC1, TET3, PXN,
ARHGEF19, ELK1, CSF1, IKBKB, and DCBLD1). In addition to the gene expression level, the tumor
stage, pathological grade, and age group were evaluated as potential independent factors associated
with survival. Numbers of cases per each group are shown in Table S2.
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Figure 5. Expression levels of miR-139-5p or miR-139-3p target genes (PLXDC1 and TET3 for miR-139-5p,
PXN, ARHGEF19, ELK1, CSF1, IKBKB, and DCBLD1 for miR-139-3p) in TCGA-KIRC cohort. Seven genes
(PLXDC1, TET3, PXN, ELK1, CSF1, IKBKB, and DCBLD1) were confirmed to be significantly upregulated
in clinical specimens. N.S.: not significant.

For subsequent analyses, we focused on miR-139-3p (the passenger strand) target genes,
according to our previous studies emphasizing the novel roles of miRNA passenger strands.
Among these target genes, we focused on PXN, which showed the most significant association
with RCC patient survival in the multivariate analysis and has been reported previously as an oncogene
in other types of cancers [18,19].
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3.5. Direct Regulation of PXN by miR-139-3p in RCC Cells

In RCC cells transfected with miR-139-3p, both PXN mRNA and protein levels were significantly
downregulated (Figure 6A,B). Western blot images are shown in Figure S2. To validate that miR-139-3p
binds directly to PXN to downregulate its expression, we performed dual-luciferase reporter assays.
A498 and 786-O cells were co-transfected with plasmid vectors and miR-139-3p. We used two different
plasmid vectors: one containing the partial wild-type sequence of the miR-139-3p-binding site predicted
by TargetScanHuman database (“wild-type sequence” in Figure 6C) and the other containing this
sequence lacking the binding site (“deletion-type sequence” in Figure 6C). Luciferase activity was
significantly reduced in cells transfected with the wild-type sequence but not in cells transfected with
the deletion sequence (Figure 6D). These results suggest that miR-139-3p directly binds to the 3’-UTR
of PXN.
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Figure 6. Expression of paxillin (PXN) was regulated directly by miR-139-3p in RCC cells. (A) Expression
of PXN mRNA was significantly suppressed in miR-139-3p-transfected A498 and 786-O cells (48 h after
transfection). Expression of GAPDH was used as an internal control. (B) Expression of PXN protein
was reduced in miR-139-3p-transfected RCC cells (48 h after transfection). GAPDH was used as a
loading control. (C) The TargetScanHuman database predicted one putative miR-139-3p-binding site in
the 3’-UTR of PXN. (D) Dual-luciferase reporter assays showed decreased luminescence activity in
RCC cells co-transfected with miR-139-3p together with a vector harboring the “wild-type sequence”.
Normalized data were calculated as Renilla/firefly luciferase activity ratios. N.S.: not significant.

3.6. PXN Knockdown Assays in RCC Cells

We assessed the oncogenic functions of PXN in RCC cells by performing knockdown using
two small interfering RNAs (siRNAs) targeting PXN. The mRNA and protein levels of PXN were
successfully downregulated by either siRNAs in A498 and 786-O cells (Figure 7A,B). Western blot
images are shown in Figure S2.
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Figure 7. Effects of PXN knockdown on cell proliferation, migration, and invasion in RCC cells.
(A,B) Expression of PXN was successfully reduced after siRNA transfection in RCC cells. (C) Cell
proliferation was determined by XTT assays. N.S.: not significant. (D) Cell migration was determined
by wound healing assays. (E) Cell invasion was determined by Matrigel invasion assays.

Next, functional assays were performed in RCC cells transfected with these siRNAs. Similar to
miR-139-3p transfection, transfection of the siRNAs did not suppress cell proliferation (Figure 7C).
However, cell migration and invasion were significantly suppressed by siRNA transfection in both cell
lines (Figure 7D,E).

3.7. PXN-Mediated Pathways in RCC Cells

We performed gene set enrichment analysis to determine differentially expressed genes between
the high and low PXN expression groups of the TCGA-KIRC cohort. In support of the functional
assays using siRNAs, the most enriched signaling pathway in the high PXN expression group was
“epithelial–mesenchymal transition” (Figure 8 and Table S3). Other significantly enriched pathways
(FDR q-value < 0.05) were “hypoxia”, “KRAS signaling”, “myogenesis”, “angiogenesis”, and “apical
junction”, supporting the hypothesis that PXN is related to the metastatic ability of cancer cells (Figure 7
and Table S2).
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Figure 8. Pathways enriched among the differentially expressed genes in the high PXN expression
group according to gene set enrichment analysis. The six significantly enriched pathways (FDR
q-value < 0.05) are shown.
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4. Discussion

Recent RNA sequencing techniques have accelerated the establishment of miRNA expression
signatures. Our recent studies revealed that some passenger strands of miRNAs (e.g., miR-30c-2-3p,
miR-99a-3p, miR-101-5p, miR-143-5p, miR-145-3p, and miR-150-3p) act as tumor-suppressive miRNAs by
targeting several oncogenes in a wide range of cancers [10–16]. Involvement of the passenger strands
of miRNAs in cancer pathogenesis is a new development in cancer research.

A recent in silico study (analysis of molecular profiles in more than 5200 patient samples from
14 different cancers) revealed that both strands of miRNAs are functional across different cancer types.
For example, downregulation of both strands of miR-30a and miR-145 was frequently observed in
multiple cancers, and their downregulation enhanced aberrant expression of cell cycle-related genes.
These malignant events were found to affect the prognosis of cancer patients [17]. Simultaneous
analysis of both strands of miRNA duplexes will lead to elucidation of a new molecular mechanism in
cancer cells.

In this study, we showed that both strands of the miR-139 duplex acted as tumor-suppressive
miRNAs in RCC cells. Accumulating evidence has shown a tumor-suppressive role of miR-139-5p
in multiple types of cancers, including RCC [20–22]. Notably, miR-139-5p target genes are involved
in cancer activation pathways, e.g., the PI3K/AKT/mTORC1, Wnt/β-catenin, and RTK/RAS/MAPK
pathways [23–27]. Therefore, miR-139-5p plays a central role in controlling the malignant transformation
of human cancers.

In contrast to miR-139-5p, few studies have evaluated the importance of miR-139-3p in cancer
because it is a passenger strand. Recently, it was reported that miR-139-3p directly regulates KDM5B
(lysine demethylase 5B), a key regulator of histone 3 lysine 4 demethylation in laryngeal squamous
cell carcinoma [28]. Ectopic expression of miR-139-3p suppressed cancer cell malignant behavior by
inhibiting the Wnt/β-catenin pathway [28]. In the HeLa cervical cancer cell line, miR-139-3p was reduced
upon increasing expression of circular RNA hsa_circ_0031288 [29]. In turn, the decreased expression
of miR-139-3p resulted in increased expression of B-cell CLL/lymphoma 6, as a target molecule.
These regulatory effects promoted malignant transformation of HeLa cells. In bladder cells, both
strands of the miR-139 duplex were downregulated in cancer tissues and exhibited tumor-suppressive
effects [30]. Interestingly, matrix metalloprotease 11 (MMP11) was directly regulated by both miR-139
strands, and knockdown of MMP11 attenuated the aggressive phenotype of bladder cancer cells [30].
Our study is the first to show that miR-139-3p (the passenger strand) is involved in RCC pathogenesis,
and both strands of the miR-139 duplex are pivotal players in RCC oncogenesis.

We are also interested in the presence of oncogenes controlled by tumor-suppressive miR-139-5p
and miR-139-3p in RCC cells. A total of 19 and 22 genes were identified as putative targets of miR-139-5p
and miR-139-3p regulation in RCC cells, respectively. Taking advantage of survival data from TCGA
datasets, we performed multivariate analysis and found that, among the miR-139 duplex target genes,
PXN, ELK1, ARHGEF19, and IKBKB were independent prognostic factors for RCC patient survival.
Further genomic analyses of these genes will contribute to elucidating the molecular pathogenesis
of RCC.

ELK1 is a well-established transcription factor that is phosphorylated by MAPKs and induces
transcription of the c-fos proto-oncogene [31,32]. ARHGEF19 is a RhoGEF that reportedly activates
the MAPK pathway and interacts with BRAF in lung cancer [33]. The role of ARHGEF19 in RCC
is not well characterized, but the interaction of ARHGEF19 with ELK1 via the MAPK pathway may
play a role in RCC development. IKBKB encodes IKK-beta, which phosphorylates the inhibitor of
NF-kB, resulting in activation of the NF-kB pathway [34,35]. NF-kB and its downstream inflammatory
signaling pathway are closely related to RCC carcinogenesis and aggressiveness [36].

In this study, we focused on PXN (paxillin) because its expression was found to be directly
controlled by miR-139-3p in RCC cells and strongly related to RCC molecular pathogenesis. PXN is a
focal adhesion scaffold/adaptor protein that contains five LD domains (leucine-aspartate motifs) located
at the N-terminus and four cysteine–histidine-rich LIM domains at the C-terminus [37,38]. The LD
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domains act as a docking site for focal adhesion-related proteins, e.g., Src (tyrosine-protein kinase),
FAK (focal adhesion kinase), PAK (p21-activated kinase), and ILK (integrin-linked kinase) [37,38].
The LIM domains act as binding sites for protein–protein interactions [37,38]. The pathways activated
by PXN enhance cancer cell malignant progression and metastasis in a wide range of cancers [39].
Moreover, two key proteins in focal adhesion complexes, PXN and integrin B4, directly bind to each
other, and this complex enhanced cisplatin resistance in lung cancer cells [40]. Another study showed
that PXN phosphorylation may contribute to cisplatin resistance via the ERK-mediated activation
of Bcl-2 transcription in lung cancer [41]. PXN-mediated pathways may be therapeutic targets for
attenuating drug-resistance in cancer cells.

In our GSEA analysis, PXN-high-expressed RCC specimen was enriched with epithelial-
mesenchymal transition (EMT) signaling pathways. A previous report has shown the suppressive
effect of PXN on EMT pathway in cell lines [42]. These findings suggest the speculation that inhibitions
of cancer cell migration and invasion by PXN knockdown in our study are due to the regulation of
epithelial-mesenchymal transition.

It has been reported that several miRNAs (e.g., miR-132, miR-137, miR-145, miR-212, and miR-218)
directly control PXN expression in cancer cells [43–47]. Among these miRNAs, we previously reported
the downregulation of miR-145 and miR-218 in RCC cells [48,49]. More recently, DLX6-AS1 (a long
noncoding RNA that adsorbs miRNA-199b) promoted epithelial–mesenchymal transition and cisplatin
resistance via the miR-199b-5p/PXN axis in breast cancer cells [50]. This is the first report that PXN
is directly regulated by tumor-suppressive miR-139-3p in RCC cells. Non-coding RNA-mediated
epigenetic regulation of PXN expression will be assessed in the future.

5. Conclusions

Both strands of the miR-139 duplex are closely involved in RCC oncogenesis. This is the first
report to reveal that miR-139-3p (the passenger strand) acts as a tumor-suppressive miRNA in RCC.
Several genes are controlled by miR-139 and contribute to RCC molecular pathogenesis. Notably,
the expression of PXN was directly regulated by miR-139-3p, and its overexpression enhanced RCC
malignant transformation. Analyses of tumor-suppressive miRNAs (including the passenger strands)
will contribute to the elucidation of new molecular networks in RCC.
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Abstract: Bladder cancer (BC) is among the most frequent malignancies worldwide, being the most
expensive cancer to treat and monitor and the most lethal urological cancer. Urine microRNAs
(miRNAs) have been proposed as novel non-invasive biomarkers to early diagnose and monitor
BC patients in order to avoid the performance of current aggressive diagnostic techniques.
However, huge discrepancies arise among studies mainly due to the lack of standardization in
the normalization, a crucial step in all miRNA studies. Our aim was to identify the best miRNA
normalizer for miRNA studies in urine of BC patients. We evaluated the performance of 110 candidate
miRNAs in urine of 35 BC patients and 15 healthy controls by Real Time quantitative Polymerase
Chain Reaction (RT-qPCR) followed by a stability analysis with RefFinder. In this screening stage,
miR-29c-3p arose as the most stably expressed miRNA in BC and controls, with a good expression
level. Stability of miR-29c-3p expression was validated in an independent cohort of 153 BC patients
and 57 controls. Finally, we evaluated the robustness of miR-29c-3p as normalizer in the expression
study of miR-200c-3p, a potential diagnostic marker for BC. We propose miR-29c-3p as a normalizer
for miRNA studies in BC urine. This is the first study that characterizes a reliable normalizer that may
allow the comparison of future urine miRNA studies as non-invasive biomarkers for BC diagnosis
and monitoring.

Keywords: bladder cancer; urine; miRNA; reference miRNA; normalizer; RT-qPCR

1. Introduction

Bladder cancer (BC) is among the most frequent malignancies worldwide. Indeed, BC accounts
for 3% of all malignant tumors in adults and is the most lethal urological tumor type. According to
the GLOBOCAN 2018 study, BC accounts for more than 540,000 new cases worldwide and almost
200,000 deaths annually [1,2]. Moreover, BC largely increases health expenses since it is the most
expensive cancer to treat and the one that accounts for the highest monitoring costs. In fact, the cost
of the muscle-invasive subtype reaches $150,000 per capita [3,4] and, by the end of the decade, BC is
expected to account for >3% of all cancer-related medical expenses [3].

Bladder ultrasound, computerized tomography (CT) scan, cystoscopy or cytology are presently
the gold standard techniques for BC diagnosis. However, cystoscopy is a highly invasive procedure
that causes a high discomfort in patients and urine cytology, while being non-invasive, is unable
to detect low-grade bladder tumors. Furthermore, none of both achieve a high sensitivity and
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specificity [5]. These last two techniques are routinely used as follow-up methods. As a consequence,
novel non-invasive biomarkers are being explored to early and accurately diagnose and monitor BC
patients in order to avoid the performance of this aggressive technique while reaching or even exceeding
the sensitivity and specificity of cystoscopy [6]. Urine represents the most accessible source of biological
markers for the analysis of BC and other urological tumors since it is rapid and easily obtained by the
patient, avoids patient discomfort and potential complications from an invasive procedure, is available
in copious amounts and re-sampling is easily achievable [7]. Thus, urine represents the ideal sample to
develop novel tools to diagnose and monitor the prognosis of BC patients.

microRNAs (miRNAs) are small non-coding RNAs that regulate protein expression. They have
been found to play a role in the different processes of tumor development [8,9] and have been proposed
as regulatory molecules and biomarkers in virtually all cancer types [10–12]. miRNAs are known to be
released from tissues into biological fluids such as urine and have been proposed as biomarkers for
many disorders. Indeed, several profiles of miRNAs have been proposed as diagnostic and prognostic
tools for BC [13–24]. However, strikingly only a small number of miRNAs are shared by these
studies, what is probably due to the lack of standardization in the protocols used among laboratories.
Particularly results are often not reproducible among publications because of different criteria used for
selecting patients and controls, the use of different procedures for sample processing, RNA isolation
and miRNA quantification but, mainly, it may be caused by different normalization strategies used,
what certainly represents a crucial step in any miRNA study. Several RNA species have been proposed
as normalizers for miRNAs studies: small nuclear RNAs (snRNAs), nucleolar RNAs (snoRNAs),
ribosomal RNAs (rRNAs), miRNAs or even exogenous synthetic RNAs. However, some of these
proposed normalizers differ from miRNAs in length (150 nt for snRNAs and 60–200 nt for snoRNAs,
compared to 20–24 nt for miRNAs) and also in structure [25]. This disparity in lengths and structure
can affect the isolation efficiency, reverse transcription and amplification. Consequently, the use of
stably expressed miRNAs for the normalization of miRNAs studies is the best option rather than the
use of other small RNA species [26]. Likewise, the addition of exogenous synthetic RNAs is intended
to track the isolation and reverse transcription efficiency, not to normalize for amplification. To date,
no consensus exists on internal reference miRNAs for BC studies performed in urine samples by Real
Time quantitative Polymerase Chain Reaction (RT-qPCR)

In the present study, we aimed for the first time to ascertain the best miRNA normalizer for
miRNA studies in BC performed in urine samples. The discovery of a good and reproducible internal
miRNA normalizer will eliminate the current inconsistency among studies and will finally allow the
comparison of results obtained in urine of BC patients. This is an inexorable requirement in order to
apply this technique to clinical practice.

2. Experimental Section

2.1. Study Subjects

BC can be subdivided in two types, superficial or non-muscle-invasive bladder cancer (NMIBC)
(70% of total), which comprehends Ta and T1 lesions, and muscle-invasive bladder cancer (MIBC)
(30% of total), which comprehends T2, T3 and T4 lesions. Additionally, grading indicates the degree
of cellular differentiation, being G1 well differentiated and less likely to spread, G2 moderately
differentiated and G3 poorly differentiated and more likely to spread. This can be better envisaged in
Figure 1, where the study workflow is also described.
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Figure 1. Graphical description of BC subtypes and study workflow.

For the initial screening stage, 35 BC patients (10 TaG1, 8 TaG3, 5 T1G3 and 12 T2G3) were recruited
at La Fe University and Polytechnic Hospital (Valencia, Spain). Fifteen healthy volunteers (control
group) with similar age and sex who underwent an ultrasound scan to rule out the presence of urological
malignancies or other alterations were also recruited. For the validation stage, an independent cohort
of 153 BC patients (33 TaG1, 13 TaG3, 29 T1G3, 54 TaG2, 9 T1G2, 4 T2G2, 10 T2G3 and 1 T3G3) and 57
healthy controls were additionally recruited.

Pre-operative clinical staging was performed through physical examination, urine cytology and
CT scans of the chest, abdomen and pelvis. The tumor histological classification was done according to
both the 1973 and 2004/2016 WHO classifications. Demographic and clinical data were collected.

The exclusion criteria were lack of informed consent, absence of histological confirmation and
presence of other malignancies.

Informed consent was obtained from all participants according to protocols approved by the
ethics review board at La Fe University and Polytechnic Hospital (2014/0314 and 2017/0474). The study
was performed according to the declaration of Helsinki, as amended in Edinburgh in 2000.

2.2. Urine Collection

A first morning urine sample of 25 to 50 mL was collected in sterile containers from all participants
and kept at 4 ◦C until processing. Urine was centrifuged at 805× g for 5 min at 4 ◦C to remove cellular
debris and supernatant was aliquoted and frozen at −80 ◦C until analyzed. The concentration of
creatinine in urine was measured by clinical laboratory standardized methods.

2.3. RNA Isolation and cDNA Synthesis from Urine

Total urine RNA (including miRNAs) was isolated from 600 μL of urine using the miRNeasy
Mini Kit (Qiagen, Hilden, Germany) following manufacturer’s instructions with several modifications
optimized by our group [27]. Briefly, 200 μL of cell-free urine were transferred to a tube with 1 mL
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Qiazol (Qiagen) and 1 μL carrier (1 μg/μL yeast RNA, Invitrogen, ThermoFisher Scientific, Waltham,
MA, USA). This step was done in three independent tubes for each sample. In one of the three tubes
1 μL spike-in mix (UniSp2/4/5, Exiqon, Vedbaek, Denmark) was also added and each tube was gently
mixed. After a 5 min incubation at room temperature, 200 μL chloroform were added to each tube,
and centrifuged at 12,000× g, 15 min at 4 ◦C to allow phase separation. Ethanol in a proportion of
1.5:1 (volume:volume) was added to the liquid phase. The three tubes containing the urine sample
from the same individual were pooled in one single column in order to increase the final RNA yield.
Then, 4 cleaning steps with the buffers supplied in the kit were performed. Total RNA was finally
eluted in 50 μL of DNase/RNase-free sterile distilled water.

The concentration and purity of the RNA was assessed by spectrophotometric quantification with
the NanoDrop ND-1000 (Thermo Fisher Scientific). RNA was stored at −80 ◦C until used.

In the initial screening stage where predesigned panels were used, cDNA was obtained from 5 μL
of urine RNA with the miRCURY LNA RT Kit (Qiagen) according to the supplied protocol in a final
reaction volume of 25 μL. Due to the addition of a RNA carrier during the isolation, the final RNA yield
includes the RNA isolated from urine plus the carrier RNA. Therefore, urine RNA retrotranscription
was based on volume (μL) rather than RNA quantity (ng), according to the suppliers’ recommendations.
In the validation stage, where the expression level of selected miRNAs was conducted, cDNA was
obtained from 2 μL of urine RNA using the same technology (final reaction volume 10 μL). In all
cases, the reaction mix containing RNA, enzyme, buffer, RNAse-free water and UniSp6 RNA spike-in
template, was incubated 60 min at 42 ◦C followed by 5 min at 95 ◦C for reverse transcriptase inactivation.
Reactions were carried out in a thermocycler TC-412 (Techne, Minneapolis, MN, USA).

2.4. miRNAs Quantification

In the screening stage, 35 urine cDNA samples from BC patients and 15 from healthy controls
were analyzed. In them, a total of 179 miRNAs were quantified using the commercially predesigned
Serum/plasma miRNA PCR Panel V5 (Qiagen). This panel contains 179 miRNAs commonly found in
human plasma and serum according to the manufacturer’s in-house analyses of miRNA expression
in blood, serum and plasma samples, as well as on the limited number of peer-reviewed published
papers available. The list of all the quantified miRNAs is detailed in Table S1. miRCURY LNA
SYBR Green Master Mix (Qiagen) was used as a fluorophore, according to manufacturer´s indications.
Briefly, cDNA (dilution 1/40), water and PCR master Mix (which includes SYBR Green) were added
to a 384-well PCR plate supplied that includes the LNATM primer sets in a final reaction volume of
10 μL. Furthermore, each panel included the following internal controls: 5 synthetic RNAs of the RNA
Spike-in kit aimed to monitor the RNA isolation and cDNA synthesis, and an inter-plate calibrator in
triplicate and a negative control to evaluate qPCR performance. qPCR reactions were performed as
follows: a polymerase activation/denaturation cycle of 2 min at 95 ◦C followed by 55 cycles of 10 s
at 95 ◦C and 1 min at 56 ◦C with a ramp-rate of 2.2 ◦C/s. All RT-qPCR reactions were conducted in
a LightCycler 480 II (Roche, Mannheim, Germany). In the validation stage, selected miRNAs were
quantified using specific LNA PCR primer sets (Qiagen) in a total of 153 urine samples from BC patients
and 57 healthy controls.

2.5. Selection of Candidate miRNA Normalizers and Analysis of Their Stability

To normalize the expression level of each miRNA, the best candidate with the highest stability and
the lowest biological variance over the entire range of samples being investigated (BC and controls)
was selected. To that aim, all miRNAs with a mean Ct < 35 in BC and controls were scrutinized.
To select the best normalizer, the comprehensive tool RefFinder was employed which integrates the
computational programs Genorm [28], BestKeeper [29], the comparative Delta Ct method [30] and
NormFinder [31] (https://www.heartcure.com.au/for-researchers/) [32].
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2.6. Statistical Analysis

Continuous variables were presented as median and interquartile range, and categorical variables
as count and percentage. The analysis of variance (ANOVA) with the Tuckey Post Hoc test and
unpaired t-test were used to identify significant differences in miRNA expression levels between
BC patients and healthy controls. The statistical analysis was performed using the GraphPad Prism
software v.8.0.1 (GraphPad software Inc., La Jolla, CA, USA). The Venn diagram was performed using
the online tool available on http://bioinformatics.psb.ugent.be/webtools/Venn/. p-Values < 0.05 were
considered statistically significant.

3. Results

3.1. Clinical Characteristics of the Study Subjects

A total of 188 BC patients were prospectively recruited together with 72 healthy volunteers
(control group) with similar age and sex. The clinical characteristics of the study subjects are depicted
in Table 1. The patients studied in the screening stage (n = 35) were: 10 patients (28.57%) with a TaG1
BC, 8 patients (22.86%) with TaG3, 5 patients (14.29%) with T1G3 and 12 patients (34.29%) with T2G3.
The patients studied in the validation stage (n = 153) were: 33 patients (21.57%) with TaG1, 13 patients
(8.5%) with TaG3, 29 patients (18.95%) with T1G3 and 15 patients (9.80%) with T2G2/T2G3/T3G3.
Additionally, in order to validate the proposed normalizer in the whole spectrum of BC patients,
2 more groups of patients were included in the validation stage: TaG2 (54 patients, 35.29%) and T1G2
(9 patients, 5.88%).

Table 1. Clinical characteristics of the BC patients and healthy controls studied.

BC Patients Controls

Screening (N = 35) Validation (N = 153) Screening (N = 15) Validation (N = 57)

Age, y 67 (61–74) 69 (63–75) 64 (51–76) 64 (56–68)

Male sex, N (%) 32 (91.43%) 129 (84.31%) 12 (80.00%) 43 (75.44%)

Urine creatinine,
mg/dL 76.5 (37.4–123.3) 77.4 (51.9–118.9) 78.5 (49.0–100.2) 98.2 (69.4–161.6)

Tumor Stage and
Grade, N (%)

TaG1 10 (28.57%) 33 (21.57%) - -
TaG3 8 (22.86%) 13 (8.50%) - -
T1G3 5 (14.29%) 29 (18.95%) - -
TaG2 - 54 (35.29%) - -
T1G2 - 9 (5.88%) - -

T2G2/T2G3/T3G3 12 (34.29%) 15 (9.80%) - -

Continuous variables are presented as median and interquartile range and categorical variables are presented as
count and percentage.

3.2. Quality Internal Control with Synthetic Spike-in RNAs

To ensure that miRNA quantification was not influenced by technical and interpersonal variability,
synthetic non-human spike-in RNAs are frequently used. We assessed the RNA isolation step by adding
the synthetic spike-in 2 and spike-in 4 RNAs during all RNA isolations, and the retrotranscription
efficiency by adding the spike-in 6 RNA in all retrotranscription reactions. No differences were observed
in any spike-in studied among the study groups (Figure 2), thus indicating a proper performance of
isolation and retrotranscription steps. To evaluate the qPCR performance of all reactions, the inter-plate
calibrator spike-in 3 RNA in triplicate and a negative control were included in each panel. No differences
were observed in any comparison made.
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Figure 2. Differences in expression levels of three synthetic spike-in RNAs among BC patients with
different stages and grades and healthy controls. Spike-in 2 and spike-in 4 monitor the RNA isolation
step, spike-in 6 monitors the retrotranscription efficiency and spike-in 3 functions as inter-plate calibrator.
Expression levels are represented as Ct values and error bars represent standard deviation.

3.3. Selection of Candidate miRNA Normalizers and Analysis of Their Stability

Of the 179 miRNAs quantified in each sample of the screening stage, we obtained high quality
signals in 110 miRNAs (mean of the Ct< 35) both in BC patients and controls, thus they were included in
the analysis with RefFinder. This tool comprehends the computational algorithms Genorm, BestKeeper,
Delta Ct and NormFinder. Figure 3 shows the best 10 reference miRNAs selected by each algorithm.
The stability analysis conducted with Genorm revealed that the greatest stability was reached by the
combination of let-7e-5p and let-7a-5p (Figure 3a). BestKeeper revealed that the most stable miRNA
was miR-2110 (Figure 3b). The Delta Ct method and NormFinder agreed with the most stable miRNA
being miR-29c-3p (Figure 3c,d). Finally, the recommended comprehensive ranking that integrates all the
previous analyses, rendered miR-29c-3p as the most stable miRNA (Figure 3e), being aligned with the
results of the Delta Ct method and NormFinder. Next, we represented in a Venn diagram the overlap
among the best 10 reference miRNAs selected by each algorithm (Figure 4). Three miRNAs were
shared by the Delta Ct method, Genorm and NormFinder: miR-29c-3p, miR-26a-5p and miR-361-5p.
Likewise, 7 miRNAs were shared by Delta Ct Method and NormFinder. In contrast, none of the
10 most stable miRNAs rendered by BestKeeper were selected by any other algorithm, thus none of
them were included in the comprehensive ranking provided by RefFinder and consequently discarded
as potential normalizers in our study.
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Figure 3. Selection of candidate miRNA normalizers and analysis of their stability conducted with the
comprehensive tool RefFinder. Each graph represents the best 10 reference miRNAs selected by each
algorithm: (a) Genorm, (b) BestKeeper, (c) Delta Ct method, (d) NormFinder and (e) Comprehensive
ranking. The lower the stability value, the higher the stability of each miRNA.
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Figure 4. Venn diagram presenting the overlap among the best 10 reference miRNAs selected by each
algorithm. Delta Ct method, NormFinder, Genorm and BestKeeper.

3.4. Differences in Expression Levels of Candidate miRNA Normalizers between BC Patients and Controls

A crucial characteristic of a good normalizer in miRNAs studies is the stable expression among the
samples analyzed. Thus, we compared the mean Ct values of the best 10 reference miRNAs selected by
the comprehensive ranking of RefFinder between BC patients and controls. No significant differences
were observed in the expression of miR-29c-3p, let-7e-5p, miR-26a-5p, let-7a-5p and let-7c-5p (unpaired
t-test, p > 0.05). In contrast, we found significant differences in the expression levels of let-7b-5p
(p= 0.029), miR-181-5p (p= 0.026), miR-361-5p (p= 0.025), miR-107 (p= 0.012) and miR-151-5p (p= 0.015)
(Figure 5). As expected, those miRNAs with the highest stability value had similar expression levels
between BC and controls.

Figure 5. Differences in expression levels of the candidate miRNA normalizers selected by the
comprehensive ranking of RefFinder between BC patients and controls. Expression levels are represented
as Ct values and error bars represent standard deviation. Unpaired T-test: * p < 0.05.
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3.5. Effect of Different Normalization Strategies on the Relative Quantification of a miRNA Closely Related
with BC

miR-200c-3p has been previously proposed as urinary diagnostic biomarker for BC [24,33].
Thus, we evaluated the performance of the 10 most stable miRNAs, selected by the comprehensive
ranking of RefFinder, as normalizers for miR-200c-3p quantification in the screening cohort. As seen in
Figure 6, significant differences among the BC groups studied and controls were observed when any of
the normalizers were used, although the results obtained were not always comparable in magnitude
and trend.

Figure 6. Relative expression of miR-200c-3p normalized by each candidate miRNA selected by the
comprehensive ranking of RefFinder. Normalization was performed by the 2−ΔΔCt method. Error bars
represent the standard error of the mean. ANOVA with the Tuckey Post Hoc test: * p < 0.05; ** p < 0.01;
*** p < 0.001.

In consideration of the aforementioned results, we selected miR-29c-3p as the best normalizer for
the following reasons: (1) It was proposed as the most stable miRNA in the comprehensive analysis
of RefFinder, and in two of the main algorithms independently tested (Figure 2); (2) Its expression
level was optimal for a proper quantification (mean Ct = 28.4) (data not shown); and (3) Significant
differences in the expression of miR-200c-3p, a miRNA related to BC, were observed when it was used
as normalizer (Figure 6).
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3.6. Validation of the Performance of miR-29c-3p as Normalizer in an Independent Cohort of BC Patients
and Controls

We verified the stability of miR-29c-3p in an independent cohort of BC patients and healthy controls.
As in the screening cohort, no significant differences were observed in the expression of miR-29c-3p
between BC patients (mean Ct = 27.65) and healthy controls (mean Ct = 28.13) (p = 0.37). Next we
validated the robustness and efficacy of miR-29c-3p as endogenous control for BC in the validation
cohort using the 2−ΔΔCt method by analyzing the expression level of the BC-related miR-200c-3p in
every group of BC patients and controls. As occurred in the samples studied in the screening stage,
we observed significant differences in the expression of miR-200c-3p among the different clinical groups
studied in the validation cohort (p < 0.001), with an increase of miR-200c-3p with the increase in BC
stage (Figure 7). As occurred in the screening cohort, the biggest differences were found in the T1G3 BC
group. As the patients with mildest stage of BC seem to have a lower expression level of miR-200c-3p,
we grouped all the patients with the Ta stage and repeated the analysis. Figure S1a confirms that the
expression of miR-200c-3p significantly increases with the severity of NMIBC, being T1G3 the BC type
with the highest expression. Next, we grouped all NMIBC patients (TaG1+TaG2+TaG3+T1G2+T1G3)
and compared the expression of miR-200c-3p to that of to MIBC patients (T2G2+T2G3+T3G3) and
healthy controls. While NMIBC patients still showed the highest expression level of miR-200c-3p,
no significant differences were observed when compared to MIBC or healthy controls (Figure S1b),
probably because the highest difference occurs within the NMIBC group.

Figure 7. Relative expression of miR-200c-3p normalized by miR-29c-3p in the validation cohort.
Normalization was performed by the 2−ΔΔCt method. Error bars represent the standard error of the
mean. ANOVA with the Tuckey Post Hoc test: ** p < 0.01; *** p < 0.001.

4. Discussion

New non-invasive markers are presently being under study to circumvent several drawbacks in BC
diagnosis, monitoring and prognosis. Urine miRNAs are non-invasive promising biomarkers that have
been previously proposed for BC diagnosis [13–17,19–21,23,24]. However, huge discrepancies arise
among miRNA studies, to a great extent due to nonexistence of standardized procedures. Although the
populations studied, sample processing, and RNA isolation and miRNA quantification methods
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are partly responsible for these inconsistencies; the normalization strategy used may represent the
main hurdle. In fact, to minimize the effect occasioned by methodology-related factors on miRNA
expression levels, an accurate data analysis ought to be performed using appropriate normalizers
for external and internal variation correction [26]. These normalizers should be chosen from a
selection of candidates that are expected to be stably expressed over the entire range of samples being
investigated, since miRNAs can be affected by the condition under study. As an alternative, the mean
expression value of all commonly expressed microRNAs in a given sample has been proposed for
normalization [34]. Although this strategy presents good and robust results it implies that a large
number of miRNAs have to be always profiled, which may not be possible or cost-effective in all
studies [26,35]. Thus, as a general guideline suggested by the manufacturer, the use of the global mean
for normalization is limited to the use of PCR panels that contain a larger number of microRNA assays,
and it cannot be used for studies analyzing less than 20–50 different miRNAs.

Different RNA species have been proposed as normalizers (snRNAs, snoRNAs, rRNAs, miRNAs
or exogenous synthetic RNAs); however, substantial differences in length and structure to that of
miRNAs generate a high variability in the results [26]. Regarding the use of exogenous synthetic
RNAs as normalizers, these are meant to track isolation and reverse transcription efficiency in order to
eliminate deviations in the experimental process and make the results more reliable. However, it is
important to remark that their use would never correct for deviations in sampling, in the quality of
samples or in the amplification process. In fact, age, sample collection, preparation or storing can
modify miRNA expression levels, which may be caused by cell lysis or miRNA degradation [26].

Several molecules have been proposed as normalizers for miRNAs studies in different disorders,
mainly in blood [36], plasma [37–39], cell cultures studies [25,40], tissue [41] and urine [35,42–44].
However, there is no consensus, even in the same sample type, regarding which is the best normalizer
for miRNA studies. Indeed, no consensus exists on a robust normalizer for urine studies. A recent
study proposed miRNA miR-193a and miR-448 as normalizers [35]. However, in this study, only urine
from healthy donors was analyzed and these results could vary when urine from cancer patients is
investigated. In prostate cancer, miR-191-5p showed the lowest degree of variation and the highest
stability value [42]. In our study, miR-191-5p ranked 29 out of 110 according to the comprehensive
ranking of RefFinder, thus it is not a reliable normalizer for BC studies in urine. miR-16 was identified
as the most stable endogenous reference miRNA in chronic kidney disease, making it a suitable
normalizer for urinary exosome-derived miRNA [43]. Conversely, in our data set, miR-16-5p ranked
106 out of 110 according to the comprehensive ranking of RefFinder, turning it an ineffectual normalizer
for urine BC studies. Finally, U6 has been proposed as normalizer for miRNA studies in urinary
sediment of IgA nephropathy [44]. Although U6 was widely used as normalizer in countless studies
at the origins of miRNA investigation, it is a member of the larger small RNA species which have a
different biogenesis pathway (originate from the nucleus), may not be secreted or protected in cell-free
biofluids in the same way that microRNAs are and may also behave differently during RNA isolation.
Thus, U6 is an unreliable normalizer for urine miRNA studies. Other studies have employed the
combination of two stable miRNAs as normalizers however, this strategy presents several drawbacks:
it may increase technical variability, it implies a higher economic cost since the number of miRNAs to be
quantified by RT-qPCR increases and it is more time consuming. Altogether, the use of a combination
of miRNAs as normalizers hampers the direct translation of miRNA studies to daily clinical practice
with diagnostic/staging purposes.

In the present study, we set for the first time the aim to ascertain the best miRNA normalizer
for miRNA studies in urine of BC patients in order to avoid future inconsistencies among studies.
We evaluated the performance of 110 candidate miRNAs with the comprehensive tool RefFinder that
integrates 4 programs (Genorm, BestKeeper, Delta Ct method and NormFinder) in 35 BC patients and
15 healthy controls. We selected miR-29c-3p as the best normalizer for miRNA studies in urine of
BC. It was the most stable miRNA according to the comprehensive analysis of RefFinder among the
110 studied, and also according to the Delta Ct method and NormFinder. Moreover, it had a good
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expression level in urine (mean Ct value in BC patients and healthy controls = 28.4) and no differences
were observed between BC patients and controls, both in the screening and the validation cohorts.

Urine miR-200c-3p has been previously related to BC and it has been proposed as diagnostic
and staging marker [24,33]. miR-200c-3p appears to control the epithelial-to-mesenchymal transition
process through BMI-1 in BC cells, and it inhibits their proliferation by down-regulating E2F3 [45].
Thus, we selected this miRNA to test the robustness of miR-29c-3p as endogenous normalizer. We found
significant differences in miR-200c-3p among the different clinical groups studied both in the screening
and validation cohorts, with a trend in the increase of miR-200c-3p with the severity of NMIBC.
The evaluation of additional stably expressed miRNAs proposed by RefFinder may have rendered
other potential normalizers for urine miRNA studies in the context of BC, what represents a limitation
of our study. Nonetheless, our results confirm previous findings and reinforce the use of miR-29c-3p
as normalizer.

5. Conclusions

In summary, our study is the first report characterizing a reliable normalizer for the analysis
of urine miRNAs in BC patients. miR-29c-3p, being one of the most stably expressed miRNAs
in urine of BC patients and healthy individuals, arises as an optimal reference miRNA that may
allow the comparison of future urine miRNA studies as non-invasive biomarkers for BC diagnosis
and monitoring.
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Abstract: Liver cancer is one of the most common cancers worldwide, and its prevalence and
mortality rate are increasing due to the lack of biomarkers and effective treatments. The Hippo
signaling pathway has long been known to control liver size, and genetic depletion of Hippo
kinases leads to liver cancer in mice through activation of the downstream effectors yes-associated
protein (YAP) and transcriptional coactivator with PDZ-binding motif (TAZ). Both YAP and TAZ
not only reprogram tumor cells but also alter the tumor microenvironment to exert carcinogenic
effects. Therefore, understanding the mechanisms of YAP/TAZ-mediated liver tumorigenesis will
help overcome liver cancer. For decades, small noncoding RNAs, microRNAs (miRNAs), have
been reported to play critical roles in the pathogenesis of many cancers, including liver cancer.
However, the interactions between miRNAs and Hippo-YAP/TAZ signaling in the liver are still
largely unknown. Here, we review miRNAs that influence the proliferation, migration and apoptosis
of tumor cells by modulating Hippo-YAP/TAZ signaling during hepatic tumorigenesis. Previous
findings suggest that these miRNAs are potential biomarkers and therapeutic targets for the diagnosis,
prognosis, and treatment of liver cancer.

Keywords: microRNAs; hepatocellular carcinoma; Hippo kinase; Yes-associated protein; liver dis-
ease; diagnosis; prognosis; cancer therapy

1. Introduction

Liver cancer is one of the leading causes of cancer-related death worldwide, with a
5-year survival rate as low as 30–40% [1,2]. Hepatocellular carcinoma (HCC) is the most
common type of primary liver cancer and occurs in patients with chronic liver disease [3].
Despite remarkable advances in research to overcome viral hepatitis, which is the biggest
cause of HCC, the incidence and mortality of liver cancer are still increasing along with the
increased prevalence of nonviral steatohepatitis. However, the complex pathophysiology of
liver cancer has limited the development of effective diagnosis and therapeutic intervention,
prompting a comprehensive understanding of liver carcinogenesis.

Many studies have revealed that several developmental pathways, such as Wnt/β-
catenin, Hedgehog (Hh) and Hippo/Yes-associated protein (YAP) signaling, contribute to
hepatic carcinogenesis [4]. For example, Hh signaling is inactive in the normal liver of adult
mice and humans but reactivated in chronic liver diseases and liver cancers, promoting
liver fibrosis and hyperplasia and constructing a tumor-favorable microenvironment [5].
Likewise, overexpression of YAP in mice massively increases the size of the liver due to
hyperproliferation of liver cells and ultimately promotes hepatic tumorigenesis [6]. The
hepatocyte-specific induction of YAP nuclear localization dedifferentiates hepatocytes into
ductal-like progenitor cells that are highly proliferative [7]. Similar results have been
found after genetic ablation of one of the key components of the Hippo signaling pathway,
including Neurofibromin 2 (Nf2), Mammalian STE20-like 1/2 (Mst1/2), and Large Tumor
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Suppressor 1/2 (Lats1/2), which regulate the activity of YAP and transcriptional coacti-
vator with PDZ-binding motif (TAZ), another downstream effector of Hippo signaling,
by phosphorylation and subsequent proteasomal degradation [8,9]. For example, Nf2
conditional null mice show hyperproliferation of hepatic progenitor cells, known as a duc-
tular reaction, and develop both HCC and intrahepatic cholangiocarcinoma (ICC) [10,11].
Notably, codeletion of Yap suppresses liver overgrowth, progenitor expansion and tumor
development in Nf2 knockout mice, demonstrating that Yap drives hepatic tumorigenesis
caused by inactivated Hippo signaling [10]. Accordingly, it has been observed that the
expression of NF2 negatively correlates with the expression of YAP in liver tissues of
patients with HCC or ICC [12,13]. Except for NF2, for which missense mutations have
been discovered in 1.9% and 5.3% of human HCC and ICC cases, respectively [12], so-
matic or germline mutations in neither MST1/2 nor LATS1/2 genes have been reported
in common cancers [14]. This suggests that post-transcriptional regulation or epigenetic
silencing, rather than DNA mutations, of the Hippo signaling pathway may play central
roles in the aberrant inactivation of Hippo signaling and hyperactivation of YAP/TAZ
transcriptional coactivators in liver cancers. Nevertheless, whether and how the activity of
the Hippo and YAP/TAZ signaling pathways are regulated post-transcriptionally has not
been well investigated.

MicroRNAs (miRNAs) are a group of small noncoding RNAs that are approximately
21–25 nucleotides in length [15]. miRNAs regulate the expression of approximately 30%
of protein-coding genes at the post-transcriptional level by binding directly to target
messenger RNA (mRNA), which results in translational suppression or degradation of
target mRNAs [16]. Many studies have demonstrated that miRNAs play important roles in
diverse biological processes, including cell proliferation, differentiation, and death; thus,
abnormal regulation of miRNAs can lead to various pathological conditions, including liver
cancers [17]. miRNAs have become promising candidates for biomarkers and therapeutic
targets in many cancers due to their regulatory functions and detectable properties in
various biological fluids, including blood, saliva, and urine.

Recently, several miRNAs have been reported to be associated with Hippo-YAP/TAZ
signaling in the control of liver cancer cell behaviors [18,19]. Here, we introduce recent
findings of the interaction between miRNAs and Hippo-YAP/TAZ signaling components
in the development and progression of liver cancers. We also discuss what remains to
be addressed in future studies to improve our knowledge of the underlying mechanisms
whereby dysregulation of miRNA and Hippo-YAP/TAZ signaling contributes to hepatic
malignancies. Finally, we propose the potential of these miRNAs in clinical applications
for the diagnosis, prognosis, and treatment of liver cancers.

2. Hippo-YAP/TAZ Signaling Pathway

Hippo signaling, which was first discovered in Drosophila, is evolutionarily conserved in
vertebrates as a key regulator of organ growth [20,21]. In mammals, two serine/threonine
kinases, the STE20-like protein kinase MST1/2 (Hpo in Drosophila) and the NDR family protein
kinase LATS1/2 (Wts in Drosophila), consist of a core kinase cascade of the Hippo signaling
pathway [8,22] (Figure 1). The MST1/2 kinases form a complex with Salvador 1 (SAV1, Sav in
Drosophila) to phosphorylate and activate LATS1/2 kinases, which in turn phosphorylate and
sequester the two major downstream effectors of the Hippo pathway, YAP and TAZ (Yki in
Drosophila), by promoting the association of YAP/TAZ with 14-3-3 proteins in the cytoplasm
where ubiquitin-mediated degradation of YAP and TAZ occurs [8,23–25]. MST1/2 also
interact with Mps one binder kinase activator-like 1A/B (MOBKL1A/B, Mats in Drosophila),
which enhances the activity of LATS1/2 kinases [26,27]. When Hippo signaling activity is
suppressed, YAP and TAZ are dephosphorylated, translocate into the nucleus, and function
as transcriptional coactivators via interactions with various transcription factors, such as p73,
TEA domain family member (TEAD, Sd in Drosophila), SMAD, and Runt-related transcription
factor (RUNX), to induce the expression of genes promoting cell proliferation and inhibiting
apoptosis [25]. For example, AREG [28], BIRC5 [29], CCNE1 [30], CTGF [31,32], CYR61 [30,32],
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and GLI2 [33] have been identified as direct target genes of both YAP and TAZ. The upstream
regulators of the Hippo kinase cascade include FAT1-4 (Fat in Drosophila), Merlin (encoded by
the NF2 gene; Mer in Drosophila), KIBRA (Kibra in Drosophila), RASSF, and Ajuba [25]. MST1/2
kinases are activated by FAT1-4 through the apical protein FRMD6/Willin (Ex in Drosophila)
that forms a complex with two other apically localized proteins, Merlin and KIBRA [34,35].
In contrast, both RASSF and Ajuba inhibit the Hippo signaling pathway by competing with
SAV1 for binding with MST1/2 [36]. In addition, YAP and TAZ sense extracellular mechanical
stimuli, such as extracellular matrix (ECM) stiffness and cell geometry, and integrate and
convert them into intracellular molecular signals, resulting in changes in cellular behaviors,
including cell proliferation, migration, and transdifferentiation [37].

Figure 1. MicroRNAs that regulate the core components of Hippo signaling pathway. Several microRNAs are involved in
kinase cascade (MST1/2 and LATS1/2) and downstream effectors (YAP/TAZ) of the Hippo signaling pathway in liver cancer
as either oncogenes or tumor suppressors. Abbreviations: NF2, Neurofibromin 2; MST1/2, Mammalian STE20-like 1/2; SAV,
Salvador; LATS1/2, Large Tumor Suppressor 1/2; MOB, Mps one binder kinase activator; YAP/TAZ, Yes-associated protein
and transcriptional coactivator with PDZ-binding motif; TEAD, TEA domain family member; VGLL4, Vestigial like family
member 4; AREG, amphiregulin; CTGF, connective tissue growth factor; CYR61, Cysteine-rich angiogenic inducer 61.

3. The Roles of the Hippo-Yap/Taz Signaling Pathway in Hepatic Tumorigenesis

Hippo-YAP/TAZ signaling is well known to control organ size during development
and to mediate the expansion of tissue-specific progenitor cells during tissue regeneration
and normal cell proliferation [38]. Accumulated evidence shows aberrant expression of
Hippo kinases, YAP/TAZ and their partners in many human cancers, including liver
cancers [39–41]. In normal livers, Hippo kinases act as tumor suppressors by inhibiting
hepatocyte proliferation and maintaining the differentiated state of hepatocytes [42]. In
contrast, loss of Hippo kinase activities, as in mice with a genetic deletion of Nf2 [10,43],
Mst1/2 [43,44], Lats1/2 [45,46], or Sav1 [47], causes hepatomegaly and liver cancers,
including HCC, ICC, and/or the HCC/ICC mixed form. YAP, on the other hand, functions
as an oncogene [48]. Overexpression of YAP phenocopies Hippo signaling deficiency
in mice, as shown by liver overgrowth, which is mediated by an increase in hepatocyte
proliferation coordinated with a decrease in hepatocyte death [49]. Moreover, removal
of Yap in mice with Hippo signaling components knocked out prevented hepatomegaly
and hepatic tumor development [10], indicating that YAP is required for hyperplastic cell
proliferation and oncogenic transformation of liver cells. It has also been revealed that
YAP induces the epithelial-to-mesenchymal transition (EMT), suppression of apoptosis,

77



Biomedicines 2021, 9, 347

growth factor-independent proliferation, and anchorage-independent growth of cancer
cells, which are attributes of cancer stem cells that are responsible for the major causes of
cancer mortality, such as chemoresistance, metastasis, and recurrence [40].

Recent studies have demonstrated that activation of YAP and TAZ in tumor cells also
fosters a tumor-favorable microenvironment by communicating with neighboring stromal
cells [50,51]. For example, activated YAP/TAZ in hepatocyte-specific Mst1/2 knockout
mice creates an inflammatory tumor microenvironment by increasing the production of
inflammatory cytokines to suppress immune clearance of transformed hepatocytes by
recruiting tumor-associated macrophages and to promote liver cancer development [38,41].
In addition, both tumor cells and cancer-associated fibroblasts increase the stiffness of
extracellular matrices, which activates YAP/TAZ mechanosensors to mediate the metabolic
crosstalk between tumor cells and cancer-associated fibroblasts, providing them with
sufficient nutrients for tumor growth and maintenance of a cancer-prone microenviron-
ment [52–54]. Hence, Hippo-YAP/TAZ signaling has been targeted for developing anti-
cancer therapeutics [21].

Most Hippo-YAP/TAZ signaling genes are rarely mutated in liver cancers, which
strongly suggests that molecular events, such as epigenetic or post-transcriptional regula-
tion in response to mechanical stresses from the tumor microenvironment, other than DNA
mutations, may cause dysregulation of the Hippo-YAP/TAZ signaling pathway in in liver
cancers [19,40].

4. MiRNAs Interacting with the Hippo-Yap/Taz Signaling Pathway in Liver Cancer

Dysregulation of biogenesis and expression of miRNAs affect the incidence and
progression of liver cancers [55]. miRNAs can function as either tumor suppressors or
oncogenes depending on their target mRNAs and resultant phenotypic changes in the
cells [56]. In this section, we discuss the interplay between miRNAs and the components of
the Hippo-YAP/TAZ signaling pathway that play important roles in hepatic cancer biology
(Figure 1).

4.1. MiRNAs as Tumor Suppressors
4.1.1. MiRNAs Targeting YAP or TAZ

Bioinformatic algorithms performed by Liu et al. [57] identified that miR-375 binds
directly to the 3′ untranslated region of YAP mRNA. In PLC/PRF/5 and MHCC-97L
HCC cell lines, ectopic expression of miR-375 downregulated the expression level of YAP
protein and CTGF mRNA, which can be transcribed by activated YAP [57]. Recently, Dinh
and Jewell et al. [58] found that miR-375 is the most downregulated miRNA in primary
fibrolamellar carcinoma (pFLC), a rare liver cancer that primarily affects adolescents and
young adults, compared with nonmalignant human livers. The loss of miR-375 was
induced by the presence of the DNAJB1-PRKACA fusion gene, a hallmark of FLC, although
it is yet unknown how DNAJB1-PRKACA inhibits miR-375 expression [58]. As in HCC
cells, the overexpression of miR-375 in FLC cells inhibited YAP and CTGF, mitigating the
proliferative and migratory ability of tumor cells [58]. Another miRNA, miR-186 [59], also
decreases the expression of YAP and CTGF by directly disrupting YAP mRNA, inhibiting
the proliferation, migration, and invasion of HepG2, Hep3B and SNU398 HCC cell lines [59].
CTGF plays a central role in tissue remodeling and liver fibrosis, which increases the risk
for cancer development and progression [60]. Moreover, CTGF is associated with tumor
progression by forcing crosstalk between cancer cells and hepatic stellate cells to form a
tumor-favorable microenvironment [60]. Thus, the miRNAs discussed above might have
tumor suppressive effects not only by killing cancer cells but also by targeting the tumor
microenvironment (Table 1).

Both miR-506 and miR-132 also have binding sites in the 3′ untranslated region of
YAP mRNA [61,62]. It was shown that the expression of miR-506 is significantly reduced
in human HCC tissues and inversely correlates with the expression of the YAP gene [61].
It was experimentally revealed that miR-506 inhibits the growth of HepG2 and H7402
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HCC cell lines by downregulating YAP expression [61]. miR-132 promotes apoptosis and
suppresses proliferation and invasion of Huh-7 and HepG2 HCC cell lines through direct
inhibition of YAP [62]. When miR-132 was cotransfected with miR-520-3p, another tumor
suppressive miRNA modulating GPC3, into the Huh-7 HCC cell line, the antiproliferative
and proapoptotic functions of both miRNAs on the HCC cell line were shown to be
enhanced by minimizing the level of YAP [63]. Similarly, Piao et al. [64] reported that miR-
424-5p decreases YAP expression, attenuates proliferation and induces the apoptosis of ICC
cell lines, including CCLP-1, RBE and HuCCT-1 [64]. Zhang et al. [65] showed the in vitro
anticancer effect of miR-497 by suppressing its functional target, YAP. Overexpression of
miR-497 inhibits the growth and survival of HCC cell lines such as HepG2 and Huh-7,
whereas silencing of miR-497 has the opposite effect [65].

Chemoresistance is one of the major issues in HCC treatment [66]. Chen et al. [66]
found that the level of miR-590-5p negatively correlates with YAP expression in HCC,
which is resistant to adriamycin (also known as doxorubicin), the most common first-line
chemotherapeutic agent for transarterial chemoembolization [66]. Furthermore, they found
that miR-590-5p directly targets YAP and that dysregulation of the miR-590-5p/YAP axis
leads to chemoresistance in HCC. The potential anticancer role of miR-509-3p through the
suppression of YAP in cholangiocarcinoma (CCA) has been reported by Jung et al. [67].
They found that anticancer drugs such as gemcitabine show synergistic effects when treated
in combination with a novel inhibitor of histone deacetylase, CG200745, in CCA cell lines
and that CG200745 effectively suppresses tumor growth in xenograft mouse models of
gemcitabine-resistant CCA [67]. By performing a microarray and a miRNA array, they
further found that CG200745 inhibits the expression of YAP-TEAD4 signaling and increases
the expression of miR-509-3p, which downregulates the level of YAP protein [67], possibly
by directly targeting YAP mRNA, as in ovarian cancer cells [68].

miRNAs that target TAZ, a paralog of YAP, in HCC include miR-338-3p, miR-9-3p, and
miR-125b [69–71]. miR-338-3p has also been reported to be suppressed by the hepatitis B
virus (HBV)-encoded protein preS2, upregulating the expression of TAZ in HBV-associated
HCC [69]. Both miR-9-3p and miR-125b are known to be downregulated in human HCC
tissues and hepatic tumor cells, while the expression of TAZ is upregulated [70,71]. In
particular, miR-9-3p is involved in the noninvasive proliferation of tumor cells via signaling
pathways, including AKT, ERK1/2, and β-catenin [70]. miR-125b is capable of inhibiting
cell invasion and migration through the regulation of TAZ expression [71]. However, the
roles of miR-9-3p and miR-125b in human cancer are controversial, and they could function
as either tumor suppressors or oncogenes depending on the type of cancer [70,71]. For
example, miR-9-3p has been reported as a tumor suppressor in liver, breast, oral, and gastric
cancers, whereas it is known as an oncogene primarily in brain cancer [70]. miR-223 plays a
critical role in the progression of nonalcoholic steatohepatitis (NASH) to HCC by targeting
Taz and the inflammatory gene Cxcl10 in mouse hepatocytes [72]. He et al. [72] found
that chronic high-fat diet treatment in miR-223 knockout mice increases the prevalence
of liver cancer by activating oncogenic and inflammatory pathways through TAZ and
CXCL10 compared to wild-type mice. These findings are consistent with other reports that
the level of miR-223 is substantially downregulated in human HCC [72] and that chronic
inflammatory injury promotes hepatobiliary carcinogenesis [72].
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Table 1. List of tumor suppressive microRNAs inactivating YAP/TAZ and their effect(s) on liver cancer.

MiRNA Name
Direct Target(s) †

(Activator or Suppressor)
Effect(s) ‡ Disease Type Ref.

miR-29c-3p DNMT3B suppressor LATS1 methylation ↓ HCC [73]
miR-195 LATS2 activator Apoptosis ↑ HCC [74]
miR-497 YAP1 suppressor Proliferation ↓, apoptosis ↑ HCC [65]
miR-186 YAP1 suppressor Proliferation, migration ↓ HCC [59]

miR-590-5p YAP1 suppressor Chemoresistance ↓ HCC [66]
miR-424-5p YAP1 suppressor Proliferation ↑, apoptosis ↓ HCC [64]

miR-506 YAP1 suppressor Proliferation ↓ HCC [61]
miR-132 YAP1 suppressor Apoptosis ↑ HCC [62]

miR-375
YAP1 and CTGF suppressor Growth, invasion ↓ FLC [58]

YAP1/2 suppressor Proliferation, invasion ↓ HCC [57]
miR-125b TAZ suppressor Migration, invasion ↓ HCC [71]
miR-9-3p TAZ suppressor Proliferation ↓ HCC [70]

miR-223 TAZ suppressor
Neutrophil

activation(proinflammatory
mediators) ↓

NASH, HCC [72]

miR-338-3p TAZ suppressor preS2 expression ↓ HCC (HBV derived) [69]

Abbreviation: miR, microRNA; HCC, hepatocellular carcinoma; FLC, fibrolamellar carcinoma; NASH, nonalcoholic steatohepatitis; HBV,
hepatitis B virus. † All direct targets were confirmed by luciferase reporter assay. ‡ ↑ indicates the promotion, ↓ indicates the suppression.

4.1.2. MiRNAs Interacting with LATS1/2

Yang et al. [75] reported that miR-195 is one of a few miRNAs expressed differently
between the drug-resistant HCC cell line BEL-7402/5-FU and its parental cell line BEL-7402.
miR-195 was shown to be downregulated in HCC cells that acquired drug resistance [75].
Overexpression of miR-195 upregulates the expression of LATS2 and downregulates BCL-
w, an anti-apoptotic protein, which sensitizes BEL-7402/5-FU cells to anticancer drugs by
suppressing proliferation and inducing apoptosis of the cells [74,75].

Some miRNAs play a tumor suppressive role by interacting with other epigenetic regu-
lators [76]. For example, Wu et al. [73] found that miR-29c-3p promotes DNA demethylation
of the LATS1 gene through the direct inhibition of DNA methyltransferase 3B (DNMT3B),
resulting in upregulated LATS1 expression (and thus increased Hippo kinase activity) to
suppress oncogenic YAP activation. Consistent with the findings that the expression of
DNMT3B is increased in many malignancies [73], Wu et al. [73] observed that the level
of DNMT3B is higher in HCC tumor tissues than in adjacent nontumor tissues, while
miR-29c-3p and LATS1 are expressed at lower levels in HCC tumors than in nontumors.
Moreover, patients with either high DNMT3B, low LATS1 or low miR-29c-3p/LATS1 with
high DNMT3B have worse outcomes [73].

4.2. MiRNAs as Oncogenes
4.2.1. MiRNAs Targeting MST1 and LATS1/2

Cheng et al. [77] showed that miR-3910 is highly expressed in human HCC tissues
and various HCC cell lines compared to its level in nontumor liver tissues and normal
liver cells. They found that miR-3910 directly inhibits the expression of MST1, promoting
the growth and migration of HCC cells in vitro and tumor formation in vivo through the
activation of oncogenic YAP (Table 2).

Other studies have shown that miRNAs, including miR-103 [78] and miR-650 [79],
directly bind to and inhibit LATS2 mRNA, leading to an increase in YAP, which promotes
EMT, metastasis, and invasion of cancer cells, particularly in the liver. In addition, miR-
1307-3p is induced by MEIS2, a homeobox protein that promotes HCC development and
downregulates LATS1 [80]. Thus, the oncogenic function of MEIS2 is accomplished by the
miR-1307-3p/LATS1 axis promoting YAP nuclear translocation in addition to its association
with Wnt/β-catenin signaling [80]. Interestingly, a recent study reported that miR-15b
in extracellular vesicles (EVs) derived from macrophages after exposure to arsenite, a
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carcinogen, is transferred to HCC cells and inactivates Hippo signaling by directly targeting
LATS1 to promote the proliferation, migration, and invasion of HCC cells [81]. This study
suggested the role of miR-15b as a messenger between tumor-associated macrophages and
tumor cells in the progression of HCC and that targeting miR-15b could be a strategy for
the treatment of liver cancer.

4.2.2. MiRNAs Interacting with YAP/TAZ

Fibrosis is known as a precancerous condition that raises the risk for cancers, including
liver cancer [82], and ECM stiffness increases in liver fibrosis and cirrhosis [83]. The
mechanosensitive miRNAs of the miR-130/301 family have been shown to regulate fibrosis-
related pathways, and their expression depends on the activation of YAP/TAZ, which
is promoted by and enforces ECM stiffening [84]. miR-130a also plays a central role in
positive feedback regulation of YAP expression by directly inhibiting VGLL4, an antagonist
of YAP for TEAD binding, after its expression is induced by YAP [85]. Consequently,
endogenous miR-130a strengthens the YAP-TEAD complex, which is a major player in
hepatic carcinogenesis [85].

In addition, Hu et al. [86] reported that miR-665 is highly expressed in HCC, sup-
presses LATS1 activity and enhances activated YAP by negatively regulating the tyrosine
phosphatase receptor type B (PTPRB) gene, the protein of which phosphorylates the LATS1
Hippo kinase. As a result, overexpression of miR-665 markedly enhances EMT, cell cy-
cle progression, migration, and invasion of HepG2 cells in vitro [86]. Furthermore, Hu
et al. [86] demonstrated that miR-665 promotes tumor growth and metastasis in HepG2
xenograft mouse models in vivo. Recently, Lu et al. [87] reported that miR-1254 is upregu-
lated in human HCC tissues compared with adjacent nontumor tissues and various HCC
cell lines, including Hep3B and Huh-7. They also demonstrated that miR-1254 promotes
the proliferation, migration, and invasion of HCC cells in vitro and enhances tumor size,
vascular invasion, histological grade of HCC assessed by the Edmondson-Steiner scoring
system, and lung metastasis in xenografts in vivo [87]. Notably, they found that paired box
gene 5 (PAX5) is directly regulated by miR-1254 and that miR-1254 inhibits the phosphory-
lation of LATS1 and YAP, which seems to be dependent on the availability of PAX5 [87].
Consequently, overexpression of miR-1254 promotes HCC progression [87].

TGF-β signaling is closely associated with YAP/TAZ signaling, and both signaling
pathways are known to involve many cellular processes, including proliferation, differentia-
tion and tumor formation and progression [88,89]. Hong et al. [90] reported that miR-21-3p
is enriched in human HCC tissues and exerts oncogenic effects on hepatocarcinogenesis
and HCC progression by targeting SMAD7, one of the negative regulators of the TGF-β
signaling pathway [90], to upregulate oncogenic YAP.
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Table 2. List of oncogenic microRNAs activating YAP/TAZ and their effect(s) on liver cancer.

MiRNA Name
Direct Target(s) †

(Activator or Suppressor)
Effect(s) ‡ Disease Type Ref

miR-3910 MST1 suppressor YAP-TEAD ↑ HCC [77]

miR-15b LATS1 suppressor
M2 polarization (MΦ) ↑,
proliferation, migration,

invasion (tumor) ↑
HCC [81]

miR-1307-3p LATS1 suppressor YAP-Wnt/β-catenin
signaling ↑ HCC [80]

miR-103 LATS2 suppressor Metastasis, EMT ↑ HCC [78]
miR-650 LATS2 suppressor Metastasis, EMT ↑ HCC [79]

miR-130/301 YAP/TAZ activator ECM remodeling, fibrosis ↑ NASH [84]
miR-130a YAP-TEAD activator VGLL4 (YAP antagonist) ↓ HCC [85]
miR-21-3p SMAD7 suppressor TGF-β, YAP1 ↑ HCC [90]
miR-1254 PAX5 suppressor Hippo pathway ↓ HCC [87]
miR-665 PTPRB suppressor Hippo pathway ↓, EMT ↑ HCC [86]

Abbreviation: miR, microRNA; MΦ, macrophage; HCC, hepatocellular carcinoma; NASH, nonalcoholic steatohepatitis. † All direct targets
were confirmed by luciferase reporter assay. ‡ ↑ indicates the promotion, ↓ indicates the suppression.

5. Potential for Clinical Use of MiRNAs Interacting with the Hippo-YAP/TAZ
Signaling Pathway in Liver Cancer

Liver cancer is often asymptomatic in the early stages and is usually diagnosed after
the advent of metastasis and advanced stages, limiting the chances for surgical treatment
with an optimistic prognosis [17]. Although liver biopsy is currently the gold standard
for diagnosing liver cancer, it can cause severe complications due to its invasiveness and
is restricted to some subset of patients [91]. Various blood-based tests are used clinically,
but the currently available biomarkers show insufficient specificity and sensitivity [92].
Hence, there is an unmet need for biomarkers that can diagnose liver cancer early and
differentiate the stage of liver cancer. Over the past several years, many studies have
focused on identifying circulating miRNAs that have the potential to be used as biomarkers
of liver cancer, since they can be detected in cell culture media and different biological
fluids, such as serum, plasma, saliva, tears, urine, and breast milk [93–95]. Unlike cellular
miRNAs or other RNAs that are degraded within a few seconds, circulating miRNAs are
relatively stable, viable for a long time and resistant to endogenous RNase activity in the
extracellular environment [96]. Chen et al. [97] reported that circulating miRNAs remain
stable under harsh conditions, such as boiling, high or low pH, prolonged storage time, and
multiple freeze–thaw cycles. Furthermore, circulating miRNAs in serum maintain their
expression patterns after incubation for 24 h at room temperature and are still detectable in
serum after a maximum of 10 freeze–thaw cycles [97].

However, no reports have determined whether the miRNAs involved in hepatic
carcinogenesis that regulate Hippo-YAP/TAZ signaling can be released into the circulation
under either normal or pathological conditions. However, previous findings that some
of the miRNAs discussed above (e.g., miR-15b [81,98], miR-9-3p [70], miR-223 [72]) are
also detected in the serum of liver cancer patients give rise to the intriguing question
of whether they could predict the risk or progression of liver cancer. In lung cancer, for
example, upregulation of miR-328-3p targeting NF2 to inactivate Hippo kinase activities is
promoted by hypoxic bone marrow mesenchymal stem cells, which deliver EVs containing
miR-328-3p to the lung tissue [99]. miR-328-3p is detected not only in cancer tissues but
also in the serum of lung cancer patients, suggesting the potential of miR-328-3p as both a
biomarker and a therapeutic target of lung cancer [99]. Moreover, miRNAs can monitor
tissue responses to therapeutic interventions [100]. Bie et al. [101] have shown that the
miRNA expression profiles changes in BEL-7402 HCC cells after treatment with baicalein,
an anticancer drug. Notably, the putative target genes for the differentially expressed
miRNAs after baicalein treatment are enriched in pathways involved in cell proliferation,
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including the Hippo signaling pathway [101], indicating that the miRNAs interacting with
Hippo-YAP/TAZ signaling represent the status of liver cancer.

Small molecules, such as pazopanib, dasatinib, and statins, which are under investiga-
tion in clinical trials or used currently for the treatment of liver cancer, have been reported
to activate the Hippo signaling pathway, thereby reducing cancer cell viability and sensitiz-
ing tumor cells to chemotherapeutics [102,103]. Verteporfin, a YAP inhibitor, disrupts the
YAP-TEAD interaction by promoting the degradation of YAP [104]. Thus, an anticancer
approach using verteporfin has been suggested for liver cancers with YAP overexpression
and chemoresistance [105,106]. Nevertheless, adverse side effects of these small molecules
have been reported, and toxicity, short life, and unintended outcomes also limit the use of
these inhibitors [107]. miRNAs may become the alternative since miRNA-based therapy
is effective and biologically safe [108,109]. The efficacy of mimics of tumor suppressive
miRNAs or inhibitors of oncogenic miRNAs in the prevention and treatment of liver cancer
has been evaluated in preclinical models of HCC. To improve the efficiency of miRNA
delivery and targeting to specific organs, nanoparticles such as liposomes have been used
as delivery vehicles [110,111]. The first-in-human phase I study of miRNA-based therapy
was recently completed and used a liposomal miR-34 mimic (known as MRX34, Mirna
Therapeutics, Inc.) in solid tumors, including HCC [112]. Although MRX34 was shown to
regulate its target genes dose-dependently, unexpected immune-related adverse events
occurred in a small subset of patients, the reason for which needs to be elucidated [112].
Hence, further studies are strongly encouraged to understand the mechanism of action
of miRNA-based cancer therapeutics to develop more therapeutic candidates that can be
used in clinical trials.

6. Conclusions

Genetic ablation of Hippo signaling and overactivation of YAP cause liver cancer in
mice [41,113], but the Hippo-YAP/TAZ signaling pathway is dysregulated in human liver
cancer primarily by molecular events other than mutations [114]. Recently, it has been
demonstrated that alternative RNA splicing of Hippo signaling regulators, including NF2
and CSNK1D, is important for their activities, and certain exon skipping of their mRNAs
promotes hepatocyte proliferation and loss of mature hepatocyte functions, suggesting a
novel post-transcriptional regulation of the Hippo-YAP/TAZ signaling pathway [115,116].
As well-known post-transcriptional regulators, several miRNAs have been proposed as
regulators of the expression of Hippo-YAP/TAZ signaling components, and dysregulation
of those miRNAs can lead to hepatic tumorigenesis [117].

In this review, we summarized the miRNAs that contribute to the development
and progression of liver cancer by directly binding to the mRNAs of Hippo-YAP/TAZ
signaling components or indirectly through interactions with related signaling pathways.
Accumulating evidence indicates that these miRNAs could be used as biomarkers for the
early detection, prognosis and monitoring of liver cancer and therapeutic targets against
liver carcinogenesis. However, most of the studies have been conducted using liver cancer
cell lines and xenograft models or on a relatively small number of human liver cancer
specimens. Therefore, an increasing number of studies are required to investigate the
functions of miRNAs in liver cancers with various etiologies and at different stages during
carcinogenesis using relevant models of liver cancer and large-scale cohorts.

In conclusion, miRNAs that interact with the Hippo-YAP/TAZ signaling pathway
are promising therapeutic targets for liver cancer. They play pivotal roles in hepatic
tumorigenesis by affecting oncogenic transformation, proliferation and migration of tumor
cells and modulating the cancer microenvironment.
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Abstract: MicroRNAs (miRNAs) function as the post-transcriptional factor that finetunes the gene
expression by targeting to the specific candidate. Mis-regulated expression of miRNAs consequently
disturbs gene expression profile, which serves as the pivotal mechanism involved in initiation or
progression of human malignancy. Cancer-relevant miRNA is potentially considered the therapeutic
target or biomarker toward the precise treatment of cancer. Nevertheless, the regulatory mechanism
underlying the altered expression of miRNA in cancer is largely uncovered. Detailed knowledge
regarding the influence of miRNAs on solid cancer is critical for exploring its potential of clinical
application. Herein, we elucidate the regulatory mechanism regarding how miRNA expression is
manipulated and its impact on the pathogenesis of distinct solid cancer.
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1. Introduction

Activation of tumorigenic processes mediate the neoplasia of normal cells, potentially
resulting in initiation of malignancy. Exploration of regulatory mechanism relevant to
the occurrence or progression of diverse cancers can be subjected to clinical application,
such as early prevention, precise screening, or personal treatment. Among the regulatory
factor involved in altered gene expression associated with carcinogenesis, the influence
of microRNAs (miRNAs) has been widely pursued for decades [1]. MiRNA is a 22 nt-
long noncoding RNA that functions as a post-transcriptional regulator for fine-tuning
the coding efficiency of messenger RNA (mRNA) [2]. Targeting of the RNA-induced
silencing complex (RISC) composed of single- strand miRNA, Argonaute (AGO), and
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GW182 (also known as TNRC6A) mediates the translational repression or degradation of
the. regulatory candidate [3]. miRNA-mediate regulation is relevant to diverse cellular or
environmental stress, including starvation, oxidative stress, hypoxia, and DNA breakdown,
thereby being implicated in malignant disease [4]. Accordingly, dysregulation of miRNA
expression is documented to exhibit bidirectional impact toward oncogenesis or tumor
suppression [5].

Disturbance in miRNA expression can be induced via multiple steps, including tran-
scriptional regulation, epigenetic methylation of miRNA-containing loci, miRNA pro-
cessing pathway, and sequestration with long non-coding RNA, which functions as the
miRNA sponge (Figure 1) [6,7]. For instance, various p53-responsive miRNAs networks
containing miR-34 or miR-27b is documented to mediate the quiescence of distinct cancer
cells [8,9]. The presence of mutant p53 reversely diminishes the tumor suppressive influ-
ence of p53-regulated miRNAs on carcinogenic signature [10]. Recent studies disclose the
correlation between miRNA expression and epigenetic control regarding the methylation
of CpG island within promoter region in cancer [11]. The silence of miR-127, miR-124-1, or
miR-129-2 is closely related to the hypermethylation of CpG island-containing promoter in
various solid cancer [12–14]. In addition, the function or expression of miRNA processing
machinery, such as Drosha or the DGCR8 protein, is frequently deregulated in diverse
malignancies [15]. Even though the impact of Drosha or DGCR8 on carcinogenesis is con-
troversial, the disturbance of miRNA processing machinery is closely related to the global
change in the miRNA expression profile [16]. The mutations of Dicer gene lead to DICER1
syndrome, which is relevant to the incidence of multiple cancers in an individual [17].
The biogenesis of miRNAs and gene expression profiles is disrupted with the mutant Dicer
protein [18]. Recent studies document that miRNA loci are frequently annotated within
the chromosomal regions, which are susceptible to the cancer-associated copy number
variation (CNV) [19]. Cancer-mediated genomic instability results in the amplification or
deletion of miRNA loci, subsequently leading to variation in the miRNA copy number [20].

Figure 1. miRNA gene expression is manipulated via distinct mechanisms, including methylation
(upper), transcription regulator (middle), and miRNA sponge (lower) in cancer cells.
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According to the evidence gathered to date, we summarize the current knowledge
regarding the impact of miRNA on the pathogenesis of frequent solid cancer, includ-
ing colorectal cancer, lung cancer, breast cancer, and liver cancer. This review addition-
ally evaluates the advantage or challenge associated with miRNA-based application in
cancer treatment.

2. MiRNA and Solid Cancer

2.1. Colorectal Cancer

Colorectal cancer (CRC) is identified as the second leading cause of cancer-associated
deaths worldwide with its high mortality and an increase in incidence [21]. In spite
of progress in early screening, diagnosis, or prognostic prediction toward the incidence
of CRC, miRNA is considered to be a potential biomarker for the assessment of CRC
progression [22]. Decreases in the expression of miRNA clusters are frequently identified
with the occurrence or development of CRC [23]. In the following section, the impact of
several miRNA clusters on CRC are addressed.

2.2. Tumor-Suppressive miRNA in CRC
2.2.1. Clusters miR-1/133a and miR-206/133b

The miR-1-1/133a-2, miR-1-2/133a-1, and miR-206/133b clusters are transcribed from
distinct host genes. The influence of these miRNAs on the development of striated muscle
has been widely documented [24]. Hypermethylation of the promoter within the host gene
results in the decrease in the expression of miR-1/133 cluster in CRC tissues [25]. Moreover,
miR-133 and 206 are specifically sponged by the complementary long non-coding RNA
(lncRNA) ABHD11-AS1, XIST, and multiple LINC RNAs [26–28]. With the inhibitory
effect toward the carcinogenic signatures, miR-1, miR-133a, and miR-206 are considered
to be the tumor suppressors targeting a wide range of specific candidates. The in vitro
results indicate the repressive effect of miR-1 on proliferation, migration, motility, and
metabolism of CRC cells by targeting vascular endothelial growth factor (VEGF), notch
receptor 3 (NOTCH3), and hypoxia-inducible factor 1 subunit alpha (HIF1A) gene [29–31].
The presence of miR-133 is demonstrated to diminish the growth or motility of CRC cells
by targeting multiple candidates, such as fascin actin-bundling protein 1 (FSCN1) and
oncogenic SUMO-specific peptidase 1 (SENP1) gene [32]. Upregulated miR-206 is relevant
to reduced migration, proliferation, and immortality of CRC cells via targeting formin-like
2 (FMNL2), NOTCH3, and BCL2 gene [33].

2.2.2. Clusters miR-15a/16-1 and miR-15b/16-2

miR-15 and miR-16 are encoded from two paralogues, miR-15a/16-1 and miR-15b/16-
2 in the human genome. In CRC cells, an increase in the sirtuin 1 (SIRT1) protein mediates
the down-regulated activity of promoter, which drives the transcription of miR-15b/16-2
cluster [34]. In addition, the mature miR-15/16 is sequestered by upregulated sponge LINC
RNAs in distinct CRC cells [35,36]. Both in vivo and in vitro studies demonstrate the tumor-
suppressive effect that is attributed to the presence of miR-15/16 clusters in CRC [37,38].
miR-15 and miR-16 are documented to target common candidates, including cyclin B1
and transcription factor AP-4, which majorly participated in the epithelial mesenchymal
transition (EMT) [39]. Exogenous expression of miR-15 is reported to suppress the growth
of CRC cells by targeting pro-survival BCL2 protein [40]. The presence of overexpressing
miR-16 mediates the decrease in mortality and growth of CRC cells via suppressing the
expression of KRAS proto-oncogene, GTPase (KRAS) protein both in vivo and in vitro [41].
Moreover, the reverse correlation between miR-16 level and VEGF receptor or MYB proto-
oncogene is relevant to the prognosis of CRC patient [42].

2.2.3. Clusters miR-100/let-7a/miR-125 and miR-99/let-7c

miR-100/let-7a/miR-125 and miR-99/let-7c are separately transcribed from an inde-
pendent host gene in human genome but categorized in the same family with the related
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function. Nevertheless, the regulatory mechanism contributes to the alteration of the
abovementioned miRNA clusters in CRC cells or tissues not comprehensively disclosed.
For example, the abundance of sponge lncRNA is reversely relevant to the level of let-7a in
CRC model [43]. The expressions of miR-125a/125b are manipulated through a complex
process, including transcriptional control, hypermethylation-regulated epigenetic regula-
tion, or sequestration with lncRNAs [44,45]. Nevertheless, the decreases in these miRNAs
are frequently identified in CRC patients with poor prognosis [46]. An increase in the let-7
members mediates the cell cycle arrest and diminished cell growth via targeting of PHD
and ring finger domains 2, Rho effector rhotekin, insulin-like growth factor 1, or MYC
genes [47–49]. Upregulation of let-7c or let-7e lessens the metastatic activity of CRC cells
through targeting the candidates encoding matrix metallopeptidase 11, PBX homeobox
3, and double cortin-like kinase 1 protein [50,51]. Furthermore, the impact of the let-7
family member on the abovementioned candidates sensitizes the CRC cells toward the
chemo- or radiotherapy [52]. The expression profiles of miR-99a/99b are relevant to the
level of the mechanistic target of rapamycin kinase (MTOR) protein in CRC cell lines [53].
Overexpression of the miR-125 family member facilitates the apoptosis of CRC cells by
targeting the related factor, such as BCL2, BCL2 family members like 12, and myeloid cell
leukemia 1 (Mcl-1) gene [54]. Moreover, an increase in miR-125a level leads to the suppres-
sion of angiogenic or metastatic activity of CRC cells by targeting VEGFA, SMAD-specific
E3 ubiquitin protein ligase 1, and cAMP-responsive element-binding protein 5 gene [55,56].

2.3. Lung Cancer

Lung cancer (LC) is the leading cause of cancer-associated deaths worldwide, resulting
in over 1 million deaths annually [57]. It is classified into two subsets according to the
pathological signature—small cell lung cancer and non-small cell lung cancer. The complex
mechanism involved in tumor initiation or progression is not comprehensively elucidated,
which impedes the application of gene-based screening. A growing body of evidence
indicates the association between the occasion of LC and the altered miRNA expression,
which can be divided into oncomiR and tumor-suppressive miRNAs.

2.3.1. Oncogenic miRNAs in LC Cells

MiRNA is widely considered a pivotal regulator in the control of cells growth [58].
With an increase in MYC expression, mis-regulated amplification of human miR-17-92
cluster, composed of six miRNAs, is noted in various solid tumor, including LC. An
increase in the miR-17 cluster frequently leads to upregulated cell proliferation by targeting
antiapoptotic factors, including transcription factor E2F1 or Phosphate and tensin homolog
(PTEN) protein [59]. Immortality is a hallmark of cancerous cells, which is closely correlated
with the decrease in p53 protein as previously illustrated [8,9]. In LC cells, the transcription
of miR-34 family members is directly interfered with by the reduced p53 expression [60].
The cell cycle is subsequently disturbed by the augmentation of cyclin E2 and cyclin-
dependent kinase, which is targeted by the miR-34 family in normal cells [60]. In contrast,
the ectopic expression of miR-125b or miR-504 is both demonstrated to target p53 gene and
in turn lessens the apoptotic sensitivity of LC cells toward environmental stress [61,62].
Metastasis of cancerous cells constitutes a predominant cause, which leads to the majority
of cancer deaths [63]. Lung cancer is frequently diagnosed with the formation of metastases
in the brain, bones, liver, and adrenal glands [64]. Activation of metastasis is associated
with expression profiles of internal factors as well as external regulators involved in EMT
process [65,66]. An increase in miR-10b level functions as a major factor attributed to active
metastasis or enhance other oncogenic signatures of NSCLC cells [67,68].

2.3.2. Tumor-Suppressive miRNAs in LC

Angiogenesis functions as a critical process toward the initiation and growth of solid
tumor [69]. Throughout the process, the expression of VEGF and related regulation in
response to hypoxia, such as the Akt/eNOS pathway, constitutes a crucial mechanism [70].
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The presence of overexpressing miR-128 is demonstrated to exert repressive influence
toward the phosphorylation of PI3K and p38 MAPK signaling, in turn lessening the levels
of VEGFA, VEGF receptor (VEGFR) 2, and VEGFR3 [71]. The suppressive effect of miR-
206 on angiogenic activity of NSCLC is achieved by targeting STAT3, HIF-1, or VEGF
pathway [72]. The suppressive impact of miR-135a on IGF-1 expression further mediates
the decreases in angiogenesis-related factors, including VEGF, bFGF, and IL-8 protein in
A549 cells [73]. The decreases in various miRNAs mediate the loss of the tumor-suppressive
effect on metastasis of LC. For instance, the restoration of miR-126 generation consequently
inhibits the metastatic activity of NSCLC cells via targeting the chemokine receptor 1
gene [74]. Targeting of the ectopically expressing miR-192-5p on the TRIM44 gene is highly
relevant to the reduced metastasis of LC cells, which is associated with the inactivation
of the AKT/mTOR signaling pathway [75]. A decrease in miR-7-5p lessens its effect on
repressing expression of NOVA2, which acts as an important regulator participating in
angiogenesis and growth of NSCLC [76]. miR-206 exerts its tumor-suppressive impact on
NSCLC metastases via targeting the actin-binding protein coronin 1C gene, which mediates
the growth and metastasis in other solid cancers as well [77]. Overexpression of the miR-335
leads to reduction of the TGFβ-mediated EMT process in NSCLC by downregulating the
level of ROCK1 gene, which plays an activator role in the PI3K/AKT/FAK pathway [78].
The presence of the miR-98 interferes with the translational activity of the TGFβR1 gene,
subsequently diminishing the proliferation, migration, and invasion in distinct LC cell
lines [79]. In contrast, the let-7 family or miR-126 is demonstrated to exert a suppressive
impact on the proliferation of LC cells [80]. Exogenous expression of let-7 family member is
reported to diminish proliferation of the LC cells via targeting the ras gene [81]. In NSCLC
cells, the presence of miR-126 is relevant to the downregulated activity of PTEN/PI3K/AKT
signaling, which critically control the cell growth [82].

2.4. Breast Cancer

Breast cancer (BC) is classified as the major cause in terms of high morbidity and
mortality in women worldwide [83]. Obesity is often related to an aberrantly high level of
estrogen, estrogen receptor (ER), progesterone receptor (PR), or human epidermal growth
factor receptor (HER2), which constitutes the predominant mechanism for the initiation
and progression of BC. Accordingly, miRNA involved in the regulation of adipogenesis
is considered to be a potential factor to BC development [84]. In addition to CRC, mis-
regulated expression miRNA cluster is frequently identified in BC [85].

2.4.1. Oncogenic miRNAs in BC

An increase in this miR-183/96/182 cluster, which is located at 7q32.2, is identified
in a variety of malignancies, including BC [86]. Bi-directional function of the miRNA
cluster for oncogenesis or tumor suppressor is documented with the results of functional
assays. Nevertheless, the alteration of this cluster is related to various cell process, such as
apoptotic response, DNA repair, metabolism, or EMT process [87]. The transcription of
the miR-183/96/182 cluster is activated with the increases in ZEB1 (zinc finger E-box
binding homeobox 1) and HSF2 (heat shock transcription factor 2) protein in BC [86]. More-
over, activation of the HIF1 or PI3K/Akt pathway constitutes an additional mechanism
attributed to the upregulation of the miR-183/96/182 cluster [88]. A growing body of study
demonstrates that the presence of miR-183 manipulates the expression profiles composed
of 45 genes in BC, including Programmed Cell Death 4, Early Growth Response1, Integrin
Subunit Beta 1, p21, and p27, which is relevant to the abovementioned cell processes [89,90].
The presence of upregulated miR-96 facilitates the proliferation and migration of BC cells
via targeting the protein tyrosine phosphatase, non-receptor type 9 gene [91]. Moreover,
increases in the miR-96 and miR-182 synchronously interfere with the translation of FOXO1
protein, which maintains the homeostasis of glucose metabolism in normal lineages [92].
The members of the miR-183/96/182 cluster are incidentally noted in the exosome collected
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from the BC patients. Taken together, the miR-183/96/182 cluster mainly functions as the
oncogenic factor toward the development of BC.

The miR-221/222 cluster is transcribed from Xp11.3 to encode two homologous
miRNA members. The increases in miR-221/222 are highly relevant to the active cell
proliferation, EMT process, and metastatic activity in BC cells via targeting a variety of
tumor suppressors, including Transcriptional Repressor GATA Binding 1, Adiponectin
Receptor 1, Suppressor of Cytokine Signaling 1, Cyclin Dependent Kinase Inhibitor 1B,
ERα, p27, and TIMP Metallopeptidase Inhibitor 3 genes [93]. Upregulation of miR-221/222
leads to the transformation of ER-α positive tumors to ER-α negative BC by targeting
the ER-α gene [94]. Moreover, the aberrant expression of the miR-221/222 cluster is ad-
vantageous to self-renewal of the BC stem cell self by targeting the PTEN-Akt signaling
pathway [95]. Taken together, the miR-221/222 acts as a predominant oncogene in the
origin of ER-negative BC with the aggressive signature.

2.4.2. Tumor-Suppressive miRNAs in BC

The miR-199a/214 cluster is annotated at chromosome1q24 to generate miR-199a-5p,
miR-199a-3p, and miR-214 transcripts. The hedgehog-signaling Vitamin D Receptor and
miR-214 are demonstrated to constitute a cross-talk axis involved in the downregulation of
miR-199/214 expressions in BC cells [96]. The decrease in the miR-199/214 cluster results in
the loss of its tumor-suppressive effect in triple negative BC (TNBC). For instance, depletion
of the miR-199a/214 cluster induces the EMT-like phenotype in normal cell lineage [85].
Overexpression of the miR-199a/214 cluster reversely lessens the proliferative activity of
TNBC cells by targeting hedgehog signaling, which is proposed as a potential therapeutic
strategy toward BC [96]. The H3K27me3-related epigenetic silencing is associated with
the levels of the Enhancer of zeste homolog 2 (Ezh2) protein, which induces neoplasia
in various tissues. The inverse correlation between the miR-199/214 and Ezh2 or Ki-67
protein is identified by using an in vitro BC cell model [97]. The impact of miR-199/214 on
interfering with the generation of Ezh2, β-catenin, or Ki-67 constitutes another mechanism
for diminishing the proliferative activity of BC cells [98,99]. Accordingly, the tumor-
suppressive influence of miR-199/214 cluster on inhibiting proliferation, migration, and
invasion of BC cells is documented with majority of the present studies.

2.4.3. Oncogenic and Tumor-Suppressive of miR-23/27/24 Cluster

Two paralogs of this cluster, miR-23a/27a/24-2 and miR-23b/27b/24-1, are respec-
tively annotated in chromosomes 19 and 9. The results of functional studies suggest that the
transcribed member of the cluster executes both oncogenic and tumor-suppressive effects
on the carcinogenic signature of BC cells. Upregulated transcription of miRNA-23/27/24
induces the progression of BC cells via targeting the Hypermethylated in Cancer 1 gene,
which functions as a repressor to tumor growth [100]. Nevertheless, the impact of miR-23b
and miR-27b targeting on tumor growth is controversial, based on the in vitro cultured or
in vivo nude mice model [101]. Moreover, the members of this cluster share a variety of
candidates, such as Sprouty RTK Signaling Antagonist 2, BCL2 Antagonist/Killer, PPARγ,
and Nischarin gene [102]. This miRNA cluster also exerts its influence by collaborating
with other miRNAs on BC development. For instance, FOXO1 expression is coordinatively
regulated by the miRNA-23/27/24 cluster along with miR-27a, miR-96, or miR-182 in
BC [92]. In contrast, targeting of miR-27a to the Transmembrane Protein 170B gene is
demonstrated to suppress the Wnt/β-catenin pathway, in turn lessening the prolifera-
tive and migratory efficiency of BC cells [103]. Moreover, targeting of the overexpressing
miR-23b-3p to PAK2 and phosphorylation of the myosin light chain II gene subsequently
reduces the metastatic activity of BC cells in vitro [104]. Taken together, the comprehensive
insight into the manipulation of miRNA-23/27/24 expression and its coordination with
other miRNA is useful in controlling BC development.
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2.5. Liver Cancer

Hepatocellular carcinoma (HCC) is identified as the third cause of cancer mortality in
the Asia-Pacific region, which consequently accounts for over 80% of liver cancers [105].
In addition to viral infection, aflatoxin-contaminated food-, alcohol-, or obesity-mediated
cirrhosis, the impact of miRNA is demonstrated in the context of HCC [106]. With its po-
tential to manipulate gene expression profiles, miRNA is practicable as a novel therapeutic
or emerging biomarker for the stratification of HCC patient.

2.5.1. Oncogenic miRNAs in HCC

miR-21 is a well-characterized oncomiR in a variety of solid tumors, including
HCC [107]. An increase in miR-21 level with the incident of HCC is consistently revealed
by using in vitro and in vivo experiments [108]. Aberrant expression of miRNA-21 with
a concomitant decrease in tumor-suppressive PTEN protein leads to activation of focal
adhesion kinase, Akt, and mTOR signaling, in turn resulting in active cell metastasis and
proliferation [109]. Activation of a series kinase cascade is associated with the increase
in MMP-2 and MMP-9, which further strengthens the pathogenesis and development of
HCC [109]. An elevated level of miR-21 in plasma potentially provides high accuracy
toward the screening or diagnosis of early-stage HCC [110].

miR-221 is identified as another oncomiR with an upregulated level in HCC [111].
By directly targeting the cell cycle inhibitors, including CDKN1B/p27 and CDKN1C/p57,
the influence of miR-221 on active progression of HCC is consistently disclosed in multiple
studies [112]. Direct targeting of miR-221 to the DNA damage-inducible transcript 4 gene
relieves its tumor-suppressive activity in HCC model [111]. Moreover, the presence of
miR-221 strengthens the anti-apoptosis activity of HCC cells by manipulating the level of
the Bcl2 modifying factor protein (BMF), the pro-apoptotic member of the Bcl-2 family [113].
In contrast, inhibition of miR-221 increases the susceptibility of HCC to apoptotic stimuli
with an elevated level of BMF and the downstream caspase pathway [113].

2.5.2. Tumor-Suppressive miRNAs in HCC

miR-29 family is comprised of four members, miRNA-29a, miRNA-29b-1, miRNA-29b-
2, and miRNA-29c, which are transcribed from chromosomes 7q32.3 and 1q32.2. An miRNA
profiling study first identified the downregulation of miR-29 in LC patients associated with
poor prognosis and survival rate [114]. By using an in vitro cultured system, activation
of TGF-β or nuclear factor kappa B (NF-κB) drives the downregulation of miRNA-29, in
turn facilitating the expressions of extracellular matrix genes in hepatic stellate cells [115].
miR-29 family members are disclosed to share a variety of candidates, including CDC42,
PIK3R1, Bcl-2, and Mcl-1 gene [116]. In line with these results, targeting of endogenous
Bcl-2 and Mcl-1 gene by miR-29 family member sensitizes the HepG2 cells to apoptosis-
induced chemotherapeutic treatment or serum starvation [116]. In addition to miR-29,
the inverse correlation between Mcl-1 and miR-101 or miR-125b is also identified in liver
tumor cells [117,118]. Similarly, respective targeting of miR-101 or miR-125b share the
same effect on sensitizing the liver cancer cells with the presence of apoptotic treatment via
targeting Mcl-1 gene. miR-122 is the most abundant miRNA, which fine-tunes a variety of
cellular processes in hepatocyte [119]. The transcription of miRNA-122 is controlled by the
expression of liver-specific factors, including CCAAT/enhancer-binding protein (C/EBP)
and hepatocyte nuclear factor (HNF) family members [120]. A decrease in miRNA-122 level
associated with hepatocarcinogenesis, active metastasis, and poor prognosis is identified
in HCC tissue [121]. The presence of miRNA-122 exerts the tumor suppressive impact on
HCC development via targeting cyclin G1, pyruvate kinase isoform M2, and Wnt family
member 1 gene [112]. Th miR-122/cyclin G1 axis facilitates the stability of p53 and therefore
promotes the sensitivity of HCC cells to doxorubicin-induced apoptosis [112].
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2.6. Ovarian and Cervical Cancer

Ovarian cancer and cervical cancer is ranked as the first and fourth cause of cancer
death in women worldwide [122,123], respectively. Around 65% of ovarian cancer is
classified as surface epithelial according to the World Health Organization (WHO) classifi-
cation [124]. Even though understanding the biological signature of ovarian cancer was
gradually revealed with the recent progress and knowledge, the severity or mortality of
ovarian cancer remains unchanged for the last 30 years. A promising biomarker, such as
the cancer-specific miRNA, toward early screening or precise diagnosis of ovarian cancer
is crucial. On the other hand, the majority of cervical cancer is initiated by the infection of
certain subtypes of the human papilloma virus (HPV) [125]. The relevance of HPV infec-
tion with the chronic inflammation that subsequently mediates the initiation of cervical
carcinogenesis remains controversial. Recent studies document that the aberrant miRNAs
profile is identified throughout the initiation and development of cervical cancer [126].
Moreover, the altered miRNA level exhibits influence on manipulating the carcinogenic
process of cervical cancer.

2.6.1. Oncogenic miRNA in Ovarian Cancer and Cervical Cancer

Metastasis of ovarian cancer is modulated via the interplay between miRNA and
signaling factors involved in the EMT pathway [127]. An increase in miR-17-5p level is
relevant to the active progression and EMT activity of ovarian cancer cells by targeting
PTEN expression and downstream signaling [128]. In contrast, the administration of an
miR-17-5p inhibitor interferes with the migration and invasion activity of ovarian cancer
cells by using in vitro cultured assays [128]. The presence of miR-214 targets the PTEN
expression, which in turn reduces the sensitivity of in vitro cultured ovarian cancer cells to
cisplatin [129].

In cervical cancer, a growing body of studies demonstrate the oncogenic influence of
miR-21 with the identification of diverse targets, including PDCD4, PTEN, TIMP-3, TNF-α,
and ANXA1 genes [130–132]. Therefore, upregulated miR-21 is highly related to the active
inflammation and metastasis of cervical cancer cells. The upregulated level of miR-155 in
peripheral blood and tissues collected from cervical cancer patients has been revealed in
recent studies. The presence of miR-155 targets the expression of SOSC1, which in turn
enhances progression and inflammation in cervical cancer [133].

2.6.2. Tumor-Suppressive miRNA in Ovarian Cancer and Cervical Cancer

A decrease in miR-150 is frequently identified in epithelial ovarian cancer cells [134].
The presence of overexpressing miR-150 lessens the invasive and metastatic activity of
ovarian cancer cells by targeting the expression of Zinc Finger E-Box Binding Homeobox 1
(ZEB1) protein [135]. miR-150 is suggested as a potential therapeutic target for intervening
the metastasis of ovarian cancer [135]. Similarly, the upregulation of miR-22, miR-183,
or miR-31 level is reported to result in reduced migration or invasion of serous ovarian
carcinoma by interfering with the expression of the TIAM1 protein [136]. Moreover, over-
expressing miR-7 directly targets the expression of EGFR protein, which leads to reversion
of the EMT signature in ovarian cancer through AKT and ERK1/2 pathways [137].

Multiple miRNAs exert a suppressive effect on the chronic inflammation, which is
crucial for the development of cervical cancer [138]. Downregulation of miR-429 is relevant
to the active inflammation in cervical cancer tissues with IL-6 and IFN-β production, which
is driven through the NF-κB pathway [139]. IKKβ (the primary kinase toward NF-κB
activation) is identified as a new target of miR-429 in cervical cancer cells [139]. miR-101
is documented to exert a tumor-suppressive impact on the proliferation, invasion, and
inflammation of cervical cancer cells by directly targeting COX-2 protein [140]. The reverse
association of the high mobility group box 1 (HMGB1) with miR-34a, miR-1284, and miR-
142 is identified in the cervical cancer cells [141–143]. HMGB1 is a well-characterized
oncogene that is involved in chronic inflammation, progressive tumorigenesis, active
metastasis, and therapy resistance of cervical cancer tissues. Downregulation of miR-24,
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miR-451, let-7a, and miR-125a is noted as well in cervical cancer, which is relevant to the
active inflammation. An increase in chitinase-3-like protein 1 with a concomitant decrease
in miR-24 is proposed to facilitate the proliferation, metastasis, and inflammation in cervical
cancer [144]. The tumor-suppressive impact of miR-451 on lessening the inflammation,
invasion, angiogenesis, and proliferation of cervical cancer cells is demonstrated by directly
targeting the expression of the IL-6 receptor [144]. The generation of HPV oncoprotein E6
mediates the decreases in let-7a and miR-125, in turn relieving the suppressive effect of
let-7a and miR-125 on STAT3 expression [145,146]. The presence of STAT3 further facilitates
expression of the HPV E6 protein through transcriptional regulation [145]. Taken together,
STAT3 and HPV E6 constitute a feed-forward circuit that participates in the downregulation
of let-7a and miR-125 throughout the development of cervical cancer. Reversely, the
complementation of miR-125 leads to the decreases in STAT3, MMP-9, MMP-2, and N-
cadherin levels and activities, subsequently diminishing the proliferation, metastasis, and
inflammation of cervical cancer cells [146].

3. Role of Exosomal miRNA and Its Application

Exosomes are extracellular vesicles ranging from 30 to 150 nm in size that can be
secreted by normal or cancer cells [147]. Secretion of exosome is demonstrated to deliver
a messenger, including protein or miRNA, between normal and cancer cells [148]. It is
documented that cancer cells secrete 10-fold more exosomes than that of normal cells,
which is critical to the recruitment and development of carcinogenic environment [149].
Taking lung cancer as an example, miR-96-containing exosomes secreted from H1299 cells
were demonstrated to exhibit oncogenic activity toward upregulated cell proliferation by di-
rectly targeting the production of the LIM-domain only protein 7 (LMO7) expression [150].
The presence of exosomal miR-23a secreted by lung cancer cells was documented to facili-
tate tumor angiogenesis under both normoxia and hypoxia conditions, suggesting that the
genetic messenger was transmitted from lung cancer cells to distant endothelial cells [151].
Furthermore, the drug resistance of lung cancer cells is closely related to the existence of
exosomal miRNA. A recent study reported that the gemcitabine-resistant A549 (A549-GR)
cells assembled miR-222-3p-containing exosomes, which were transmitted into parental
gemcitabine-sensitive cells and subsequently promoted their migration, invasion, and
gemcitabine resistance by targeting the expression of the SOCS3 protein [152]. Addition-
ally, the transfer of the miR-21-containing exosome assemble by gefitinib-resistant H827R
cells to HCC827 cells activated AKT signaling and lead to gefitinib resistance of parental
gefitinib-sensitive cells [153].

Taken together, exosomal miRNA is considered an ideal tool for diagnosis as well
as therapeutic targets with its influence on the carcinogenic pathway or environment. As
for lung cancer cells, five exosomal miRNAs, including miR-205, miR-19a/19b, miR-30b,
and miR-20a, were considered the diagnostic markers of squamous cell lung carcinoma
(SQCLC) with their decreases in the circulating levels after surgery [154]. Three SQCLC-
related miRNAs, including miR-10b-5p, miR-15b-5p, and miR-320b, were demonstrated to
be promising biomarkers with area under the ROC curve (AUC) values between 0.936 and
0.911 toward diagnosis of the disease [155]. In addition to diagnosis or early prediction,
exosome is demonstrated as an ideal vehicle for drug delivery within recent studies [156].
For instance, the usage of engineered exosomes containing miR-21 sponge was reported to
mediate a decrease in miR-21 in U87-MG glioma cell lines, in turn lessening its carcinogenic
signature by relieving the miR-21-mediated suppression on the expression of PDCD4 and
RECK protein [156]. Nevertheless, the problems of miRNA-mediated influence, such as
off-target phenomenon, is not ignored with the promising reports.

4. Conclusions and Perspectives

MiRNAs are involved in diverse cell process to maintain the homeostasis of normal
cells through complex network (Tables 1 and 2). This phenomenon makes aberrant miRNA
profiles interesting biomarkers for initiation or progression of solid tumor as well as poten-
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tial targets for precise treatment. Nevertheless, precise targeting or site-specific delivery
of solid cancer-specific miRNA could be a major impediment in the use of miRNA-based
therapy. In addition, a better knowledge regarding the off-target effect and comprehensive
assessment of toxicity is another critical concern to be solved. In this review, we summarize
the present knowledge of miRNA-mediated influence on the carcinogenic signature of
frequent solid tumor, which may highlight a potential opportunity for clinical translation
and potential application.
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Abstract: Normal B-cell development is a tightly regulated complex procedure, the deregulation of
which can lead to lymphomagenesis. One common group of blood cancers is the B-cell non-Hodgkin
lymphomas (NHLs), which can be categorized according to the proliferation and spread rate of
cancer cells into indolent and aggressive ones. The most frequent indolent B-cell NHLs are follicular
lymphoma and marginal zone lymphoma. MicroRNAs (miRNAs) are small non-coding RNAs that
can greatly influence protein expression. Based on the multiple interactions among miRNAs and
their targets, complex networks of gene expression regulation emerge, which normally are essential
for proper B-cell development. Multiple miRNAs have been associated with B-cell lymphomas, as
the deregulation of these complex networks can lead to such pathological states. The aim of the
present review is to summarize the existing information regarding the multifaceted role of miRNAs
in indolent B-cell NHLs, affecting the main B-cell subpopulations. We attempt to provide insight
into their biological function, the complex miRNA-mRNA interactions, and their biomarker utility
in these malignancies. Lastly, we address the limitations that hinder the investigation of the role of
miRNAs in these lymphomas and discuss ways that these problems could be overcome in the future.

Keywords: miRNAs; prognosis; follicular lymphoma; marginal zone lymphoma; Waldenström’s
macroglobulinemia; hairy cell leukemia; primary cutaneous follicle center lymphoma; normal B-cell
development; therapeutic target; diagnosis

1. Introduction

B-cell non-Hodgkin lymphomas (NHLs) are one of the most common malignancies.
They consist of different types of lymphomas, which are characterized by great hetero-
geneity. Their common feature is the absence of Reed-Sternberg cells, which in contrast
are present in Hodgkin Lymphomas. B-cell NHLs are more common than the Hodgkin
lymphomas and are classified according to the proliferating and spread rate of cancer cells
into indolent or slowly growing and aggressive or quickly growing lymphomas. Recent
advances have assisted in the elucidation of the etiology and the molecular background
of these lymphomas; however, several questions remain unanswered and thus hinder the
in-depth understanding of the pathogenesis of these lymphomas and the adoption of a
personalized treatment approach. Two of the most common indolent B-cell NHLs are
marginal zone lymphoma (MZL) and follicular lymphoma (FL), which sometimes could
transform into more aggressive types, such as diffuse large B-cell lymphoma (DLBCL) [1,2].
Besides these two lymphoma types, Waldenström’s macroglobulinemia (WM), hairy cell
leukemia (HCL), and primary cutaneous follicle center lymphoma (PCFCL), which occur
more rarely, are considered as indolent B-cell NHLs as well (Figure 1).
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Figure 1. The main types of indolent B-cell non-Hodgkin lymphomas and some initiation factors of these malignancies.
Abbreviations: MALT, mucosa-associated lymphoid tissue; PCFCL, primary cutaneous follicle center lymphoma.

FL is the most common indolent B-cell NHL and shows great heterogeneity. Its di-
agnosis is based on the detection of malignant centrocytes and centroblasts that resemble
germinal center B cells within lymphoid follicles [3,4]. MZL is less investigated in com-
parison with FL, while various treatment options are available. It derives from malignant
marginal zone B cells and persistent immune system stimulation triggered by infections
or autoimmune diseases, which constitutes a major driving factor of lymphomagenesis.
MZL is divided into three main subtypes: Extranodal MZL or mucosa-associated lymphoid
tissue (MALT) lymphoma, splenic MZL, and nodal MZL, depending on the site where the
malignancy originates [1,2,5].

MicroRNAs (miRNAs) are small non-coding RNAs of approximately 22 nucleotides
long that can greatly influence protein expression. RNA polymerase II–mediated tran-
scription gives rise to pri-miRNA, which is subsequently cleaved by the nuclear RNase
III DROSHA. The resulting pre-miRNA is exported from the nucleus to the cytoplasm via
exportin 5 (EXP5), and then the cytoplasmic RNase III DICER1 cleaves the pre-miRNA
near the terminal loop. Ultimately, one of the two strands prevails and interacts with pro-
teins of the Argonaute (AGO) family to form the RNA-induced silencing complex (RISC).
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Targeting of a specific mRNA molecule through base-pairing between the miRNA and the
3′ untranslated region (3′ UTR) results in translational repression or mRNA degradation
and, therefore, diminished protein levels [6].

Considering that a miRNA can target multiple mRNAs, that a single mRNA can be
targeted by several miRNAs, and that miRNA transcription can be regulated, complex
gene expression networks emerge. As will be thoroughly discussed below, some of these
networks have been proved to be essential for proper B-cell development and therefore
their deregulation can lead to B-cell lymphomas. Multiple miRNAs have been associated
with such pathological states, such as those of the miR-17/92 cluster, miR-155-5p, and
miR-150-5p, while their targets involve the transcription factors FOXP1, MYC, and MYB,
and the affected signaling pathways include the BCR, NFkB, and PI3K/AKT [7,8]. Besides
their regulatory potential in B-cell lymphomas, miRNAs have been proposed as potential
biomarkers, due to their relatively high stability in biological samples, including bodily
fluids and fixed tissues, and their high specificity and sensitivity. Therefore, they could be
used for personalized prognosis, prediction of therapeutic response, and as an additional
tool for differential diagnosis [9].

In this review, we attempt to summarize the existing information regarding the
multifaceted role of miRNAs in the indolent B-cell NHLs. On the one hand, most of the
current studies investigate the expression profiles of miRNAs, an endeavor that could
lead to novel biomarkers discovery. These biomarkers could be utilized to predict the
transformation to a more aggressive entity of the disease, to assist in the correct differential
diagnosis and to choose the optional treatment, as well as to monitor the therapeutic
response. On the other hand, we attempt to provide insight into the biological function
and the complex miRNA-mRNA interactions, and to further elucidate the molecular
mechanisms underlying disease progression. Lastly, we address the limitations that hinder
the investigation of the role of miRNAs in these lymphomas and discuss ways that these
problems could be overcome in the future.

2. miRNAs in Normal B-Cell Development

Normal B-cell development is a tightly regulated complex procedure. Briefly, B cells
derive from hematopoietic stem cells (HSCs) in the bone marrow, where the first steps of
differentiation occur. V(D)J recombination of immunoglobulin (Ig) heavy (IgH) and light
(IgL) chain genes facilitate the differentiation from pro-B cell to pre-B cell and can lead
to the formation of an immature B cell that expresses a functional B-cell receptor (BCR)
with unique specificity. In case these gene rearrangements are unproductive or the BCR
binds strongly to presented self-antigens, the B cell cannot complete the central tolerance
checkpoint, and therefore B cells are eliminated. After that, migration of B cells to the spleen
takes place. In the spleen, naïve B cells can be activated by foreign-antigen recognition.
Provided that they do not become autoreactive through somatic hypermutation, they
differentiate into follicular or marginal zone B cells. This differentiation strongly depends
on BCR signaling. Next, marginal zone B cells reside in the marginal zone, while follicular
B cells enter germinal centers, forming three distinct zones: the dark, light, and mantle
zone. Finally, germinal center B cells differentiate into memory or plasma cells [10].

2.1. miRNAs in Primary Lymphoid Tissue B-Cell Development

The role of miRNAs in normal B-cell development has been variously described.
Most interactions between miRNAs and mRNAs involved in normal B-cell development
have been investigated in mouse models; however, the vast majority of them have been
predicted and/or validated in human cells as well, as miRNAs are highly conserved among
species. The great effect of miRNA function in the development of B cells is prominent,
as their absence completely abolishes this process; specifically, in Dicer-deficient mice,
the developmental procedure was arrested, while mice lacking Dgcr8 showed elevated
early B-cell apoptosis [11,12]. Interestingly, most miRNAs show a stage-specific expression
pattern, indicating their stage-specific function [13]; relative examples of miRNAs showing
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stage-specific expression are those of miR-150-5p, miR-181a-5p, miR-126-3p, and miR-132-
3p [14–16].

The developmental procedure is mainly dictated by transcription factors. Some of
them show a stage-related expression as well, while others are essential in every devel-
opmental stage. TCF3 suggests a transcription factor vital for the whole developmental
process, while EBF1 and PAX5 are essential for specific steps of it, as they are involved in
particular processes, including BCR formation [17–20]. However, EBF1 deficiency does
not lead to the eradication of the development of B cells, as the process is rescued by miR-
126-3p, which was shown to stimulate the expression of RAG1 and RAG2 recombinases
that mediate VDJ recombination [15,21]. This explains the necessity for high miR-126-3p
levels in the early steps of the process. RAG1 and RAG2 expression is also regulated by the
transcription factor FOXP1 [22]; in this sense, murine Foxp1 and Tcf3 suggest miR-191-5p
targets, and so does Egr1, another transcription factor vital for the maturation of B cells,
also targeted by miR-146a-5p [23,24]. miR-191-5p has been characterized as a rheostat for
the process, as both its higher and lower levels disrupt B-cell development, due to the
subsequent changes in transcription factor levels [24].

The above data delineate a miRNA-transcription factor network, showing a great
impact on the developmental procedure. Disruption of this network has been variously
witnessed to abolish B-cell development at pro- to pre-B cell differentiation stage. A typical
such paradigm is that of miR-132-3p, a miRNA normally expressed in late developmental
stages. Under physiological circumstances, miR-132-3p expression is BCR-dependent,
thus it is abundant after the pro-B stage, when a functional BCR has been developed [25].
When overexpressed in the early stages, the process stopped at pro- to pre-B-cell transition
due to Sox4 transcription factor deficiency, which regulates Rag1 expression, as it was
shown in xenografts. In this context, another miRNA showing stage-specific expression,
namely miR-150-5p, blocks the developmental process at the same point when expressed
prematurely, through MYB transcription factor inhibition [14,26]. This transcription factor
participates in the proliferation and differentiation of hematopoietic progenitor cells.

Moreover, miR-24-3p, a member of the miR-23a cluster that promotes HSC differ-
entiation towards common myeloid progenitors rather than lymphoid progenitors [27],
functions as a MYC inhibitor, leading to inhibition of pro- to pre- B-cell transition [28]. MYC
transcription factor is considered as a key molecule for B-cell development, as it regulates
the expression of the miR-17/92 cluster; members of this cluster target BCL2L11, which
encodes a pro-apoptotic protein, as well as PTEN, a key molecule for the PI3K pathway
with inhibitory role. Therefore, high levels of miRNAs of the miR-17/92 cluster have
been shown to block pro- to pre-B-cell differentiation and also advocate immature B-cell
survival [29–32]. Immature B-cell survival is also advocated by miR-148a-3p. This further
leads to self-reactive antibody production and subsequently B-cell elimination [32]. These
data delineate the significant role of miRNAs in the primary steps of B-cell development.

2.2. miRNAs in Secondary Lymphoid Tissue B-Cell Development

Besides playing an important role in the development in primary lymphoid tissues,
miRNAs have been reported to affect B-cell maturation in secondary lymphoid tissues
as well. Specifically, a lower marginal zone B-cell number is observed upon miR-146a-5p
expression, due to its binding to NUMB [33]. NUMB protects TP53 from degrading and
advocates the Notch signaling pathway to enhance marginal zone B-cell formation [33–35].
On the contrary, miR-142-5p is crucial for marginal zone B-cell development, as it targets
Tnfrs13c, (also known as Baff-R), which is required for B-cell maturation. Mice lacking
miR-142-5p showed vigorous proliferation of B cells, due to high Tnfrs13c levels [36].

Concerning follicular B-cell maturation, plasma cell formation is the most frequently
reported to be affected. More specifically, miRNAs affect the class-switch recombination,
which includes further Ig gene rearrangements, leading to plasma cell formation. A relevant
example is miR-181b-5p, another member of the miR-181 family; this miRNA targets
AID, which is crucial for class-switch recombination, leading to inhibition of plasma cell
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formation [37,38]. In the same context, miR-125b-5p inhibits PRDM1 and IRF4 transcription
factor expression, both of which stimulate class-switch recombination [39]. Therefore,
repression of this miRNA is required during normal B-cell development; otherwise, B-cell
malignancies may occur [40,41]. miR-30b-5p, miR-30d-5p, and miR-9-5p also attenuate
PRDM1 expression [42]. On the other hand, miR-148a-3p attenuates the expression of
Bach2 and Mitf transcription factors, and consequently induces the expression of their
downstream targets, Prdm1 and Irf4, leading to the terminal differentiation of B cells [43].
This fact highlights once again the necessity for stage-specific expression, as the expression
of miR-148a-3p in early B-cell development leads to the arrest of this process [32]. In
addition, miR-155-5p targets SPI1 mRNA and hence reduces PAX5 expression levels, as
PAX5 expression is induced by the transcription factor SPI1 in both human and murine
plasma cells [44]. In this way, the transition of germinal center B cells to plasma cells is
advocated, as PAX5 downregulation is a necessity for that. Those miRNAs highly affecting
B-cell development are presented in Figure 2.

Figure 2. Brief illustration of B-cell development. miRNAs with a positive impact on the procedure
are shown in green font, while those with a negative impact are shown in red. Black color indicates a
miRNA with a controversial impact on B-cell development. miRNA targets are shown in purple font.
Light blue arrows indicate the transition to the next developmental stage of B cells; dark blue “reverse
tau” symbols (⊥) indicate attenuation of expression, whereas green arrows indicate induction of
expression. Abbreviations: CLP, common lymphoid progenitor; FO B, follicular B cell; GC B, germinal
center B cell; HSC, hematopoietic stem cell; MZ B, marginal zone B cell.
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3. miRNAs in Follicular Lymphoma

Follicular lymphoma (FL) is one of the most common types of NHLs deriving from
B cells, as aforementioned. It usually is an indolent lymphoma; however, there is the
possibility to transform into an aggressive type, namely diffuse large B-cell lymphoma
(DLBCL) [45,46].

FL is a broad and extremely complex clinical entity. Many genes and cellular pathways
participate in the emergence and transformation of FL. In the majority of affected tissues, a
t(14;18) chromosomal translocation occurs, placing BCL2 locus next to the immunoglobulin
heavy-chain enhancer and resulting in the constitutive expression of this anti-apoptotic
protein [47]. However, FL development requires the acquisition of additional aberrations
that enable proliferation, immune evasion, and support from microenvironmental factors.
This is usually achieved by acquired aberrations in genes that control normal germinal
center B-cell development.

Precisely, in the early stages of development, FL cells acquire aberrations that enable
them to (a) persist in germinal centers; (b) increase BCR signaling; (c) confer a “sustain-
able” level of genomic instability; and (d) inhibit apoptosis. These characteristics are
achieved through mutations occurring in a set of genes (KMT2D, CREBBP, TNFRSF14,
EZH2, RRAGC). However, these FL cells usually resemble centrocytes and, similar to
their normal counterparts, have a relatively low level of proliferation. The acquisition
of aberrations that enable rapid proliferation, including MYC, FOXO1, BCL6, and the
BCR, TLR, and TP53 pathways, alters the tumor nature, frequently leading to histological
transformation. Particularly, mutations and/or translocations in the BCL6 genomic locus
are quite important in B-cell lymphomas, since BCL6 is a transcription repressor targeting
many genes, including PRDM1, TP53, CDKN1A and BCL2, thus controlling the germinal
B-cell formation, cell cycle, and differentiation [48,49].

Thus far, none of the current scoring systems and therapeutic approaches have been
able to mitigate the risk of early progression or histologic transformation to DLBCL. There-
fore, the discovery of novel biomarkers is of significant importance.

3.1. miRNAs as Potential Regulators and Biomarkers in FL

Several studies support that miRNA expression profiles can serve as signatures to
differentiate between different FL subtypes, which express distinctive genes and molecular
markers. Different FL subtypes can divergently progress to an aggressive type. One FL
subtype which has not been well-studied is t(14;18)–negative FLs, and hence the molecular
events triggering FL development in cases without a t(14;18) chromosomal translocation
and without high expression of BCL2 remain largely unknown. An interesting study ana-
lyzing t(14;18)–negative FL patients and t(14;18)–positive FL patients showed that miRNA
expression between these subtypes was different. Additionally, this distinct miRNA expres-
sion was reflected in the expression of their mRNA targets. One of the miRNAs with the
most robust expression changes in its potential targets was miR-16-5p. More specifically,
miR-16-5p was significantly decreased in t(14;18)–negative FL patients. The decreased
expression levels of this miRNA were also observed in chronic lymphocytic leukemia
(CLL) patients compared to non-cancerous individuals [50]. miR-16-5p has been associated
with repression of the expression of BCL2 and hence induction of apoptosis. Although
in t(14;18)–negative FL patients miR-16-5p expression is also associated with apoptosis,
miR-16-5p exerts its role via an alternative regulatory network. More specifically, the
decreased expression levels of this miRNA lead to increased expression of its target genes
CHEK1, which encodes an apoptosis inhibitor and DNA repair monitor, and CDK6, which
encodes a cyclin-dependent kinase and promoter of the cell cycle (Figure 3) [48]. These
findings suggest a potential mechanism which could contribute to the pro-proliferative
phenotype of t(14;18)–negative FLs.
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Figure 3. One of the potential effects of miR-16-5p in normal B cells (A) and follicular lymphoma
(FL) B cells without t(14;18) (B). In the physiological state, its expression levels are high; miR-16-
5p suppresses the expression levels of its target genes, CHEK1 and CDK6, leading to apoptosis
and cell cycle arrest. On the contrary, in a FL B cell, the expression levels of miR-16-5p are low,
leading to increased expression of its targets. This results in B-cell apoptosis inhibition and increased
proliferation rate, two hallmarks of a malignant cell. Black arrows indicate the transition to the next
step; red “reverse tau” symbols (⊥) indicate inhibition, whereas green arrows indicate promotion of
a cellular process. Abbreviations: BCR, B-cell receptor; RISC, RNA-induced silencing complex.

Despite the extensive investigation concerning the BCL2 translocation in FL, BCL6
translocation is not well-studied. Interestingly, Gebauer et al. attempted to find unique
miRNA signatures between typical FL with translocation in BCL2, but not in BCL6 (BCL2+
/BCL6− FL) and FL with translocation in BCL6, but with or without translocation in
BCL2 (BCL2+/BCL6+ or BCL2–/BCL6+ FL). More specifically, in BCL2+/BCL6+ and
BCL2−/BCL6+ FL patients, 21 miRNAs were significantly upregulated, and 12 miRNAs
were significantly downregulated compared to BCL6− ones. Even though the functional
role of these miRNAs was not further investigated and future validation of these results
in a larger patient cohort is required, these results underline the differential molecular

115



Biomedicines 2021, 9, 333

background of these subtypes and pave the way for the potential integration of miRNA
signatures in FL molecular classification [51].

Additionally, the current system of differential diagnosis between distinct types of
B-cell NHLs is not effective, and novel biomarkers are required. miRNAs, due to the
plethora of advantages by which are characterized, have emerged as promising candidates
for this aim. Especially, the discrimination between DLBCL and FL lymphoma is quite
significant, since DLBCL shows high phenotypic diversity and de novo DLBCL is not
easily distinguished from transformed FL [52]. Two independent analyses examined the
expression pattern of miRNAs in these two different types of B-cell lymphoma; however,
they resulted in distinct molecular signatures. More specifically, in the first research study,
miR-200c-3p and miR-638 along with members of the miR-17/92 cluster were among the
most highly expressed miRNAs in DLBCL compared to FL [53]. The second study led
to different results, with limited coverage with the miRNAs of the first research study.
However, this study also designated the distinct expression levels of miRNAs of the
miR-17/92 cluster [54].

Particularly, the miR-17/92 cluster (genomic locus: 13q31.3) and its two paralogs,
namely the miR-106b-25 and miR-106a-363 clusters, have been reported to be involved
in several hematological malignancies, and more specifically in the most aggressive ones.
This could be partly attributed to enhanced transcription of the miR-17/92 cluster host
gene (MIR17HG) by MYC oncoprotein and, thus, the upregulation of 6 oncogenic miRNAs
(miR-17-5p, miR-18a-5p, miR-19a-3p, miR-19b-3p, miR-20a-5p, and miR-92a-3p). miR-
17-5p inactivates CDKN1A, leading to deregulation of the cell cycle and increased cell
proliferation. miR-18a-5p and miR-19a-3p repress CD32 (Fc fragment of IgG receptor
IIb, FCGR2B) and CD22, respectively, resulting in the upregulation of the BCR signaling
pathway, and hence in elevated B-cell activation and division [55]. Moreover, miR-19b-3p
inhibits PTEN phosphatase [56], a regulator of cell cycle and growth, which subsequently
suppresses the oncogenic PI3K/AKT signaling pathway [57,58]. Considering all these
findings, further investigation of this miRNA cluster role in FL is considered fruitful.

An additional miRNA that is implicated in the high-grade transformation of FL is
miR-150-5p. This miRNA plays, also, a key role in normal B-cell development via targeting
MYB [14]. In FL, its expression is repressed by MYC, leading to its decreased expression
levels in FL cells and, consequently, high expression levels of another one of its targets,
the transcription factor FOXP1. The elevated expression of the latter has been linked to
lower survival rates and high-grade malignant transformation. This could be attributed to
its role, since FOXP1 regulates the expression of many genes involved in cell survival and
cell cycle activation, and promotes BCR signaling, while it is also critical for normal B-cell
development [57,59].

Furthermore, in a patient cohort study it has been observed that as the disease pro-
gresses from FL to aggressive DLBCL, miR-31-5p expression levels decrease. This miRNA
has attracted researchers’ interest due to its multifaceted role. Depending on its specific tar-
gets in distinct cell types, miR-31-5p can exert either an oncogenic or an onco-suppressive
role in several malignant states. The low expression of this miRNA has also been observed
in a cohort study with DLBCL patients [60]. This low expression can be achieved either by
loss of the gene locus of this miRNA or by hypermethylation of its promoter, while both
mechanisms have been detected in different malignancies. The MIR31 gene is located on
chromosome band 9p21.3, ∼500 kb from the locus of the well-known tumor suppressors
CDKN2A and CDKN2B. Due to their proximity, it is reasonable to suppose that MIR31
would be lost together with CDKN2A [61]. The deletion of the latter has been associated
with poor prognosis of DLBCL patients. In a recent study regarding FL transformation, it
was observed that E2F2 and PIK3C2A could be direct targets of miR-31-5p. E2F2 is a tran-
scription factor of the E2F family, which permits the entry of cells to the S-phase of the cell
cycle, thus promoting the cell cycle, and PIK3C2A, which is a catalytic subunit of the PI3K
family, is involved in cell migration, survival, and proliferation. High levels of E2F2 and
elevated activity of the PI3K/AKT signaling pathway have been observed in DLBCL, while
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the latter has been associated with poor outcome of DLBCL patients, as well. Therefore,
low miR-31-5p expression levels could result in a B-cell high-grade tumor, via the increased
levels of the aforementioned proteins [62]. Additionally, the same study uncovered the
increase of the expression levels of miR-17-5p during FL transformation, a finding which is
consistent with the oncogenic role of this miRNA in several other malignancies.

Besides miRNA signatures with the potential to discriminate between different B-cell
NHLs, an interesting study revealed a miRNA signature capable of distinguishing FL cells
from normal germinal center B cells in follicular hyperplasia. The most highly expressed
miRNAs in FL included miR-20a-5p, miR-20b-5p, and miR-194-5p. The first two miRNAs
have been proved to target CDKN1A, which partly accounts for cell cycle arrest, while
miR-194-5p controls the expression of SOCS2, a suppressor of the JAK/STAT signaling
pathway, which participates in cell proliferation and survival [63].

miRNAs exerting a regulatory role in indolent B-cell NHLs, along with their targets
and effect in malignant B cells, are summarized in Table 1, while Table 2 highlights those
miRNAs showing a potential clinical utility as candidate biomarkers in FL.

Table 1. miRNAs with a regulatory effect in indolent B-cell non-Hodgkin lymphomas (NHLs).

Disease miRNAs
Expression in
Lymphomas

Targets Effect References

Follicular lymphoma (FL)

miR-150-5p

Decreased

FOXP1 Inhibition of B-cell survival [59]

miR-31-5p E2F2,
PIK3C2A Inhibition of cell cycle, survival, and migration [62]

miR-202-3p
DICER1 Regulation of biogenesis of miRNAs

[64]
SKP2 Regulation of cell cycle transition

miR-618
HDAC3 Inhibition of cell cycle

[65]
CUL4A Inhibition of DNA damage response

miR-155-5p INPP5D Promotion of anti-tumor immune responses [66]

miR-16-5p
CHEK1 Promotion of B-cell apoptosis

[48]
CDK6 Inhibition of B-cell proliferation

miR-20a-5p,
miR-20b-5p

Increased

CDKN1A Promotion of cell cycle
[63]

miR-194-5p SOCS2 Promotion of B-cell proliferation and survival

miR-93-5p MICA,
MICB Inhibition of B-cell cytotoxicity [67]

Gastric MALT lymphoma

miR-34a-5p

Decreased

FOXP1 Inhibition of B-cell survival [22,68–71]

miR-383-5p ZEB2 Inhibition of epithelial-to-mesenchymal transition
(EMT) [72]

miR-203a-3p ABL1 Inhibition of B-cell proliferation [73,74]

miR-155-5p,
miR-142-5p Increased TP53INP1 Inhibition of apoptosis [74–76]

Splenic MZL miR-26b-5p Decreased NEK6 Inhibition of mitosis-cell division [77,78]

Waldenström’s
macroglobulinemia (WM)

miR-9-3p

Decreased

HDAC4,
HDAC5

Regulation of histone acetylation; Induction of WM
cell cytotoxicity; promotion of WM cell autophagy

and apoptosis
[79]

miR-23b-3p SP1 Suppression of NFkB signaling; Inhibition of cell
proliferation and survival [80]

miR-155-5p Increased

-
Promotion of MAPK/ERK, PI3K/AKT, and NFkB

signaling; promotion of cell proliferation, adhesion,
and migration

[81,82]

FOXO3,
BCL2L11 Inhibition of apoptosis [83]

miR-206-3p KAT6A Regulation of histone acetylation [79]

Abbreviations: MALT, mucosa-associated lymphoid tissue; MZL, marginal zone lymphoma.
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3.2. Genetic Polymorphisms of miRNA Genes in FL

Genetic variation in miRNA regulatory pathways in distinct malignancies has raised
researchers’ interest, as well. These polymorphisms can be developed in miRNA-binding
site target genes, in miRNA biogenesis pathway genes, and in different regions in miRNA
genes. Therefore, they can change the function of the respective miRNA and serve as
potential indicators for diagnosis and prognosis in clinical practice. Although these miRNA
variants or single nucleotide polymorphisms (SNPs) have been extensively examined in a
wide range of malignancies, the knowledge of miRNA SNPs in FL and generally in B-cell
NHLs remains poor [84].

miR-202-3p and miR-618 have been implicated in FL, while the SNPs in their precursor
sequences are associated with FL, via the impact on the levels of the target gene expression.
More specifically, the presence of these miRNA SNPs has been linked with elevated risk
for FL. A possible explanation of this finding is that the presence of a SNP in mir-202
and mir-618 could lead to a decrease in the expression levels of miR-202-3p and miR-618,
respectively, which seem to exert onco-suppressive roles. miR-202-3p has been shown to
target DICER1, which is essential for the proper biogenesis and function of all miRNAs,
while its high expression has been associated with B-cell lymphoma development and
survival. Additionally, miR-202-3p targets SKP2, which encodes a regulator of G1 to S-
phase transition of the cell cycle and inhibitor of CDKN1B [64]. Concerning miR-618, it
targets genes encoding histone deacetylase, HDAC3, which represses the function of the
onco-suppressor, TP53, and CUL4A, a protein that is involved in the degradation of DNA
damage-response proteins, TP53 and TP73 [65].

3.3. miRNAs and the Immune System

The immune system activation plays a critical role in inhibiting the progression of
nascent tumors by recognizing specific antigens on the surface of malignant cells, while
it has been investigated in the context of FL as well. For instance, the natural killer (NK)
cell receptor KLRK1 was found to bind both MICA and MICB, thus leading to suppression
of B-cell lymphomas by inducing cell cytotoxicity. This finding is consistent with the
high expression levels of the aforementioned KLRK1 ligands in low-grade FL and their
low expression levels in high-grade FL. The increased expression levels of miR-93-5p in
high-grade FL are associated with the lower expression levels of MICA and MICB, since
the respective mRNAs constitute direct targets of miR-93-5p [67].

Immunotherapy and specifically monoclonal antibodies (mAb) have been introduced
in FL treatment arsenal. Particularly, Obinutuzumab, a humanized anti-CD20 mAb, is
approved as a treatment for FL. This mAb increases the affinity between the CD20 receptor
of malignant B cells and the CD16 receptor of NK cells, leading to increased INF-γ levels.
Interestingly, miR-155-5p is implicated in this procedure, as was shown in a recent study.
More specifically, it was observed that obinutuzumab-induced CD16 stimulation led to
overexpression of miR-155-5p, which targeted INPP5D inositol phosphatase, a regulator of
the PI3K pathway. This resulted in the activation of the downstream target of PI3K, MTOR,
and the stimulation of IFNγ production from NK cells, triggering anti-tumor immune
responses [85]. The NK cells are pivotal components of innate immunosurveillance against
malignancies and represent a particularly attractive tool in the context of anti-tumor
immunotherapy. NK cells rapidly recognize and destroy many tumor cell types and also
play an immunoregulatory role in the instruction of adaptive anti-tumor responses [86].
Therefore, deciphering the cascade following the treatment with mAb is critical, since
it is expected to contribute utmost to the optimization of treatment strategies against
malignancies.
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Table 2. miRNAs as candidate biomarkers in follicular lymphoma (FL).

miRNAs Sample Origin Expression
Potential

Biomarker
References

miRNAs of miR-17/92 and miR-106a-363
clusters, miR-200c-3p, miR-638,

miR-518a-3p

FFPE tissues

Upregulated in DLBCL vs. FL

Differential
diagnosis

[53]

miR-17-5p [54]

miR-217-5p, miR-634, miR-26b-5p Upregulated in FL vs. DLBCL [53]

miR-330-3p, miR-106a-5p, miR-210-3p Upregulated in FL vs. DLBCL [54]

miR-612, miR-188-5p, miR-302c-3p,
miR-433-3p, miR-584-5p

Upregulated in BCL2+/BCL6+ and
BCL2−/BCL6+ FL vs.

BCL2+/BCL6− FL
[51]

miR-200a-3p, miR-135a-5p, miR-375-3p,
miR-138-5p, miR-517 isomiRs

Downregulated in BCL2+/BCL6+ and
BCL2−/BCL6+ FL vs.

BCL2+/BCL6− FL

miR-16-5p, miR-138-5p, miR-26a-5p,
miR-29c-3p

Downregulated in t(14;18)–negative FL
vs. t(14;18)–positive FL [48]

miR-193a-5p, miR-345-5p, miR-574-3p,
miR-1287-5p, miR-1471

Enriched FL cells

Upregulated in FL vs. with follicular
hyperplasia

[63]miR-570-3p, miR-205-5p, miR-222-3p,
miR-30a-5p, miR-301b-3p, miR-141-3p

Downregulated in FL vs. with follicular
hyperplasia

miR-20b-5p, miR-26a-5p, miR-92b-3p,
miR-487b-3p Cancer cell lines Upregulated in FL cell lines vs. DLBCL

cell lines [87]

miR-330-3p, miR-106a-5p, miR-210-3p,
miR-301 isomiRs, miR-338-5p

FFPE tissues

Upregulated in FL vs. non- neoplastic
lymph nodes

Diagnosis
[54]

miR-149-5p, miR-139-5p Downregulated in FL vs. non- neoplastic
lymph nodes

miR-16-5p, miR-17-5p, miR-26a-5p,
miR-29a-3p, let-7d-5p, let-7g-5p, let-7i-5p Cancer cell lines Downregulated in FL cell lines vs. CD19+

negatively- selected B cells [87]

miR-144-3p, miR-431-5p
FL biopsies and
blood samples

Upregulated in relapsed FL patients Prognosis,
prediction of disease

progression
[88]

miR-376b-3p Downregulated in non-relapsed FL
patients

Abbreviations: DLBCL, diffuse large B-cell lymphoma; FFPE, formalin-fixed, paraffin-embedded.

4. miRNAs in Marginal Zone Lymphoma

4.1. Extranodal Marginal Zone Lymphoma or Mucosa-Associated Lymphoid Tissue
(MALT) Lymphoma

Extranodal MZL, also known as MALT lymphoma, is the most common type of
indolent MZL and it starts at places where malignant marginal zone B cells initially infiltrate
MALTs, other than the lymph nodes (hence the name extranodal). Stomach is the most
common organ where this malignancy can arise, accounting for almost half the incidences.
This type of lymphoma is known as MALT gastric lymphoma (MALT GL). Less frequently,
MALT lymphoma can start at organs other than the stomach (non-gastric), such as the
skin. The exact underlying mechanisms of this disease are not yet known, but clinical
and epidemiological data have profoundly associated the high risk of MALT lymphoma
development with certain chronic infections and autoimmune diseases. The Helicobacter
pylori infection and Sjögren’s syndrome constitute the most important leading factors,
respectively [89–92].

4.2. Gastric MALT Lymphoma and H. pylori

A major leading factor of MALT GL is chronic inflammation triggered by persistent
H. pylori infection. As a proof, H. pylori eradication can fully treat MALT GL in a large
number of cases [90,93]. The majority of patients with MALT GL resistant to H. pylori
eradication therapy, have in common a t(11;18)(q21;q21) chromosomal translocation [94].
This translocation leads to the production of a fusion gene, consisting of the apoptosis
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inhibitor BIRC3 and the caspase-like protease MALT1. The encoded fusion protein enhances
NFkB signaling and hence leads to inhibition of apoptosis [95–97].

Saito et al. contributed greatly to the elucidation of the mechanisms involved in MALT
GL progression. Firstly, they indicated that miR-142-5p and miR-155-5p are overexpressed
in MALT GL compared to non-tumor gastric mucosa, while their levels were significantly
higher in patients unresponsive to H. pylori eradication treatment, compared to the re-
sponsive ones, implying their potential prognostic and predictive utility as biomarkers.
Considering the aforementioned critical role of these two miRNAs in normal B-cell develop-
ment, their further investigation is quite significant. Interestingly, two of the patients in this
study were resistant to H. pylori eradication therapy but lacked the BIRC3-MALT1 fusion
gene. Nevertheless, they were also characterized by increased expression of miR-142-5p
and miR-155-5p, suggesting that these molecules could be used as additional biomarkers in
MALT GL [75]. Moreover, it was shown that they target the pro-apoptotic gene TP53INP1
(Figure 4). This interaction could lead to inhibition of apoptosis and acceleration of MALT
GL cell proliferation, designating miR-142-5p and miR-155-5p as potential therapeutic tar-
gets [75]. Additionally, a former research study had revealed that TP53INP1 transcription
is activated by TP73, and therefore cell cycle arrest is facilitated [98]. Considering this
additional regulation level of TP53INP1, it would be interesting to be further investigated
in the context of miR-142-5p and miR-155-5p expression.

Another relevant study concluded that miR-383-5p is downregulated in MALT GL
patients infected with H. pylori, compared to normal non-tumor gastric mucosae tissues,
and determined ZEB2 as its target [72]. High levels of ZEB2 have previously been reported
to promote epithelial-mesenchymal transition (EMT) of gastric cancer cells via regulation
of expression of CDH1 (E-cadherin) and other EMT markers, such as VIM (vimentin) and
matrix metallopeptidases (MMP2 and MMP9) [99]. Thus, the effect of reduced expression
of miR-383-5p and the high expression of ZEB2 could assist in the understanding of the
role of H. pylori infection in MALT GL development.

4.3. From Chronic Gastritis to MALT GL

Chronic gastritis can also progress to MALT GL development; however, the molecular
basis of this transformation remains unknown. Craig et al. identified miR-203a-3p to be sig-
nificantly underexpressed in MALT GL compared to normal lymphoid tissue. Furthermore,
MIR203A promoter was hypermethylated, and its target protein, ABL1, was overexpressed
in MALT GL in comparison with gastritis, indicating ABL inhibitors as a novel therapeutic
approach in MALT GL [73]. ABL1 is a tyrosine kinase that activates various signaling path-
ways, including BCR, leading to cell proliferation. The BCR signaling activity is elevated in
several hematological malignancies, while its targeting constitutes a therapeutic approach
in several cancers. In accordance with the aforementioned observations regarding miR-
155-5p overexpression in H. pylori–positive MALT GL patients [75] and the miR-203a-3p
underexpression in MALT GL, findings from an independent study showed a decrease
in miR-203a-3p expression levels and a concomitant increase in miR-155-5p expression
levels in MALT GL patients, compared to chronic gastritis patients [74]. The same study
designated the high expression levels of miR-142-3p in MALT GL compared to chronic
gastritis (Table 3). These findings are quite important since the morphological diagnosis of
MALT GL is still hampered by overlapping histological features with advanced chronic
gastritis. Considering that either the 3′ or the 5′ of a miRNA stem-loop is expressed under
certain circumstances, the overexpression of miR-142-5p and miR-142-3p in MALT GL
patients would be interesting to examine further.

The role of miRNAs in malignant transformation from chronic gastritis to MALT
GL has been investigated in other studies, as well. Another miRNA with a critical role
in normal B-cell development, via targeting the transcription factor MYB [14], and with
deregulated expression levels in MALT GL, is miR-150-5p. More precisely, it was found to
be significantly overexpressed in MALT GL in comparison with chronic gastritis [76,100].
On the contrary, miR-150-5p expression levels were low during FL transformation [59].
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Considering these findings, it could be fruitful to investigate the functional role of miR-
150-5p in MALT GL. Additionally, findings deriving from gastric cancer research revealed
that miR-150-5p inhibits apoptosis in gastric cancer cells by targeting the pro-apoptotic
gene EGR2 [101]. This molecule has been investigated in hematological malignancies and
its deregulated expression or potential mutations have been associated with tumorigene-
sis [102,103]. Therefore, this could be a potential mechanism of action via which miR-150-5p
could exert its role in MALT GL.

Figure 4. One of the potential effects of miR-155-5p and miR-142-5p in a normal B cell (A) and
a mucosa-associated lymphoid tissue (MALT) lymphoma B cell (B). In physiological state, their
expression levels are low and their target gene, TP53INP1, is expressed, leading to activation of
TP53 and, subsequently, to apoptosis. On the contrary, in a MALT lymphoma B cell, the expression
levels of miR-155-5p and miR-142-5p are increased, leading to decreased expression of their target.
This results in apoptosis inhibition, one of the hallmarks of a malignant cell. Black arrows indicate
transition to the next step; red “reverse tau” symbols (⊥) indicate inhibition, whereas green arrows
indicate promotion of a cellular process. Abbreviations: BCR, B-cell receptor; RISC, RNA-induced
silencing complex.

Additionally, Blosse et al. showed that miR-150-5p, miR-155-5p, miR-196a-5p, and
miR-138-5p were upregulated and miR-7-5p and miR-153-3p were downregulated in MALT
GL patients compared to gastritis control patients [76]. miR-150-5p and miR-155-5p have
been associated with MALT GL in other studies, as aforementioned. The convergence of
several research studies in the deregulated expression of these two miRNAs highlights
their critical role in MALT GL. Regarding the deregulated expression levels of the rest
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miRNAs and their significant role in other malignancies, the investigation of their function
in MALT GL is critical, as well. Herein, we propose potential mechanisms of action of
these miRNAs, based on current literature. Interestingly, miR-196a-5p is highly expressed
in gastric cancer cells and targets the cell cycle inhibitor CDKN1B (p27kip1), leading to
increased cell proliferation [104], while miR-153-3p acts on AKT3 in lung cancer reducing
cell proliferation rate [105]. Moreover, EGFR and IGF1R have been proposed as targets of
miR-7-5p in gastric cancer cells, suggesting a way that miR-7-5p can suppress the invasion
and metastasis of these malignant cells [106,107]. Finally, conflicting studies have been
made about the role of miR-138-5p in gastric cancer cells, as some support its role as
onco-suppressive or as oncogenic miRNA [108,109], so further investigation is required to
properly decipher its role.

4.4. From MALT GL to Gastric DLBCL

An alarming situation arises when MALT GL is transformed to gastric DLBCL through
mechanisms which are not well understood. A microarray analysis between these two
pathological states revealed 27 underexpressed miRNAs in gastric DLBCL compared to
MALT GL [68]. These miRNAs were transcriptionally repressed by MYC, as previously
shown in a B-cell lymphoma mouse model [69], while miR-34a-5p possessed the most
tumor-suppressive properties [68]. In the same study, MYC was found to be greatly over-
expressed in gastric DLBCL in comparison with MALT GL, and the MIR34A promoter was
also found to be hypermethylated only in gastric DLBCL. Moreover, the validated target of
miR-34a-5p in the aforementioned study was FOXP1 [68]. During normal B-cell develop-
ment, constitutive expression of miR-34a-5p can result in a block in B cell development at
the pro-B cell to pre-B cell transition, leading to a reduction in mature B cells. This block
appeared to be mediated primarily by inhibited expression of the FOXP1 [110]. Several
previous studies highlighted that FOXP1 is necessary for normal B-cell differentiation [22]
and has been reported to predict the transformation of MALT GL to gastric DLBCL [70].
Indeed, data from another clinical study confirm that miR-34a-5p could be utilized as
a prognostic biomarker to investigate MALT GL to gastric DLBCL transformation [71].
These results suggest a novel way that FOXP1 can lead to MALT GL progression, besides
the t(3;14)(p14;q32) chromosomal translocation that results in a IGH-FOXP1 fusion gene
and, therefore, in elevated levels of FOXP1 in MALT lymphomas [111,112]. Moreover,
FOXP1 was found to be elevated in high-grade lymphomas resulting from transformation
of FL [59]. All these findings highlight the pivotal role of FOXP1 in the development of
B-cell malignancies and hence the role of miR-34a-5p as one of its potential regulators.

In addition, Gu et al. demonstrated that miR-16-5p had higher expression levels in
MALT GL patients than those with gastric DLBCL and could be used as another biomarker
predicting MALT GL transformation [113]. miR-16-5p is a key tumor-suppressive miRNA
and has repeatedly been associated with CLL and, as aforementioned, with FL. Its more
well-known target is the anti-apoptotic gene BCL2, via the suppression of which can
inhibit apoptosis in CLL [114]. Even though its potential functional role in MALT GL
transformation has not been unraveled, the existing data regarding its function in other
hematological malignancies highlight its further investigation in this cancer, as well.

4.5. Non-Gastric MALT Lymphoma

Studies investigating the role of miRNAs in non-gastric MALT lymphomas are far less
frequent. Cutaneous marginal zone B-cell lymphoma is another extranodal MZL, which
has been associated with Borrelia burgdorferi infection [115,116]. Reduced expression of miR-
150-5p and miR-155-5p in primary cutaneous MZL in comparison with primary cutaneous
centrofollicular lymphoma has been linked to disease deterioration and lower survival
rates only in primary cutaneous MZL [117]. Therefore, these two miRNAs could be used
to predict the outcome of this lymphoma type. Comparing the aforementioned results
which propose that miR-150-5p and miR-155-5p are elevated in gastric MALT lymphoma
and could contribute to this lymphoma progression [75,76,100] and the results regarding
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the expression levels of these two miRNAs in primary cutaneous MZL, a conflict in their
role emerges. Probably this could be attributed to the involvement of these miRNAs in
several networks only certain of which could prevail depending on the organ and the
microenvironment (stomach or skin). The fact that the expression levels of miR-150-5p
were decreased during FL transformation supports the aforementioned hypothesis [59].
However, further investigation is needed.

Ocular adnexal lymphoma (OAL) is another less common type of extranodal MZL
affecting tissues surrounding the eye, though the driving mechanisms of this disease are
still under investigation. The only study to date to have examined the miRNA expression
profiles in OAL has revealed that let-7g-5p, miR-16-5p, members of the miR-29 family, miR-
199a-5p, and miR-222-3p were overexpressed in OAL in comparison with ocular DLBCL,
the aggressive transformed malignancy which can arise in some patients [118]. Strikingly,
transcription of many of these miRNAs is suppressed by MYC, which usually drives B-cell
proliferation [69]. Thus, transcriptional repression of miRNA host genes, mediated by MYC,
most likely contributes to the transformation of OAL to ocular DLBCL. The majority of these
miRNAs play a critical role in hematological malignancies and solid tumors, necessitating
their further investigation in B-cell NHLs, as well. Below, some potential modes of action
of these miRNAs are proposed. One of the most critical miRNAs for further investigation
is miR-16-5p, as it has been repeatedly characterized as a pivotal tumor suppressor in B-cell
malignancies [113]. Furthermore, the members of the let-7 family can act as regulators of
stem-cell differentiation and have also been implicated in tumor suppression in several
ways. Interestingly, some members of this family suppress the acquisition and utilization of
key nutrients, which are essential for B-cell activation. Additionally, members of the miR-29
family have been characterized as tumor suppressors in other malignancies, including
mantle cell lymphoma, Burkitt lymphoma, and FL. This miRNA family is implicated in
the regulation of several key pathways in carcinogenesis. Some of its main target genes
are CDK6, DNMT3B, TCL1A, and MCL1, which are involved in cell cycle control, DNA
methylation, and apoptosis inhibition, respectively [119]. Regarding miR-199a-5p, its high
expression has been associated with a better outcome in DLBCL patients, while one of its
potential roles is the suppression of the NFkB signaling pathway, a critical pathway for the
development of this malignancy [120,121]. Finally, miR-222-3p is another miRNA with a
contradictory role since it has been characterized both as oncomiR and a tumor suppressor
in lymphomas, highlighting the complex regulatory roles and networks of miRNAs.

Besides chronic bacterial infections, Sjögren’s syndrome (SS) is a chronic autoimmune
disease affecting predominantly exocrine glands, in which a considerable percentage of
patients are at high risk of developing B-cell NHL, with MALT lymphoma being the most
frequent subtype [91,122]. miR-200b-5p was found to be significantly underexpressed
in minor salivary glands of SS patients with MALT lymphoma compared to SS patients
without lymphoma [123]. Interestingly, in another study, it has been revealed that low
expression levels of this miRNA in minor salivary glands could predict SS patients who are
at high risk of B-cell NHL development, even before the appearance of clinical symptoms of
the disease. However, these results necessitate validation in a larger cohort of patients [124].
The discovery of a potential implication of this miRNA in MALT lymphoma is quite
important since until recently it was believed that it was degraded and the miR-200b-3p
prevailed. However, recent data support the synergistic action of both miRNAs in the
inhibition of EMT [125]. Therefore, the functional investigation of miR-200b-5p in MALT
lymphoma and B-cell development in general could be interesting.

4.6. Splenic Marginal Zone Lymphoma

Splenic marginal zone lymphoma (SMZL) is an indolent B-cell NHL, but the possibility
to be transformed eventually to more aggressive type lymphomas is quite high. It originates
in the spleen and lacks a clear etiology, which necessitates the discovery of the implicated
molecular mechanisms and of indicators for disease development and progression. Due
to the multifaceted role of miRNAs in normal B-cell development, miRNAs can prove
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to be beneficial in the aforementioned endeavor [126]. The most common chromosomal
abnormality, present in approximately 40% of SMZL cases, is a characteristic 2.8-Mbp
7q32 heterozygous deletion [127,128]. This genomic locus comprises the host genes of
several miRNAs that are underexpressed in SMZL, including MIR593, MIR129-1, MIR182,
MIR96, MIR183, MIR335, MIR29A, and MIR29B1 [128]. These miRNAs are involved in
various regulatory networks affecting cell differentiation, proliferation, and apoptosis,
and hence their specific role in SMZL requires further investigation. However, indicative
mechanisms of action have been proposed for the most significantly underexpressed
miRNAs, mainly in other types of malignancies [126]. In detail, miRNAs of the miR-
29a/b1 cluster are believed to act as tumor suppressors by inhibiting the expression of the
TCL1A oncogene, one of the most overexpressed genes in SMZL [129]. This interaction
has already been observed in CLL [130]. Additionally, miR-129-5p has been shown to
target the notorious anti-apoptotic BCL2 mRNA in colorectal cancer, both in vitro and
in vivo, leading to apoptosis and enhancing the cytotoxic effect of 5-fluorouracil [131]. On
the contrary, miR-182-5p and miR-183-5p have been characterized as oncogenic miRNAs.
More specifically, their overexpression in mesothelioma leads to enhanced cell proliferation
and invasion. This function is established mainly by preventing the expression of FOXO1
transcription factor, which in turn facilitates the expression of CDKN1B, a key inhibitor of
CDKs [132]. Therefore, their downregulation in the present research study raises questions
regarding their function.

Another study showed that miR-21-5p overexpression in SMZL is linked to an ag-
gressive transformation type of the disease [133]. Even though the role of miR-21-5p has
not been investigated in SMZL, there are several studies that characterize it as oncomiR
in NHLs, while there are studies, which examine this miRNA as a therapeutic target.
More precisely, it inhibits the expression of PTEN and FOXO3, which are molecules with
a critical role in normal B-cell development, in human B-cell NHL cell lines. This inhibi-
tion activates the PI3K/AKT pathway and renders a human DLBCL cell line resistant to
chemotherapy [134].

Studies demonstrate that hepatitis C virus (HCV) infection is a risk factor for SMZL
development, but the underlying mechanisms leading to this condition are poorly under-
stood. A solid argument supporting this notion is that HCV-positive SMZL patients who
received antiviral treatment achieved complete or partial remission [135–137]. An extensive
miRNA profiling in SMZL revealed five miRNAs to be overexpressed and seven miRNAs
having decreased expression in SMZL compared to the non-tumor splenic marginal zone.
Following the stratification of SMZL patients to HCV-positive and -negative ones, miR-
26b-5p was proved to be significantly underexpressed in HCV-positive SMZL patients
compared to negative ones, and NEK6 is a predicted target of miR-26b-5p [77]. NEK
kinases, including NEK6, facilitate many mitotic events and, subsequently, cell division,
while they are critical for STAT3 phosphorylation and hence JAK/STAT signaling path-
way activation [78]. Although the overexpression of NEK6 has not been associated with
SMZL, it has been associated with the development of other malignancies [138]. Thus, the
decreased expression of miR-26b-5p and the subsequently increased expression of NEK6
in HCV-positive patients suggest a molecular mechanism of action through which HCV
infection could lead to SMZL.

4.7. Nodal Marginal Zone Lymphoma

Nodal marginal zone lymphoma (NMZL) is a rare MZL subtype initiating in the
lymph nodes which is challenging to differentiate diagnostically, due to the lack of spe-
cific indicators for it. Considering the decisive role of miRNAs in B-cell developmental
stages, potential distinct expression patterns of these regulatory molecules could serve as
useful biomarkers [139,140]. Intriguingly, Arribas et al. conducted a miRNA expression
analysis accompanied by an analysis of their targets, in order to conclude in a miRNA
signature able to distinguish NMZL from FL [139]. There are some cases of NMZL that
are challenging to be distinguished and a combination of clinical, histological, immuno-

124



Biomedicines 2021, 9, 333

histochemical, and molecular data is required, so these findings could be an additional
tool for classifying patients standing in the diagnostic grey zone [141]. Although further
investigation is required, they showed that miR-223-3p and let-7f-5p were the most highly
expressed miRNAs in NMZL compared to FL. Interestingly, miR-223-3p has been proved
to regulate naïve to germinal center B-cell transition and germinal center to memory B-cell
transition, via the repression of the key protein for hematopoietic development, LMO2 [42].
FL and germinal center cells are distinguished by an increased expression of LMO2, and
a diminished expression of miR-223-3p. In the aforementioned study, it was shown that
the expression of LMO2 was low and the expression of miR-223-3p was high in NMZL
patients, implicating a potential role of these molecules in NMZL development. Although
it is known that let-7f-5p is a member of the let-7 miRNA family, which has been shown
to target various oncogenes and is usually underexpressed in many malignancies [142], a
functional explanation of the differential expression of this miRNA among these malig-
nancies is not provided. Another study, conducted by Gebauer et al., identified several
miRNAs differentially expressed between transformed NMZL, which is characterized
by the presence of larger cells under histopathological examination, and DLBCL. These
distinct miRNA signatures support the notion that transformed NMZL is biologically a
distinct disease entity, while the presence of large cells in some cases of NMZL does not
correspond to an aggressive type transformation into DLBCL [143,144].

Table 3. miRNAs as candidate biomarkers in marginal zone lymphoma (MZL).

Disease miRNAs Sample Origin Expression Potential Biomarker References

Gastric MALT
lymphoma

miR-142-3p, miR-155-5p

FFPE tissues

Upregulated in gastric
MALT lymphoma vs.

chronic gastritis
Differential diagnosis [74]

miR-203a-3p
Downregulated in gastric

MALT lymphoma vs.
chronic gastritis

Ocular adnexal
lymphoma (OAL)

let-7g-5p, miR-16-5p,
miR-29 family,

miR-199a-5p, miR-222-3p
FFPE tissues Upregulated in OAL vs.

ocular DLBCL Differential diagnosis [118]

Sjögren’s syndrome
(SS) associated with
MALT lymphoma

miR-200b-5p Minor salivary
glands and PBMCs

Downregulated in
SS-associated MALT

lymphoma vs. SS

Prognosis, prediction
of patients’ relapse [123,124]

Splenic MZL (SMZL) miR-21-5p Fresh frozen and
FFPE tissues

Upregulated in
aggressive SMZL vs.

indolent SMZL

Prognosis, prediction
of patients’ relapse [133]

Nodal MZL (NMZL) miR-223-3p, let-7f-5p FFPE tissues Upregulated in NMZL vs.
FL Differential diagnosis [139]

Abbreviations: DLBCL, diffuse large B-cell lymphoma; FFPE, formalin-fixed, paraffin-embedded; MALT, mucosa-associated lymphoid
tissue; PBMCs, peripheral blood mononuclear cells.

5. miRNAs in Rare Types of Indolent B-Cell NHLs

5.1. Waldenström’s Macroglobulinemia or Lymphoplasmacytic Lymphoma

Waldenström’s macroglobulinemia (WM) or lymphoplasmacytic lymphoma is an
indolent B-cell NHL, characterized by an arrest of B cells after somatic hypermutation and
prior to isotype class switching. These cancer cells produce large amounts of immunoglob-
ulin M (IgM). The accumulation of these malignant cells can result in an indirect reduction
of red and white blood cells in the bone marrow, leading potentially to hyperviscosity due
to the IgM aggregation, anemia, and to attenuated functionality of the immune system.

A common genetic alteration in patients with WM, which is present in more than 90%
of patients, is a mutation in the MYD88 gene; this mutation is also abundant in other B-cell
malignancies with a different frequency. In WM, this mutation leads to an activation of
the NFkB signaling pathway, resulting in the growth and survival of the WM cancer cells.
Considering the highly regulatory potential of miRNAs, their role in this pathway could be
critical for WM. More specifically, miR-23b-3p was found downregulated in patients with
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WM, and transfection experiments with miR-23b-3p mimics resulted in a decrease in WM
cell proliferation and survival. In a functional experiment, miR-23b-3p was found to target
SP1 3′ UTR, which is an overly activated transcriptional factor positively affecting the NFkB
signaling pathway in WM and multiple myeloma. Moreover, the MIR23B promoter was
found to be under transcriptional control by MYC. The downregulation of MYC resulted in
increased levels of miR-23b-3p, proposing an important MYC/miR-23b-3p/SP1 regulatory
axis with a significant role in the proliferation and survival of WM cells [80]. Furthermore,
another genetic alteration has been found in cells of WM patients, associating with miRNA
functions. Specifically, a study showed a deletion in the 13q14 chromosomal region in 10%
of WM patients [145]. This region includes the genomic location from which miR-15a-5p
and miR-16-5p are generated. These two miRNAs which possess a critical regulatory role
in other malignancies such as CLL, downregulate BCL2 anti-apoptotic protein leading
to apoptosis of cancer cells. Moreover, these two miRNAs have been characterized as
negative regulators of the NFkB signaling pathway. As a result, the downregulation of
these two miRNAs in WM patients could lead to increased proliferation and survival of
the malignant cells. All the aforementioned information shows a downregulation of these
miRNAs in WM cells, leading to activation of NFkB signaling and enhanced cancer cell
properties.

Another important miRNA in WM is miR-155-5p, which has also a significant impact
on other B-cell malignancies and normal B-cell development. In WM, this miRNA was
found upregulated in comparison with cells from healthy individuals. Functional studies,
in which miR-155-5p was knocked down, found a critical involvement of this miRNA
in the PI3K/AKT and the NFkB signaling pathways in WM. Moreover, miR-155-5p was
found to dispose a positive regulation in the proliferation, adhesion, and migration of WM
cells [81]. Furthermore, in WM cells with augmented miR-155-5p expression, a significant
downregulation of FOXO3 transcription factor and BCL2L11 pro-apoptotic BCL2 family
member was observed, resulting in abrogation of the activation of apoptosis [83]. Addi-
tionally, another study enforced the knowledge about the impact of this miRNA in WM.
More specifically, in experiments where WM cells with knocked-down miR-155-5p were
treated with everolimus, an MTOR inhibitor, inhibition of cytotoxicity was observed, in
comparison with WM cells with normal levels of miR-155-5p [82]. Furthermore, in another
experiment, the levels of miR-155-5p were found downregulated in a dose-dependent
manner as everolimus concentration augmented. All the aforementioned information
highlights the significance of miR-155-5p in WM, not only with regard to the way it affects
important pathways and cell properties, but its therapeutic potency, as well.

miRNAs have also been reported as potential biomarkers for WM (Table 4) [81,83],
with a part of them also possessing a regulatory role in this malignancy, as summarized
in Table 1. After the observation that miR-206-3p expression levels are elevated and miR-
9-3p expression levels are lower in WM cells compared to cells from normal individuals,
a study showed a change in the levels of histone deacetylases (HDACs) and histone
acetyltransferases (HATs) in WM cells, following the downregulation of miR-206-3p and
the upregulation of the miR-9-3p [79]. Specifically, miR-206-3p was found to downregulate
the histone acetyltransferase KAT6A and miR-9-3p was found to downregulate the histone
deacetylases HDAC4 and HDAC5. This epigenetic regulation which is driven by miRNAs
is of high importance, as deregulation of HDACs and HATs is a common phenomenon in
numerous malignancies. However, further research is essential to shed more light on the
role of miRNAs in this malignancy, as current knowledge remains limited.

5.2. Other Rare Types of B-Cell NHLs

Hairy cell leukemia (HCL) is a rare type of leukemia with an incidence of 0.3/100,000
people. The malignant cells are a type of B lymphocyte, but they’re different from those
seen in CLL. They possess projections coming off them that give them a “hairy” appearance,
hence the name of the disease. Specific miRNAs have been identified as biomarkers in
this malignancy, as well. In 2011, Moussay et al. found a downregulation in the levels
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of circulating miR-363-3p and miR-708-5p in plasma samples of patients with HCL in
comparison with patients with CLL [146]. This observation may be of high importance for
the discrimination between these two malignancies. In another study, six miRNAs were
found upregulated in patients with HCL in comparison with normal samples or patients
with other malignant B cells [147]. Target prediction of these six molecules revealed
the regulatory impact on MAPK pathways, mainly via targeting of the molecules which
contribute to the activation of the JNK signaling pathway, which has an apoptotic effect in
HCL. This negative regulation of the pro-apoptotic JNK signaling pathway may possess an
anti-apoptotic effect in HCL cells, leading to prolonged survival of the cancer cells.

miRNAs also appear as promising molecules in PCFCL, another type of indolent
B-cell NHLs, with limited information regarding its pathogenesis. As previously described
in this review, Monsalvez et al. uncovered the differential expression of miR-150-5p
in comparison with primary cutaneous marginal zone B-cell lymphoma. This miRNA,
which targets the transcription factor MYB, a factor that participates in the proliferation
and differentiation of hematopoietic progenitor cells, has been found downregulated in
PCFCL [117]. Moreover, the fact that this miRNA is differentially expressed in other types
of indolent B-cell NHLs points out its high significance in these malignancies. Additionally,
another study comparing PCFCL and primary cutaneous DLBCL-leg type, highlighted
four other miRNAs (miR-9-5p, miR-31-5p, miR-129-2-3p, and miR-214-3p) which could
be used for the distinction between these two malignancies [148]. These miRNAs have
been acknowledged both as tumor-suppressors and as oncogenes in distinct malignancies.
Moreover, miR-9-5p, miR-31-5p, and miR-214-3p were found to regulate the activity of
signaling pathways such as the NFkB and PI3K/AKT.

Specific miRNAs with potential biomarker utility in the aforementioned rare types
of indolent B-cell NHLs are summarized in Table 4. The identification of specific miRNA
signatures with biomarker utility that can be used in order to distinguish specific rare types
of indolent B-cell NHLs from other types of leukemia, is of high importance for the timely
and optimal management of patients. Moreover, discovering miRNAs with biomarker
utility may reveal other promising molecules.

Although all the aforementioned information is promising, further research is essential
to elucidate the involvement of miRNAs in rare types of indolent B-cell NHLs. Elucidating
the regulatory effect of miRNAs with different levels in rare indolent B-cell NHLs may
reveal novel candidates that participate in pathogenic events that lead to these distinct
malignancies. Characteristically, as previously mentioned, in all three types of rare indolent
B-cell NHLs which are presented in this review, there are paradigms of miRNAs, having a
potential biomarker utility, which can also have an oncogenic or an onco-suppressive role in
each disease. Moreover, predicted targets of miR-363-3p, miR-494-3p, miR-184-3p, and miR-
542-3p, which are increased in WM patients include tumor suppressors, cell-cycle inhibitors,
cytokine signaling suppressors, and tyrosine phosphatases [81]. miR-9-3p, which acts as
a onco-suppressor and is decreased in WM patients, targets protein kinases, oncogenes,
and transcription factors enhancing apoptosis and inhibiting B-cell differentiation and
proliferation [149]. Additionally, some members of the let-7 and miR-9 families with
decreased levels in WM patients, in comparison with normal individuals, downregulate
PRDM1, a significant regulator of B-cell development. Other miRNAs with increased levels
in this malignancy such as miR-125b-5p and miR-181a-5p also target PRDM1 and other
factors contributing to B-cell development, including IRF4 [149]. Let-7a-5p with lower
levels in WM, compared to normal individuals, acts as an onco-suppressor by regulating
different oncogenes such as MYC [142]. Conversely, miR-21-5p with increased levels in
WM acts as an oncogene as it regulates numerous tumor suppressors, including PTEN and
PDCD4 [150]. In PCFCL, miR-9-5p, miR-129-2-3p, and miR-155-5p with upregulated levels
in comparison to primary cutaneous DLBCL-leg type and cutaneous MZL are involved
in normal B-cell development by targeting PRDM1, SOX4, and SPI1, respectively [148].
SOX4 is involved in the transition step from pro- to pre-B cell, whereas SPI1 and PRDM1
are transcription factors acting at later stages of B-cell development and regulating plasma
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cell differentiation. Therefore, all the aforementioned information highlights miRNAs with
deregulated levels in these malignancies, appearing to have also a significant regulatory
effect in disease onset and progression.

Knowing the miRNA targets and the respective effect of their activity is important as
it sheds light on a part of the regulatory network. However, it is of high importance to u
the regulatory network of as many miRNAs or other small non-coding RNAs with specific
mRNAs as possible, in order to identify unique and significant pathogenic effects. In this
approach, an extensive “screening” would reveal specific interactions between miRNAs
and mRNAs that could be assessed in order to diagnose, predict, and cure the disease.
Nevertheless, it is the balanced outcome of all distinct regulatory steps that determine the
final outcome at a cellular level.

Table 4. miRNAs as candidate biomarkers in rare indolent B-cell NHLs.

Disease miRNAs Sample Origin Expression
Potential

Biomarker
References

WM

miR-363-3p, miR-206-3p,
miR-494-3p, miR-155-5p,
miR-184-3p, miR-542-3p Bone marrow CD19+

B cells

Upregulated in WM vs. normal CD19+

B cells
Diagnosis [81]

miR-9-3p Downregulated in WM vs. normal
CD19+ B cells

miR-193b-3p, miR-126-3p,
miR-181a-5p, miR-125b-5p,

miR-451a

Bone marrow or
peripheral blood

CD19+ and CD138+

B cells

Upregulated in WM vs. CLL

Differential
diagnosis

[149]

miR-92a-3p, miR-223-3p,
miR-92b-3p, miR-363-3p Upregulated in WM vs. MM

miR-9-3p, miR-193b-3p,
miR-182-5p, miR-152-3p Downregulated in WM vs. MM

miR-21-5p, miR-142-3p Upregulated in WM vs. normal
B-lineage cells Diagnosis

miR-182-5p, miR-152-3p,
miR-373-5p, miR-575-3p

Downregulated in WM vs. normal
B-lineage cells

Combination of miR-320a-3p
and miR-320b-3p

Serum

Downregulated in WM vs. normal
blood donors; downregulated in WM vs.

MGUS and MM Diagnosis,
differential
diagnosis

[151]
miR-151-5p, let-7a-5p

Downregulated in WM vs. normal
blood donors; downregulated in WM

vs. MGUS

miR-21-5p, miR-192-5p,
miR-320b-3p Exosomes

Increases with disease progression Prediction of
disease

progression

[152]

let-7d-5p Decreases with disease progression

HCL

miR-363-3p, miR-708-5p Peripheral blood B
cells Downregulated in HCL vs. CLL Differential

diagnosis [146]

miR-221-3p, miR-222-3p,
miR-22-3p, miR-24-3p,
miR-27a-3p, let-7b-5p

Peripheral blood
CD19+ B cells

Upregulated in HCL vs. other B-cell
malignancies; upregulated in HCL vs.

normal B-lineage cells

Diagnosis,
differential
diagnosis

[147]

PCFCL
miR-150-5p, miR-155-5p

FFPE tissues

Upregulated in PCFCL vs.
cutaneous MZL

Differential
diagnosis

[117]

miR-129-2-3p, miR-214-3p,
miR-31-5p, miR-9-5p

Upregulated in PCFCL vs. primary
cutaneous DLBCL-leg type [148]

Abbreviations: CLL, chronic lymphocytic leukemia; DLBCL, diffuse large B-cell lymphoma; FFPE, formalin-fixed, paraffin-embedded;
HCL, hairy cell leukemia; MGUS, monoclonal gammopathy of undetermined significance; MM, multiple myeloma; MZL, marginal zone
lymphoma; PCFCL, primary cutaneous follicle center lymphoma; WM, Waldenström’s macroglobulinemia.

6. Interplay between Cytokines and miRNAs in B-Cell Malignancies

Cytokines compose a broad category of small proteins, including chemokines, in-
terferons, interleukins (IL), lymphokines, and tumor necrosis factors (TNFs), which are
important in cell signaling. They are produced and secreted by a variety of cells including
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stromal cells, fibroblasts, and endothelial cells. In the immune system, they are produced
by leukocytes and exert their function on other leukocytes or tissues that express cytokine
receptors. Several cytokines act on B cells and play key roles in the development, sur-
vival, differentiation, and/or proliferation of B cells. Additionally, certain chemokines
are implicated in B-cell function, namely in antibody production, while the chemokine
signaling regulates adhesion and migration, and hence, it is vital for B-cell survival and
development [153].

Considering the key role of cytokines in normal physiology, their deregulation can
assist in the development of B-cell malignancies. An interesting example is provided by
the CXCR4/CXCL12 axis in FL. More specifically, this axis is especially important, since it
regulates normal B-cell recirculation between GC zones, the bone marrow, and peripheral
blood [154]. CXCR4 is a G-protein coupled chemokine receptor, to which the chemokine
CXCL12 binds. A frequent characteristic of FL cells is the high expression of CXCR4. These
elevated CXCR4 levels could be attributed to and/or explain the increased activity of
proteins such as HIF1A, VEGFA, and signaling pathways including the PI3K/AKT, NFkB,
and NOTCH. For instance, FL is often characterized by high levels of the transcription
factor HIF1A, whose target genes include CXCR4 and the angiogenesis regulator, VEGF.
Moreover, activation of the CXCR4-CXCL12 axis, in turn, promotes signaling through the
PI3K/AKT and MAPK pathways and affects surface levels of CD20 and BCR signaling,
leading to a proliferative and antiapoptotic phenotype of FL cells. MYC is one of the targets
of PI3K/AKT and MAPK pathways that is activated via the aforementioned axis, which in
turn has multiple and key effects in miRNA expression in FL, as previously discussed [47].

miRNAs have been shown to respond to dynamic micro-environmental cues and to
regulate multiple functions of B-cell populations, including their survival, development,
and activation. Thus, miRNA functions contribute not only to immune homeostasis, but
also to the control of immune tolerance. Among the most important proteins whose
expression is targeted by miRNAs, are the cytokines. Cytokines act as both key upstream
signals and major functional outputs, and therefore, can affect miRNA levels, as well [155].
Every cell procedure takes place in the context of a regulatory network rather than a
regulatory axis and these networks alter under pathological states. For instance, miR-21-5p
is a well-known oncomiR, which is highly expressed in several B-cell NHLs and has been
associated with resistance to apoptosis. During plasma cell differentiation, miR-21-5p
expression is downregulated by PRDM1, a key molecule in the terminal differentiation of
B cells and a tumor suppressor in several lymphoid neoplasms. The expression of PRDM1
is upregulated by the transcription factor STAT3, which has previously been activated
by IL21. Although STAT3 also enhances MIR21 expression, it is not able to counteract
the repression of the latter by PRDM1 [156]. However, in multiple myeloma, a different
phenomenon is observed. More specifically, IL6 activates STAT3, which in turn promotes
MIR21 expression. The high levels of miR-21-5p contribute to the high proliferative rate
and anti-apoptotic phenotype of malignant cells [157,158].

Another interesting example of cytokine-induced miRNAs has been observed in
DLBCL. More specifically, it was shown that miR-155-5p levels were increased by TNFA,
even though the molecular background behind this interaction is not known. In turn, TNFA-
induced miR-155-5p inhibits the expression of INPP5D, a suppressor of the PI3K/AKT
signaling pathway. The elevated activity of PI3K/AKT pathway can lead to increased cell
proliferation and growth in malignant cells [159]. However, the interplay between cytokines
and miRNAs has not been thoroughly investigated in indolent B-cell NHLs. Considering
the key role of both cytokines and miRNAs in the development and progression of these
malignancies, the investigation of their interactions is critical. Moreover, it would shed
light in the molecular base of these diseases assisting in the development of targeted and
more efficient therapeutic approaches.
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7. Limitations

As previously analyzed, miRNAs are characterized by a great regulatory potential
in indolent B-cell NHLs. However, our knowledge regarding their function in these
malignancies remains limited and derives from individual research studies, since the
majority of studies focus on the expression profiling of miRNAs. Therefore, a massive
functional analysis is critical and will assist in the unraveling of the role of these tiny
regulators in indolent B-cell NHLs. Moreover, it would be helpful if the miRNAs with a
validated role in normal B-cell development were investigated in the context of indolent
B-cell NHLs. Based on the current literature, we suggest potential regulatory interactions
via which miRNAs with deregulated expression patterns in indolent B-cell NHLs can exert
their role in these malignancies (Table 5).

Table 5. Potential interactions between miRNAs that are deregulated in indolent B-cell NHLs and their validated targets in
other malignancies.

Disease miRNAs
Potential Target in

Lymphomas
Potential Effect in B Cells References

Gastric MALT
lymphoma

miR-150-5p
MYB Regulation of B-cell development

[14,76,100,101]
EGR2 Inhibition of apoptosis

miR-196a-5p CDKN1B Promotion of cell cycle [76,104]

miR-153-3p AKT3 Inhibition of cell proliferation [76,105]

miR-7-5p EGFR and IGF1R Inhibition of metastasis [76,106,107]

miR-16-5p BCL2 Promotion of apoptosis [113,114]

Splenic MZL

miR-29a/b1 cluster TCL1A Inhibition of cell proliferation
[126,128–131]

miR-129-5p BCL2 Promotion of apoptosis

miR-21-5p PTEN, FOXO3 Promotion of cell proliferation,
inhibition of apoptosis [133,134]

Nodal MZL miR-223-3p LMO2 Inhibition of B-cell differentiation [42,139]

OAL
miR-29 family

TCL1A
Inhibition of cell proliferation

[118,119]
CDK6

DNMT3B Inhibition of DNA methylation

MCL1 Promotion of apoptosis

miR-199a-5p IKBKB Promotion of apoptosis [118,120,121]

WM

miR-9-3p PDRM1
Inhibition of B-cell differentiation [149]miR-125b-5p and

miR-181a-5p PRDM1, IRF4

let-7a-5p MYC Inhibition of cell proliferation [142]

miR-21-5p PTEN, PDCD4 Promotion of cell proliferation,
regulation of apoptosis [150]

PCFCL

miR-9-5p PRDM1

Inhibition of B-cell differentiation [148]miR-129-2-3p SOX4

miR-155-5p SPI1

Abbreviations: MALT, mucosa-associated lymphoid tissue; MZL, marginal zone lymphoma; OAL, Ocular adnexal lymphoma; PCFCL,
primary cutaneous follicle center lymphoma; WM, Waldenström’s macroglobulinemia.

So far, the mouse and other animal models provide important insights into human
B-cell development and disease. However, several studies report intrinsic differences
in gene expression and gene regulation between the human system and mouse model
and more prominently in the immune system [160]. An interesting example of such
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differences is observed in gene expression, early after T-cell activation, under the effect
of IL2. More precisely, differential IL2 transcription kinetics can inhibit splicing in mouse
models, but not in humans [161]. Regarding B-cell development, it has been clearly
stated that B-cell populations exist in different abundances between human and murine
organisms, while they can have additional differences, including localization. Precisely, the
identification of differences in the non-memory B-cell pools is important for understanding
the differences in mechanisms that contribute to B-cell homeostasis in the two species and
in translating information obtained from mouse models to studies of human disease [162].
However, the existing comparative studies of mouse and human B-cell development
have focused on B-cell precursor populations and activated B cells [163]. Considering
these differences between these organisms, the distinct expression pattern of miRNAs and
regulatory networks can exist, as well. Therefore, a critical consideration is required when
extrapolating mouse data to the human system in basic and translational research.

One of the major obstacles in the research of miRNAs is the fact that they act not in a
regulatory axis, but as part of a complex regulatory network. More precisely, one miRNA
is able to bind to multiple target genes, which subsequently affect several pathways, while
simultaneously one target gene can be targeted by multiple miRNAs. Such examples are
miR-150-5p and miR-155-5p, which have been shown to target multiple genes that regulate
lymphomagenesis, creating an interaction network, while they have been correlated with
several hematological malignancies, as well. Particularly, miR-155-5p has been character-
ized both as oncogenic and tumor-suppressive miRNA, depending on the cellular context,
the intermolecular interactions, and the type of malignancy. Besides miR-155-5p, other
miRNAs have also been characterized as double-edged swords complicating the miRNA
functional research and pointing out the complexity of cell homeostasis. Due to this com-
plex miRNA regulatory network, there are contradictory findings regarding the function of
miRNAs in normal and pathological states; therefore, it is difficult for the researchers to
reach a conclusion. The phenomenon of crosstalk between different signaling pathways
further complicates the regulation of cellular processes in lymphocytes and consequently
in lymphomas. B-cell lymphomas are often characterized by elevated molecular and phe-
notypical heterogeneity, even among the malignant cells comprising the tumor. This high
heterogeneity could also be reflected in differential expression patterns of miRNAs even
among cells of the same tumor and provides another potential explanation regarding the
contradictory results concerning the role of miRNAs in malignant conditions [164,165].

Moreover, as aforementioned, miRNAs are ideal biomarker candidates; however,
research in this field is still in its infancy, especially due to the lack of an efficient and
cost-effective method for the accurate detection of miRNAs. One of the reasons why this
has not yet been achieved is that features such as detection limits, range of concentra-
tions in bodily fluids, and modulation depending on various parameters (age, gender,
health/disease) have not clearly been established, yet. Additionally, the findings generally
lack reproducibility. There are several discordances reported between different teams that
have analyzed the same malignancy types. In order to resolve this issue, standardized
protocols must be developed both for the initial stages of the process, like sample collection,
transport, and storage, as well as data analysis for the diversity of technological methods
used. Particularly for sample collection, it is critical that the sample size is large enough so
that the result can be characterized as statistically valid [9,166]. Finally, in the majority of
studies, it was not explicitly stated whether miRNAs were 5p or 3p, and their sequence was
not provided. This creates ambiguity in future research, necessitating the implementation
of the current nomenclature system in all future studies.

8. Future Perspectives

Although the expression profiles of miRNAs have been greatly investigated, further
research is necessary to unravel the complex functional networks. This endeavor shall aid
in the utilization of miRNAs as therapeutic targets (Figure 5). miRNAs can either promote
tumor cell proliferation and hence act as oncogenic miRNAs, or suppress uncontrolled cell
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division, acting as tumor suppressors. According to these distinct properties, two main
therapeutic strategies involving miRNAs have been developed. The first one introduces
single-stranded antisense oligonucleotides, known as antimiRs or antagomiRs, that target
an oncogenic miRNA, into the cell. The aforementioned interaction prevents the miRNA
from binding to its target mRNA, resulting in unaffected protein expression levels. The
second approach provides an artificial double-stranded RNA molecule, known as miRNA
mimic, that imitates the naturally occurring pre-miRNA. This strategy attempts to restore
the reduced innate expression levels of a tumor-suppressive miRNA. A major obstacle
hindering translation into the clinic is the possible degradation of these agents by RNases.
Therefore, chemically modified RNA nucleotides and molecules are being tested to in-
crease stability and efficacy. Locked nucleic acid (LNA) nucleotides are most widely used,
followed by the addition of 2′-O-methyl groups or phosphorothioate-like groups. Safe and
efficient delivery inside the desirable cells, without triggering an immune response and by
minimizing potential endosomal escape, is of equal importance, and a variety of liposomes
and nanoparticles are being tested for this purpose. Besides stand-alone therapies, it would
be interesting to investigate whether the combination of chemotherapy, radiotherapy, or
immunotherapy with a miRNA-based therapy could be more beneficial for patients and/or
overcome resistance to currently established therapeutic regimens [7,167–169].

A quite hot research topic is the reciprocal regulation between miRNAs and the epige-
netic machinery. More specifically, miRNAs as a component of the epigenetic machinery
are implicated in epigenetic regulation. At the same time, RNA and histone modifications
and DNA methylation regulate miRNA expression, while epigenetic-related enzymes can
be the target of miRNAs. All these findings have enlightened the researchers regarding
the miRNA-epigenetic feedback loop. Several studies have associated the dysregulation
of this miRNA-epigenetic feedback loop with the initiation and development of various
diseases, including B-cell NHLs, and have demonstrated its potential for application in
clinical diagnosis and prognosis. Particularly, the determination of the methylation profile
of miRNA genes and the quantification of the expression of enzymes involved in epigenetic
mechanisms affecting miRNA expression could constitute a powerful approach for diagno-
sis and prognosis, while drugs targeting epigenetic regulators have become a promising
therapeutic strategy for several malignancies, including leukemia. Although this research
field is still in its infancy, and further study is required for establishing miRNAs as pivotal
modulators of epigenetic effects in clinical practice, it seems to be a promising research
field with great potential [170].

Lastly, several challenges need to be overcome so the miRNAs are widely used as effi-
cient biomarkers, as it has already been addressed in the limitations section. Furthermore,
it would be very useful if some extracellular and/or circulating miRNAs found in bodily
fluids were associated strongly with pathological states. The introduction of circulating
miRNAs in clinical research as non-invasive biomarkers would be quite beneficial since
non-invasive procedures are relatively convenient, fast, and not painful for the patients.
Extracellular miRNAs can be stabilized via protein interactions, particularly AGO2, or via
inclusion within extracellular vesicles, such as exosomes and microvesicles, and apoptotic
bodies, that are thoroughly investigated for non-invasive biomarkers discovery. However,
further research is required to uncover the exact secretion and stabilization mechanisms
involved in each case, as well as the establishment of standardized detection and quantifi-
cation protocols [171]. This is of major importance, because miRNAs show great promise
in personalized medicine and could probably assist in patient stratification, selection of
optimal treatment, and monitoring of therapeutic response for each individual [171].
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Figure 5. The role of oncogenic and tumor-suppressive miRNAs in cancer, and therapeutic strategies
against cancer, based on miRNA targeting. (A) The oncogenic miRNAs are highly expressed in cancer;
they bind to the 3′ UTR of their target genes (tumor suppressors), recruit RISC complex and suppress
the expression of their target genes, leading to decreased levels of the respective proteins. In cancer,
the tumor-suppressive miRNAs are expressed at low levels. Therefore, they are not able to suppress
the expression levels of their target genes (oncogenes), leading to high levels of their proteins. (B) For
the downregulation of oncogenic miRNAs and the subsequent attenuation of their harmful impact
on cellular function, antagomiRs are used. They bind complementarily to the oncogenic miRNA and
hence inhibit the binding of the latter to its target. For the upregulation of the tumor-suppressive
miRNAs and the subsequent promotion of their beneficial impact on cell function, miRNA mimics
are used. They have the same sequence as the specific tumor-suppressive miRNAs and, therefore, are
able to bind to the targets of the latter and exert their function. Black arrows indicate the transition to
the next step; red lines (⊥) indicate an inhibitory effect; upstream red arrows indicate an increase in
the expression levels, while downstream green arrows indicate a decrease in the expression levels;
horizontal green arrows indicate promotion of gene expression.

9. Conclusions

Indolent B-cell NHLs compose a highly heterogeneous group of lymphomas with a
high occurrence rate worldwide. Therefore, the elucidation of its molecular background
and pathogenesis, in general, is considered quite critical. The recent advances have assisted
towards this direction, but this research field is still in its infancy. miRNAs have been
repeatedly investigated in the context of their usage as biomarkers or therapeutic targets
of several malignancies, including indolent B-cell NHLs, due to their regulatory potential.
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These tiny regulators play a vital role in B-cell development and normal B-cell function, in
general, and their deregulation could lead to fatal consequences for the cell. Among the
most intriguing miRNAs are miR-150-5p, miR-155-5p, and those of the miR-17/92 cluster,
as they are not only necessary for normal B-cell development, but are also implicated in
the pathogenesis of the majority of the aforementioned malignancies. Several studies have
attempted to analyze the expression levels of miRNAs in indolent B-cell NHLs, aiming
to establish a miRNA signature, distinct for each malignant state. Even though progress
has been achieved in this field, additional research is necessary in order to lead to more
solid conclusions. Additionally, the regulatory networks via miRNAs function have to be
unraveled. Despite all the aforementioned difficulties and limitations in miRNA research,
their great regulatory potential is quite promising regarding the deciphering of cancer
development and progression as well as the potential exploitation of miRNAs in therapy.
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Abstract: MicroRNAs (miRNAs) are short non-coding RNA involved in the regulation of specific
mRNA translation. They participate in cellular signaling circuits and can act as oncogenes in tumor
development, so-called oncomirs, as well as tumor suppressors. miR-7 is an ancient miRNA involved
in the fine-tuning of several signaling pathways, acting mainly as tumor suppressor. Through
downregulation of PI3K and MAPK pathways, its dominant role is the suppression of proliferation
and survival, stimulation of apoptosis and inhibition of migration. Besides these functions, it has
numerous additional roles in the differentiation process of different cell types, protection from
stress and chromatin remodulation. One of the most investigated tissues is the brain, where its
downregulation is linked with glioblastoma cell proliferation. Its deregulation is found also in other
tumor types, such as in liver, lung and pancreas. In some types of lung and oral carcinoma, it can act
as oncomir. miR-7 roles in cell fate determination and maintenance of cell homeostasis are still to be
discovered, as well as the possibilities of its use as a specific biotherapeutic.

Keywords: microRNAs; miR-7; gene expression; tumor suppressor; cancer cell

1. Introduction

MicroRNAs are short non-coding RNAs involved in the regulation of specific mRNA
translation. Through this process, they regulate numerous cellular functions, participate in
signaling circuits and fine-tune cellular differentiation.

miRNAs (miRs) have a complex pathway of biogenesis and regulation of their function.
While final miRNAs are short single-stranded noncoding RNAs of 20–23 nt, they start as
pri-miRNAs, several hundred base pairs long with a complex formation pathway. These
primary miRNAs are first processed by a microprocessor containing Drosha, an enzyme
that cleaves the stem of a hairpin structure formed by future miR sequence and producing
pre-miRNA. After nuclear export, further processing is done by Dicer in the cytoplasm,
which removes the loop region and produces miRNA duplex. Only one strand of the
duplex is chosen to become the mature miRNA, loaded on an RNA-induced silencing
complex (RISC) containing the Argonaute protein. RISC complex with specific miR targets
complementary mRNAs and fully complementary mRNA are degraded. Since mature
miRNAs in higher eukaryotic cells most often are not fully complementary to their target
mRNA, they can lead to translation inhibition [1].

Usually, one mRNA can be targeted by several miRNAs on its 3’UTR. It is supposed
that the target site spacing can influence cooperative repression. Although a great number
of genes can be influenced by a single miR, in general, miRs act according to the cellular
program in a specific cell type and target only a subset of transcripts [2]. However, the
regulation of these processes is still poorly understood.

One of the first known, and also most investigated miRNAs is miR-7. The seed se-
quence GGAAGA is evolutionarily conserved and is found in Nematodes, Insects and
Vertebrates [3]. In Mammals miR-7 dominantly acts as a tumor suppressor and regulates
several basic cellular processes, which include proliferation, differentiation, apoptosis,
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migration and expression of stem cell features. It was also one of the miRs used for the
classification of the regulatory clusters. Most discoveries are in regard to its role in the
brain and sensory cell differentiation in man and Drosophila, respectively. Li X, and his
collaborators (2009) suggest that miRs, in general, may stabilize different regulatory net-
works depending on the conditions of environmental fluctuation during development [4].
This hypothesis was developed on an example of miR-7, participating in Notch and Epi-
dermal growth factor receptor (EGFR) coherent and incoherent feedforward loops during
photoreceptor determination in Drosophila. On the other hand, miR-7 downregulation is
linked to cell proliferation in many tumors, and its regulation is tightly connected with
differentiation processes in the pancreas, brain and other organs [5,6].

miR-7 is encoded in three different sites in the human genome. MIR7-1 sequence is
present inside the last intron of the heterogeneous nuclear ribonucleoprotein K (hnRNPK)
gene, on chromosome 9 (9q21.32) and is considered to be the dominant gene responsible
for miR-7 expression. MIR7-2 sequence is present in the intergenic region on chromosome
15, and MIR7-3 in the intron of pituitary gland specific factor 1 gene (PGSF1) or MIR-7 host
gene on chromosome 19 [7].

2. Regulation of MiR-7 Expression

miRNA genes, like the protein-coding genes, have a regulated promoter and their
products are members of signaling circuits of different cellular processes. miRs are also
regulated at several steps during processing into their active form by means of binding to
different proteins [8]. miRs can bind different long non-coding RNAs and circular RNAs
either to be degraded or to be “preserved” for later function. Different RNA classes can
function as miR “sponges” and bind miRs to keep them out of function: 3’UTR mRNA [9],
long non-coding RNAs (lncRNAs) and circular RNAs. Different proteins can also regulate
pri-miR degradation [1].

miR-7 is considered to be a network stabilizer, connecting different signaling pathways
through feedback and feedforward loops [4]. Its function in buffering gene expression and
providing robustness in cell response was demonstrated. Caygill and Brand (2017) showed
on the Drosophila model where miR-7 targeted the Notch pathway, that miR-7 buffers the
differentiation of the neuroepithelial cells into neuroblasts. Its role was to enable precision
in the process despite conditions of environmental stress [10].

As a tumor suppressor, miR-7 expression is often downregulated in different cancer
cells (i.e., in brain, lung and colon cancer cells [11–13]). Interestingly, it is also involved
in signaling circuits directing differentiation in different tissues and it is regulated by
specific transcription factors [6,14–16]. miR-7 promoter was found to be silenced by DNA
methylation in cancer stem cells [17]. In breast carcinoma, its expression is estrogen-
dependent [18]. Duex et al. found miR-7 to be in a signaling loop with EGFR through
Usp18 (Ubp43), a ubiquitin-specific peptidase, whose downregulation elevates miR-7
levels [19]. It was also found that Hepatitis B virus (HBV) protein HBx can upregulate miR-
7 expression through EGFR [20] and in breast cells by hepatocyte growth factor (HGF) [21].
However, miR-7 inhibition promotes breast cancer metastasis [22].

miR-7 was found to belong to a p53-dependent non-coding RNA network [23,24], as
well as the Myc signaling circuit [25]. Hansen et al. described the existence of circular
RNAs, which can pair with complementary miRNAs [26]. Circular RNAs have a structure of
covalently closed single-stranded RNA molecules, produced by a specific type of splicing.
These molecules are more stable than linear. Some of them can act as miR sponges: RNA
molecules, which contain multiple target sites complementary to a specific miR and influence
its activities by binding to it. The first such molecule was detected in neurons and it was
Cdr1as (ciRS-7) regulating miR-7. It contained miR-7 sequences transcribed in the antisense
orientation from the CDR1 gene, forming circular RNA (circRNA) Cdr1as with more than
70 binding sites for miR-7 and one perfectly complementary site for miR-671 [26–28]. It
seems that Cdr1as binds miR-7s and serves as their reservoir, and their release is regulated
with miR-671, which causes cleavage of Cdr1as and liberation of miR-7s to exert their
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activities. Furthermore, Kleaveland et al. ( found miR-7 to be a member of a regulatory
network consisting of four ncRNAs: one long ncRNA, one circular and two microRNAs, in
the mouse cerebellum [29]. Cyrano is a long ncRNA, which pairs to miR-7 and triggers
its destruction. At the same time, this long ncRNA enables upregulation of circular
Cdr1as, otherwise downregulated by miR-7. miR-671 was found to be involved in Cdr1as
destruction.

Numerous long noncoding RNAs were found to bind to miR-7 and downregulate its
activities: LINC00115 and XIST in breast cancer [22,30], LINC00240 in lung cancer [31],
RSC1-AS1 in hepatocellular carcinoma, TINCR and Zing Finger Antisense 1 (ZFAS1) in
breast and colorectal cancer [32–34], LPP-AS2 in glioma cells [35], etc. LncRNA SOX21-AS1
influenced cervical cancer progression by inhibiting miR-7/VDAC1 (voltage-dependent
anion channel 1) [36]. lncRNA KCNQ1OT1 modulated cell resistance to chemotherapy [37],
and lncRNA FOXD2-AS1 was found to bind miR-7 in thyroid cancer, upregulating the
expression of hTERT [38]. lncRNA UCA1 downregulated miR-7, influencing the EGFR
axis in gastric cancer cells resistant to hypoxia [39]. Upregulation of long noncoding RNA
ANRIL caused by hypoxia modulated miR-7/SIRT1 axis and protected cells from cell
death [40]. lncRNA CASC21 influenced miR-7/YAP1 signaling in colorectal cancer [41],
and lncRNA Oip5-as1 in stem cells was found to modulate NANOG expression [42].

Several circular RNAs, besides ciRS, also regulate miR-7 and its downstream tar-
gets: circHIPK3 in colorectal cancer, circ-0015756 in hepatocellular carcinoma influencing
downstream FAK [43,44], hsa_circRNA_0006528 in breast cancer influencing proliferation
through MAPK/ERK pathway [45], circ-U2AF1 in gliomas influencing the expression of
NOVA 2 [46], circ-TFCP2L1 decreasing mir-7-PAK1 signaling [47], circAkap17b regulat-
ing FSH secretion in pituitary gland [48]. circSNCA, SNCA and miR-7 were found to be
regulated by endogenous competition and could influence the progression of Parkinson’s
disease [49].

Other types of RNA can also modulate miR-7 activity: 3′UTR Ube3a-1 mRNA [9] and
Small Nucleolar RNA Host Gene 15 (SNHG15) regulating Klf4 through miR-7 [50].

There are also several proteins, which influence miR-7 maturation. Wang et al. de-
scribed miR-7 regulation by protein quaking isoforms (QKI) [51]. The QKI proteins have
heteronuclear ribonucleoprotein particle K (hnRNPK) homology KH and belong to RNA
binding proteins. These proteins interact with a QKI response element sequence in introns
and mature mRNAs, and it was shown that nuclear isoforms QKI-5 and QKI-6 associated
with pri-miR-7-1 to prevent its processing. They were also found to interact with Ago2,
during stress conditions. Similarly, it was shown that miR-7 can be downregulated by NF90-
NF45 complex, through the binding of this double-stranded RNA-binding protein complex
to primary miR-7 [52]. miR-7, in turn, targeted the coding region of NF90 mRNA. Nerve
cells have a posttranscriptional regulation of miR-7 through the expression of Musashi
homolog 2 (MSI2) and Hu antigen R (HuR), miR processing inhibitors and tissue-specific
factors, regulating miR-7 expression and activity during neural differentiation [8]. A similar
regulation was found in human lung cancer cells as a response to TLR9 signaling [53]. In
addition, mechanisms of miR-7 targeted degradation linked with its 3′ end modifications
were recently discovered [54].

On the other side, SF2/ASF increases Drosha cleavage of primary miR-7 transcript
and promotes miR-7 maturation, and miR-7 in the feedback loop can decrease SF2/ASF
expression. This molecule does not only affect miR-7, but also other miRs, coordinating
their splicing regulation and gene repression [55] (Figure 1).
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Figure 1. Biogenesis of miRNA. miRNA are transcribed from their genes regulated by promoters. Primary or pri-miRNA is
several hundred base pairs long and has a form of a hairpin. It is processed by a microprocessor, a complex containing
Drosha enzyme which removes the stem of the structure. Such pre-miRNA is exported from the nucleus and further
cleaved by Dicer. miRNA duplex of 20–22 22 nt is produced. One strand of the duplex becomes the mature miRNA loaded
on RNA-induced silencing complex (RISC), containing Argonaute protein. miRNA targets mRNA complementary to its
sequence and directs it to degradation or inhibits translation, depending on the level of complementarity. Some of the
known signaling molecules regulating miR-7 expression are shown [1,8,18,23,26,31–51,55].

3. MiR-7 and Chromatin Regulation

miR-7 was found to regulate a number of genes involved in chromatin modulation. It
can downregulate histone methyl-transferase gene, SETDB1 in different types of cancer
cells [56,57], as well as TET2 and SMARCD1 [58,59]. It can also influence global cellular
expression through the regulation of master transcription factors, such as KLF4, and thus
impact the fate of cancer stem cells and human embryonic stem cells [60]. miR-7 is also
found in extracellular vesicles and besides the possibility to influence the fate of the cell
where it is expressed, it could also interfere with the biology of the cells to which it is
delivered [61].

4. MiR-7 in Nerve Cells and Glioblastoma

In brain development, a fine regulation of cell proliferation, cell differentiation and
regulation of symmetric and asymmetric division, as well as cell migration is necessary. It
seems that miR-7 has a role in fine-tuning of these processes, in general as a suppressor of
proliferation (Tables 1–4, Figure 2).
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Table 1. miR-7 target genes/proteins in proliferation.

Gene/Protein Cell Type Pathway Function Reference

EGFR

glioblastoma
schwanoma
lung cancer
melanoma

EGFR signaling inhibition of proliferation [11,12,62–64]

PIK3R3
PIK3CD

PI3K

glioblastoma
lung cancer

PI3K/Akt pathway
TLR9 pathway proliferation inhibition [65–68]

IRS-1, IRS-2
glioblastoma

tong squamous cell carcinoma
melanoma

PI3K/Akt pathway inhibition of proliferation
viability [62,69–71]

Raf1 glioblastoma EGFR signaling inhibition of proliferation [63,67,72,73]

FOS gastric cancer MAPK signaling inhibition of proliferation [74]

ARF4 glioblastoma MAPK signaling inhibition of proliferation [63]

mTOR
p70S6K
eIF4E

Mapkap1
Mknk1
Mknk2

glioblastoma
pancreas PI3K/Akt pathway proliferation inhibition [66,75]

MAP3K9 pancreatic cancer MAPK pathway inhibition of proliferation
and migration [76]

IGF-1R

gastric metastasis
glioma

tong squamous carcinoma
osteosarcoma

PI3K/Akt pathway
IGF1-Snail EMT

inhibition of migration
and survival [71,77–79]

TAL1 T acute lymphoblastic leukaemia proliferation inhibition of proliferation [80]

RELA gastric cancer
melanoma

NFkappa B
signaling inhibition of proliferation [74,81]

IKK eta gastric cancer NF kappa B regulation of proliferation [74]

Skp2
Psme ovary cells cell cycle regulation cell cycle arrest [82]

CCNE liver
hepatocellular carcinoma cell cycle inhibition of proliferation [83]

KLF4

epithelial
brain metastasis
endothelial cells

lung

stem cell regulation
proliferation

migration
angiogenesis

[84–86]

RECK reversion inducing
cysteine-rich protein with kazal

motifs
oral cancer metalloproteinase

inhibitor increase in proliferation [87]

ERF Ets2 transcriptional
repressor lung cancer MAPK pathway increase in proliferation [88]

CKS2 cyclin-dependent
kinase regulatory subunit 2 thyroid cancer cell cycle inhibition of proliferation [89]

TRIP6 thyroid receptor
interactor protein colorectal cancer proliferation inhibition of proliferation

and metastasis [90]

ALDJ1A3 breast cancer stem cell survival decrease in stem cell
survival [91]

CUL5 cullin5 hepatocellular ubiquitination and
protein degradation

inhibition of proliferation
cell cycle arrest [92]

TYRO3 colorectal cancer PI3K/Akt/mTOR inhibition of proliferation [93]
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Table 2. miR-7 target genes/proteins involved in migration.

Gene/Protein Cell Type Pathway Function Reference

PAK2
PAK1

lung carcinoma
thyroid cancer gliomas

tong squamous cell
carcinomaschwanoma

Rho kinase effector

inhibition of
proliferation, motility,

regulation of
cytoskeleton apoptosis

[11,63,67,69,71,94,95]

TBX2
T-Box2 glioblastoma differentiation, EMT inhibition of

invasiveness [96]

trefoil factor 3 glioblastoma PI3K/Akt pathway inhibition of migration [97]

cdc42 brain damaged Rho kinase inhibition of migration
and proliferation [98]

Ack1
associated cdc42 kinase

1
schwannoma Rho pathways

citoskeleton regulation inhibition of migration [11]

FAK
FAK (PTK2)

glioblastoma
breast cancer
colon cancer
lung cancer

citoskeleton regulation inhibition of migration
and proliferation [99–102]

NOVA2 lung carcinoma inhibition of migration [103]

LASP1 breast cancer [104]

SATB1 special AT rich
sequence binding

protein
glioblastoma inhibition of migration

and invasion [105]

Slug breast cancer EMT decrease in migration [30]

NFAT pancreas EMT inhibition of migration [106]

VE cadherin
Notch4

hepatocellular
carcinoma inhibition of migration [107]

KLF4
YY1

Non-Hodgin
lymphoma

inhibition of migration
and chemosensitivity [108]

Table 3. miR-7 target genes/proteins involved in apoptosis and protection from stress.

Gene/Protein Cell Type Pathway Function Reference

BCL-2 lung, liver apoptosis apoptosis [109]

XIAP

glioblastoma
cervical cancer

hepatocellular carcinoma
lung

apoptosis apoptosis [68,72,110]

SLC25A37
TIMM50 rhabdomyosarcoma mitochondria induction of cell death

?? [111]

REGγ

proteasome activator subunit breast cancer proteasome
inhibition of
proliferation

increase of apoptosis
[112]

NEIL Nei endonuclease
VIII-like 1 colorectal cancer inhibition of apoptosis,

proliferation

inhibition of
proliferation and

survival
[113]

UBE2A brain ubiquitination and
protein degradation

amyloid peptide
proteolysis [114]

YY1 glioblastoma
colon cancer

p53 pathway
cell cycle arrest
wnt signaling

resistance to alkylation [13,115]

148



Biomedicines 2021, 9, 325

Table 3. Cont.

Gene/Protein Cell Type Pathway Function Reference

1BRCA1 breast cancer DNA repair decrease in survival [104]

Sirtuin /Sirt1 neuroblastoma
regulation of

oxygen-glucose
deprivation

protection from
damage [116]

VDAC neuroblastoma
hepatocellular carcinoma

ion channel on
mitochondria;
ROS defense

protection from
oxidative stress [117,118]

KEAP1 neuroblastoma ROS defense protection from
oxidative stress [119]

HOXB3 breast cancer
retinal epithelial cells

glucose metabolism
PI3K/Akt/mTOR

reduction of high
glucose damage [120]

PARP1 lung cancer cells DNA repair decreased DNA repair
and survival [121]

REDD1 regulated in
development

and DNA damage response 1

cervical carcinoma cells
under hypoxia

DNA damage response hypoxamir
proliferation
modulation

[122]

SMARCD1 lung cancer cells chromatin regulator
p53 pathway

increased
chemoresistance [59]

XRCC2 colorectal cancer cells DNA repair proliferation inhibition,
induction of apoptosis [123]

Rad54L ovary cells DNA damage repair survival under cell
cycle arrest conditions [82]

REG1 regenerating
islet-derived protein pancreas response to glucose

starvation

inhibition of
proliferation,

apoptosis,
differentiation

[124]

MRP1/ABCC1 lung carcinoma multidrug resistance decreased survival [125]

NF90 tumor DNA repair DNA damage repair
inhibition [52]

Table 4. miR-7 target genes/proteins involved in differentiation and metabolic processes.

Gene/Protein CELL TYPE Pathway Function Reference

TLR4 brain inflammation downregulation of
inflammation [126]

FAM177A macrophages inflammation inhibition of cytokine
production [127]

NLRP3
Nod like receptor brain inflammation downregulation of

inflammation [128]

TET2 hematopoietic malignancies chromatin
modification [58]

SETDB1
SETD8 pancreas chromatin

regulation [56,57]

PAX6
brain

lung colon pancreas
embryonic stem cells

differentiation [5,129]

Gli3 brain
bladder cancer hedgehog differentiation [130,131]

FGFR4 liver protection from
injury stem cell proliferation [132]
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Table 4. Cont.

Gene/Protein CELL TYPE Pathway Function Reference

HoxD family brain differentiation [133]

TCF4 and TCF12 brain wnt pathway differentiation [134]

TCF7L2 brain wnt pathway [134]

SHANK3 brain differentiation [135]

ihog Hedgehog receptor drosophila eye hedgehog pathway differentiation [136]

CRY2 osteoblast CLOCK/BMAL/p300
pathway differentiation [137]

Yorkie drosophila wings Hippo pathway organ size [138]

G protein signalling 5 RGSS eye signaling [139]

PA28 gamma lung carcinoma proteasome inhibition of protein
degradation [140]

insulin receptor INSR
insulin receptor substrate 2 IRS-2
insulin-degrading enzyme IDE

brain regulation of
glucose metabolism insulin sensitivity [141]

TfR1 transferrin receptor 1 pancreatic and colon cells iron transport and
storage iron transport and storage [142]

beta arrestin 1 pancreatic beta cells regulation of insulin
secretion metabolism [143]

Sepp1b selenoprotein P brain synaptic function [144]

Prostaglandin F2 receptor
negative regulator PTGFR

Golgi glycoprotein 1
pituitary gland hormone regulation gonad development [145,146]

OGT, O-GlcNAcyl Transferase lung cancer O-GlcNAcylation metabolic reprogramming
migration [147]

CAMK2D
calponin smooth muscle cell calcification vascular calcification in

pulmonary hypertension [148]

enolase ENO2 nasopharyngeal carcinoma glycolysis metabolism
radioresistance [149]

Lactat dehydrogenase A gastric cancer glycolysis metabolism [150]

Raf1 pituitary gland production of
prolactin development [151]

KLF4 myoblasts differentiation and
proliferation

inhibition of
differentiation and

proliferation
[152]

Follicle stimulating hormone
FSH pituitary gland metabolism inhibition of production [48]

alpha-Synuclein brain; Parkinson disease neuron function and
survival inhibition of production [153]

It has spatiotemporal-dependent expression and regulation [28], and it is found in
discrete brain regions [3]. It can also have specific subcellular localization, different in the
cell body and neurites. One example is miR-7 role in dopaminergic neuron differentiation
by fine-tuning Pax6 expression [5]. miR-7 also regulates other neural fate markers, elements
of the Wnt pathway, interferes with Hedgehog and Notch signaling and takes part in
the differentiation process [134]. miR-7 regulates both, specific nerve functions (such as
synaptic [144]) and master regulators (such as HoxD family members). It is detected as one
of the miRNAs forming “miR signature” in neural stem and neural cancer stem cells [154],
which is in accordance with its role in differentiation and proliferation. Interestingly, miR-7
is 40 times more abundant in neurons than in astrocytes (Table 1).

Besides influencing cell differentiation, and thus indirectly interfering with it, miR-7
can also directly inhibit cell proliferation (Figure 2). In glioblastoma and neuroblastoma
miR-7 was found to be downregulated compared to normal tissue, indicating its role as
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a tumor suppressor [11,62]. The functions of miR-7 in glioblastomas are mainly linked
to its influence on cell proliferation, differentiation, apoptosis and migration. Although
some glioblastoma cells can be refractory to miR-7 expression, its downregulation is often
found in nerve cell tumors. Saydam et al. found its downregulation to be the typical miR
schwannoma characteristic signature [11].

Figure 2. Effects of miR-7 on the process of carcinogenesis in different types of cancer. blue: tumor suppressor’s activities;
red: activities as oncomirs.

One of the first detected and most investigated targets of miR-7 is Epidermal growth
factor receptor, EGFR, whose protein expression is decreased by miR activity. EGFR is
linked to several important proliferation-inducing pathways, such as PI3K/Akt and MAPK
and their downregulation leads to decreased activation of the Akt and ERK1/2. Kefas
found that miR-7 directly regulates EGFR expression [62].

miR-7 targets are also several other proteins involved in downstream signaling. In
the PI3K/Akt pathway, these are Akt pathway regulators IRS-1 and IRS-2, PI3K subunits
(PIK3R3 and PIK3CD), mTOR [66], and PAK1 (p21/Cdc42/Rac1-activated kinase) [67,155].
The latter is potentially involved not only in oncogenic signaling through EGFR/Akt, but
also in motility, regulation of cytoskeleton and apoptosis [63]. On the MAPK pathway,
miR-7 influences Raf1 and ARF4 (ADP-ribosylation factor 4) expression, which modulates
activation of phospholipase D2 (PLD2) and downstream activation of AP-1 [67,155]. Web-
ster et al. found its influence on JNK and CAMK pathways [63]. In addition, Duex et al.
found miR-7 to be involved in the signaling loop with EGFR through Usp18 (Ubp43), a
ubiquitin-specific peptidase, whose downregulation elevates miR-7 levels [19].

miR-7 is also involved in the regulation of cell survival [67,84] as it downregulates
pro-survival proteins IRS-1, IGF-1R, PAK1, and Raf-1 and leads to the reduction in cell
viability. Zhang X et al. found that the expression pattern of miR-7 correlates with the
glioblastoma cells’ sensitivity to apoptosis induced by TRAIL, a TNF family member [110].
XIAP, an apoptosis inhibitor, was detected as a direct miR-7 target (Tables 1–3).

In another experimental setting, Kabaria et al. found that miR-7 targeted 3’UTR of
Keap1 in human neuroblastoma cells [119]. Keap1 takes part in the regulation of Nrf2,
a transcription factor involved in the expression of many antioxidant and detoxifying
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genes in reactive oxygen species (ROS) defense. miR-7, therefore, participated in cellular
protection from oxidative stress. In neuroblastoma cells, Sirtuin (Sirt 1) was found to
be a direct target of miR-7, and a link to the regulation of oxygen-glucose deprivation
and cerebral injury [116]. It was found that miR-7 can target VDAC1, voltage-dependent
anion channel, a part of the mitochondrial permeability transition pore, leading to the
decrease in the intracellular ROS and protection against mitochondrial dysfunction and
cytotoxicity [117]. Jia et al. compared RNA expression in glioblastoma cell lines differently
sensitive on alkylation DNA damage and found miR-7 to be downregulated in the resistant
cells [115]. They showed that miR-7 upregulation increased the cell sensitivity to alkylation.
As a direct target, transcription factor YY1 was identified. However, it is also possible
that in glioblastoma cell lines cell-specific regulation exists and that not all cell lines are
responsive to miR-7 expression [8,156].

miR-7 also targets the expression of proteins involved in migration and metastasis [99].
Increased expression of miR-7 inhibited migration and invasion through downregulation of
MMP-2, MMP-9 and FAK, a kinase involved in motility. Different targets were found to link
miR-7 to actin cytoskeleton: Rho GTPases, Ack1 and PAK. In addition, in glioblastoma its
target was a special AT-rich sequence binding protein 1 (SATB1), a protein able to promote
migration and invasion [105].

Pan CM et al. found miR-7 to target TBX2 mRNA, and due to miR-7 downregulation
in glioblastomas, TBX2 is increased [96]. Its high expression correlated with poor prognosis
and higher invasivity of glioblastoma cells, EMT features and pulmonary metastasis. TBX2
is involved in the developmental processes and morphogenesis of different organs. It
represses E-cadherin and increases the invasiveness of breast cancer cells. miR-7 also influ-
enced TFF3, a signaling molecule downstream of PI3K/Akt pathway. Its downregulation
decreased migration and invasion. This process can be reversed by a glioblastoma cell
treatment with a glycolytic inhibitor which reduces the expression of miR-7 [97].

5. MiR-7 Role in Gastrointestinal Tumours

In gastric cancer (GC) patients, miR-7 deregulation consequently leads to increased
cell proliferation, tumorigenesis and poor survival. In gastric cancer cells, besides targeting
the EGFR pathway, miR-7 targets the IGF1R and downstream RELA and FOS [77]. miR-7
indirectly influences RELA activation, through targeting IKKeta. Through the feedback
circuit, the NF-kappaB pathway regulates the miR-7 expression. In addition, miR-7 can
downregulate the IGF1R-Snail pathway, which is involved in epithelial-mesenchymal tran-
sition [74,77]. Similar pathways were influenced in tongue squamous cell carcinoma [71].
Recently it was found that miR-7 could target lactate dehydrogenase A (LDH-A) in gastric
cancer cells, so its downregulation can influence glycolysis, cell proliferation and sensitivity
to chemotherapy [150].

In oral squamous cell carcinoma cells miR-7 regulated the expression of RECK, which
acts as a metalloproteinase inhibitor and can suppress cell proliferation and migration.
Therefore, miR-7 acted as an oncogene, and RECK inhibition was associated with poor
prognosis and aggressiveness of tumors [87] (Figure 2).

miR-7 has also been reported to target a specific set of genes in the liver. Some of
them code for proteins involved in cell cycle and apoptosis regulation, such as CCNE1 [83],
Bcl-2 and XIAP. In hepatocellular carcinoma cells miR-7 directly regulates CUL5, influ-
encing cell proliferation and inducing cell cycle arrest [92]. As miR-7 targets Notch3, its
downregulation leads to Notch signaling activation in the same type of cancer cells [157].
Besides Notch3, Notch4 and VE cadherin were also found to be miR-7 targets [107]. miR-7
also downregulates VDAC1 in hepatocellular carcinoma and influences proliferation and
migration [118], as well as the fibroblast growth factor receptor FGFR4, a key molecule
for liver protection from chronic injury. In the conditions of increased fibrosis miR-7 was
found to be upregulated and promoted HSC proliferation and activation as a consequence
of FGFR4 downregulation [132].
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miR-7 is involved in the differentiation of pancreatic endocrine cells [6]. In pancreatic
carcinoma, miR-7 can suppress NFAT. This transcription factor can regulate epithelial-
mesenchymal transition and act as an oncogene in pancreatic carcinoma cells [106]. Down-
ing et al. found miR-7 to directly target REG1, a protein that increases proliferation and
influences apoptosis and differentiation of pancreatic cells [124]. miR-7 was found to sup-
press SOX18 and to influence the gp130/JAK2/STAT3 pathway. Wang et al. found miR-7
to target members of the mTOR signaling pathway (p70S6K, eIF4E, Mapkap1, Mknk1 and
MknK2) [75], influencing cell proliferation, as well as MAP3K9 [76]. In addition, miR-7
targets also SET8, a histone methyltransferase, thus potentially influencing the expression
of a number of downstream genes [56] (Table 4).

In colon cancer cells miR-7 also suppresses proliferation, increases apoptosis and
causes cell-cycle arrest, by targeting YY1 and by influencing downstream p53, caspases
and c-jun, as well as wnt signaling (through beta-catenin, survivin and FGF4) [13]. Neil,
an endonuclease that inhibits apoptosis and increases cell survival and proliferation was
found to be regulated by miR7 [113].

Other targets are TYRO3, influencing PI3K/Akt/mTOR pathway [93], TRIP6 which
regulates proliferation and metastases [90], FAK [101] and XRCC2, a gene involved in
homologous recombination repair pathway [123].

6. MiR-7 Roles in Lung Cancer

Promoter mutation of miR-7 was found to be associated with a poor prognosis of
lung cancer [12]. The main targets released from miR-7 downregulation are those of EGFR
and PIK3/Akt pathways, apoptosis inhibitors [109], and proteins involved in migration,
FAK, PAK2 and NOVA2 [12,72,94,102,103]. PIK3/Akt signaling also connects TLR9 and
miR-7 regulation [65]. However, Chou found that miR-7 could act as an oncomir in lung
tumorigenesis [88]. EGFR, through the Ras/ERK/Myc pathway, increased the production
of miR-7-1, which targets ERF, a transcriptional repressor. Therefore, in carcinoma sam-
ples, a positive correlation between EGFR and miR-7 expression was found, and miR-7
increased cell proliferation and tumor volume. Another example of oncogene activity
was miR-7 modulation of the MYC pathway, in a positive feedback loop. The miRNA
target is AMBRA1, an important regulator of early autophagy and a mediator in MYC
dephosphorylation [158].

Hong et al. identified SMARCD1, a chromatin remodeling protein, to be a direct target
of miR-7 in lung cancer cells [59]. They concluded that miR-7 influences the coupling of
SMARCD1 with p53, which leads to an increased chemoresistance of lung cancer cells.
miR-7 also downregulates PARP1, thus influencing DNA homologous recombination repair
and survival after Adriamycin treatment of small cell lung cancer cells [121]. Furthermore,
miR-7 modulates chemoresistance by targeting the multidrug resistance-associated protein
MRP1/ABCC1 [125].

In addition to that, miR-7 was found to target several proteins linked to protein
degradation as PA28gamma, a proteasome activator, targeted in non-small cell lung
carcinoma [140]. O-GlcNAcyl Transferase (OGT), an enzyme involved in O-linked N-
acetylglucosaminylation and contributing to cancer phenotype, is regulated by miR-7 [147].
In nasopharyngeal carcinoma cells, miR-7 was found to regulate the expression of enolase,
ENO2, and therefore its downregulation can influence cell glycolysis [149].

7. MiR-7 Roles in Melanoma and Skin Cancer

Similarly to its role in other tissues, in melanoma cells, miR-7 takes part in the sup-
pression of proliferation. However, as melanoma cells are not typically EGFR-driven, Giles
et al. found miR-7 to target RelA and thus inhibit NF-κB activity and its downstream genes,
such as IL-1β, IL-6 and IL-8 [70]. The analysis of melanoma patient samples revealed a
correlation between RelA expression and poor survival.

On the contrary, Meza-Sosa et al. found KLF4 to be a miR-7 direct target in epithelial
cells, and miR-7 overexpression in lung and skin epithelial cells enhanced cell proliferation,
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migration and tumorigenesis [84]. Tumors with an increased miR-7 had a decreased
p21 and cyclin D. In thyroid papillary cancer, miR-7 targeted CKS2, a cyclin-dependent
kinase regulator, and downstream cyclin B1 and cdk1 [89]. As a target, also PAK1 was
detected [95].

It has been shown that in the cancer-associated fibroblasts of head and neck cancers,
overexpression of miR-7 downregulates RSSF2, a proapoptotic molecule influencing prolif-
eration and migration, and decreases the secretion of a tumor suppressor PAR-4 (prostate
apoptosis response 4) [159]. In the human ocular tissue, miR-7 targets RGS5, a regulator of
G protein signaling [139].

8. MiR-7 Roles in Breast, Prostate and Ovarian Cancer

In breast cancer miR-7 inhibits the metastases and influences epithelial-mesenchymal
transition by targeting FAK, a kinase that acts as a mediator in ECM-integrin signaling [100].
Overexpression of miR-7 induces an increase in E cadherin and downregulation of mes-
enchymal proteins, suppresses proliferation, anchorage-independent growth, migration
and invasion, as well as anchorage-independent growth in matrigel. The level of miR-7
is associated with the aggressiveness of estrogen receptor-positive breast tumors [160].
It also targets proteasome activator subunit 3 (REGγ) and contributes to the decrease
in the cancer stem cell population survival, proliferation and migration [30,91,112,161].
Several miR-7 targets influence chemotherapy resistance, such as members of EGFR/PI3K
signaling, BRCA1, LASP1, BCL-2 and MRP1 [104,162,163]. Okuda et al. (2013) found that
miR-7 suppresses the ability of breast cancer stem cells to metastasize to the brain [85].
The correlation was found with miR-7 modulation of KLF4 expression, involved in stem
cell biology. In addition, in a breast cancer cell line miR-7 was also found to be in regula-
tion circuit with HOXD10, and, together with miR-218, to downregulate HoxB3 [69,120].
These changes were further connected with increased activity of other tumor suppressors,
RASSF1A and Claudin-6 through epigenetic regulation, leading to cell cycle inhibition.
Seong et al. found miR-7 to target REDD1, a negative regulator of mTOR signaling in the
stress conditions [122]. miR-7 was therefore assigned to so-called hypoxamirs, miRNAs
involved in hypoxic response. In HeLa cells, hypoxia caused downregulation of miR-7, in
order to increase REDD1 level and inhibit mTOR signaling. In prostate cancer, it was found
that miR-7 can regulate the expression of AXL, a receptor tyrosine kinase, associated with
tumorigenesis, inhibition of apoptosis and EMT, often deregulated in different types of
carcinomas [164]. miR-7 also inhibited the stemness of prostate stem cancer cells through
repression of KLF4 and PI3K/Akt/p21 downstream pathway [165].

miR-7 overexpression in hamster ovary cell line CHO decreased the cell proliferation,
without influencing viability. Transient transfection of CHO led to upregulation of nearly
200 genes and downregulation of around 350 genes. The pathways involved included
translation, RNA and DNA processing, secretion and protein folding. miR-7 has been
found to target regulators of G1-S transition, Skp2 and Psme, to upregulate p27KIP and
arrest the cells in the G1 phase. Furthermore, it was found that miR-7 coordinately changes
the levels of many genes in order to maintain homeostasis under the arrest conditions. It
regulates Rad54L, a DNA repair protein, and influences the proapoptotic regulator p53 and
the antiapoptotic Akt pathway to insure cell survival [82,166].

In testicular germ cell tumors, miR-7 was found to be one of the four hub miRNAs in
regulatory networks of nonseminoma tumors [167].

In addition, expression of miR-7 was found increased in renal cell carcinomas in
comparison with normal tissue, suggesting its activities as an oncogene [168].

9. MiR-7 Roles in Mesenchymal Tissue and Tumours

In osteosarcoma miR-7 influences IGF1R, and in paediatric rhabdomyosarcomas
targets SLC25A37 and TIMM50, two mitochondrial proteins, important for the induction of
cell death [79,111]. In osteosarcomas, miR-7 is supposed to be a regulating link between
Linc00852 lncRNA, and AXL, a tyrosine kinase involved in tumor growth [169].
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10. MiR-7 Roles in Leukaemia

miR-7 had a low expression in haematopoietic cells and in B-chronic lymphocytic
leukaemia (Antica et al. unpublished results). In chronic myeloid leukaemia, it was found
to interfere with Bcr/Abl signaling [170]. A higher expression of miR-7 was found in acute
lymphocytic leukaemia (ALL) patients with CNS relapse compared to those without [171].
In B cell lymphoma it was found to be regulated by c-Myc [172]. In T-cell acute lymphocytic
leukaemia (T-ALL), upregulation of long noncoding RNA ANRIL caused miR-7 sponging,
binding multiple tandem miRNAs through response elements binding seed sequences, in
order to sequester them from their target sequences. Consequently, TCF4, a miR-7 direct
target, is upregulated and is involved in the disease progression [173]. In T-ALL, miR-7 was
found to bind to TAL1, coding for T-cell acute lymphocytic leukaemia protein. In T-ALL,
expression of miR-7 is often attenuated, while TAL1 expression is increased and solicitates
cell proliferation [80]. In Non-Hodgkin lymphoma cells, miR-7 regulates migration and
chemoresistance through KLF4 and YY1 [108] and miR-7 downregulation can increase
the aggressiveness of follicular lymphoma by FasL upregulation in macrophages which
modulate immunosuppressive stroma [174].

11. Conclusions

miR-7 is one of the most conserved and oldest miRs, and is engaged in numerous
signaling circuits involved in differentiation, regulation of proliferation, apoptosis and
migration. It targets numerous mRNAs depending on the intracellular milieu and is also
regulated by different transcription factors and molecules involved in its processing and
degradation. It was suggested that its role could be to buffer cellular processes under stress
conditions and to coordinate cell proliferation with other functions. This could be the reason
for its involvement in numerous diseases. In most tumors its expression is downregulated,
as its dominant activity is tumor suppression by inhibition of cell proliferation and survival.
In some cancer types, it acts as an oncomir, stressing the importance of nuances of signaling
circuits in which it is involved. We believe that numerous functions in the maintenance of
cell homeostasis and cell fate determination are still to be discovered.
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Abstract: The advent of precision therapies against specific gene alterations characterizing different
neoplasms is revolutionizing the oncology field, opening novel treatment scenarios. However, the
onset of resistance mechanisms put in place by the tumor is increasingly emerging, making the
use of these drugs ineffective over time. Therefore, the search for indicators that can monitor the
development of resistance mechanisms and above all ways to overcome it, is increasingly important.
In this scenario, microRNAs are ideal candidate biomarkers, being crucial post-transcriptional
regulators of gene expression with a well-known role in mediating mechanisms of drug resistance.
Moreover, as microRNAs are stable molecules, easily detectable in tissues and biofluids, they are the
ideal candidate biomarker to identify patients with primary resistance to a specific targeted therapy
and those who have developed acquired resistance. The aim of this review is to summarize the
major studies that have investigated the role of microRNAs as mediators of resistance to targeted
therapies currently in use in gastro-intestinal neoplasms, namely anti-EGFR, anti-HER2 and anti-
VEGF antibodies, small-molecule tyrosine kinase inhibitors and immune checkpoint inhibitors. For
every microRNA and microRNA signature analyzed, the putative mechanisms underlying drug
resistance were outlined and the potential to be translated in clinical practice was evaluated.

Keywords: microRNAs; GI cancers; targeted therapy; drug resistance

1. Introduction

The number of druggable tumor-specific molecular alterations has grown substantially
in the past decade and a great survival benefit has been obtained from genomic-driven
therapies across many cancer types. However, while molecularly targeted drugs offer
a significantly higher response rate than traditional chemotherapy in diseases such as
melanoma and non-small cell lung cancer, they have shown relatively modest clinical
benefits in gastrointestinal (GI) malignancies [1]. The “one gene, one drug” approach of
precision oncology clashes with the reality of the extremely complex molecular landscape
of most solid tumors. A crucial aspect towards a successful development and applica-
tion of targeted therapies is the understanding of resistance mechanisms that limit their
effectiveness [1].

Primary or intrinsic resistance is defined as radiographic or clinical disease progression
as the best response to an anticancer therapy and implies the pre-existence of resistance-
mediating factors within the tumor [2].
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Secondary or acquired resistance is defined as therapeutic resistance after an initial
period of disease stabilization or response, and be can caused by mutations arising during
treatment, as well as through various adaptative mechanisms [3].

A wide range of biological determinants have been associated with drug resistance
to targeted therapies; these include the presence of undruggable genomic drivers, the
mutation of drug targets, the activation of survival signaling pathways, and the inactivation
of downstream death signaling pathways. The tumor microenvironment may also mediate
resistance by numerous mechanisms, including: promoting immune evasion of cancer
cells, hampering drug absorption and stimulating paracrine cancer cell growth factors. The
epithelial–mesenchymal transition (EMT) process and the presence of tumor stem cells
have also been identified as causes of drug resistance. Furthermore, the coexistence of
genetically and molecularly heterogeneous subclones within the bulk solid tumor may
substantially fuel resistance under therapeutic selective pressure [2,4,5].

The purpose of this review is to elucidate the role of microRNAs (miRNAs) as media-
tors of resistance to targeted therapies in GI tumors.

2. MicroRNAs and Drug Resistance

MiRNAs are a group of short non-coding RNA transcripts (18–22 nucleotides) that
control gene expression at the post-transcriptional level, thus regulating several pathways
involved in the maintenance of cell homeostasis. In most cases, they act by binding to
the 3′-untranslated region (3′-UTR) of their target messenger RNAs (mRNAs), which
results in mRNA silencing or degradation and subsequent post-translational degradation
or down-modulation of proteins [6,7].

Numerous studies have demonstrated that miRNAs are heavily dysregulated in
cancer and in certain conditions they may function as oncogenes or tumor suppressor
genes. Hence, microRNAs have been identified as potential diagnostic, prognostic and
predictive biomarkers for patient stratification in oncology [8,9]. Particularly, miRNAs have
been found to act as mediators of drug resistance through various cellular and molecular
mechanisms, which are related to: apoptosis, cell cycle modification, alteration in drug
targets, regulation of drug efflux transporters, epithelial-mesenchymal transition (EMT)
and cancer stem cells [10–12] (Figure 1).

 
Figure 1. MiRNAs and mechanisms of resistance to targeted therapies in GI tumors. Credits to
BioRender.com, accessed date 18 March 2021.
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In light of their high stability in tissues and bodily fluids (i.e., plasma and urine),
miRNAs are ideal candidates to monitor cancer treatment resistance. In fact, miRNAs
are not only present within cells, but are also actively secreted from cells, and included
in RNA-binding multiprotein complexes and/or exosomes [13]. In the context of liquid
biopsies, analysis of miRNA expression patterns represents a promising tool to perform
non-invasive longitudinal tracking of drug sensitivity over time [14,15].

When referring to GI malignancies, the role of miRNAs as predictors of resistance
to chemotherapy has been extensively studied [16–18], while further research is needed
to gain a better understanding of the complex interplay between miRNA expression and
resistance to targeted therapy. Furthermore, many studies have documented the change in
miRNA expression profiles following radiotherapy, so that miRNAs could prove useful in
modulating radioresponsitivity at the clinical level [19].

With regard to future perspectives, playing such an important role in carcinogenesis,
miRNAs have also been proposed and tested as a therapeutic option. In cancer, in order to
increase the level of a tumor suppressor miRNA, whose level is downregulated, miRNA
mimics can be used to re-establish normal expression and function of a certain miRNA of
interest. On the other hand, antagomiRs can be used to suppress the function of a specific
oncomiRNA that play a role in the development and progression of the neoplasm. However,
while many studies have attempted to evaluate the consequences of the manipulation
of these molecules with the purpose to support findings from in vitro or in vivo models,
only a few miRNA targeted drugs have entered clinical trials because of a few important
limitations, such as dosage and cross-reactions with other miRNAs [20].

3. Anti-EGFR

Epidermal growth factor receptors (EGFRs) are a large family of receptor tyrosine
kinases expressed in several types of cancer and are responsible for the activation of a
downstream signaling cascade that modulates growth, signaling, differentiation, adhesion,
migration and survival of cancer cells [21].

Targeting EGFR has been revealed to be a successful strategy in metastatic colorectal
cancer (mCRC). Cetuximab and panitumumab are the two anti-EGFR antibodies currently
in use for mCRC [22]. Anti-EGFR antibodies act by binding the extra-cellular domain of
EGFR, thereby preventing ligand binding and blocking the downstream signaling pathway.
Furthermore, they induce receptor internalization and degradation [23], and are responsible
for antibody-dependent cellular cytotoxicity [24].

In patients with metastatic disease, anti-EFGR monoclonal antibodies have shown
a clinically significant response when given in monotherapy or in combination with
chemotherapy [25,26]. However, drug resistance frequently arises. Many genomic and non-
genomic mechanisms underlie resistance to anti-EGFR therapy. Particularly, a plethora of
overlapping de novo and acquired genetic alterations have been identified, such as KRAS,
NRAS, BRAF, PIK3C, and EFGR mutations and MET and ERBB2 amplifications [27,28].

Let-7. KRAS mutations are the major predictors of resistance to EGFR inhibitors and
are routinely screened in mCRCs [29]. In this regard, members of the Lethal-7 (Let-7)
family of miRNAs have been found to display KRAS downregulating activity by binding
to specific sites in the 3′-UTR of KRAS mRNA [30]. Ruzzo et al. measured the expression
of let-7 in formalin-fixed paraffin-embedded (FFPE) tumor samples of mCRC patients
who underwent third-line therapy with cetuximab plus irinotecan. The findings of this
study revealed that higher levels of let-7 were significantly associated with better sur-
vival outcome in patients, regardless of KRAS mutational status. In patients with KRAS
mutations, let-7 may serve to identify a subpopulation of responders to anti-EGFR ther-
apy [31]. Furthermore, Cappuzzo et al. found that the high-intensity signature of the
cluster Let-7c/miR-99a/miR-125b is associated with a favorable response to cetuximab
and panitumumab in KRAS wild-type mCRC patients [32].

MiR-31-5p/miR-31-3p. The predictive role of miR-31-5p and miR-31-3p has been inves-
tigated in several studies. In a study which included an exploratory cohort and a validation
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cohort, of the 9 miRNAs analyzed in FFPE tumor samples of both cetuximab responders
and non-responders, miRNA-31-3p and miRNA-31-5p were found to be strongly associated
with time to progress (TTP) in wild-type RAS patients treated with cetuximab [33]. In
another study it was further discovered that high miR-31-5p expression was associated
with shorter progression-free survival (PFS) in mCRC patients treated with anti-EGFR
therapy [34]. Furthermore, Manceau et al., after screening 1145 miRNAs on a large cohort
of wild-type RAS mCRC patients, identified miR-31-3p as a promising predictive biomarker
of response to anti-EGFR antibodies [35].

MiR-10/miR-125b. MiR-10 and miR-125b are generated by the long non-coding RNA
(lncRNA) MIR100HG, and decrease the expression of five negative regulators of the Wnt/β-
catenin pathways, resulting in increased Wnt signaling, which is a hallmark of colorectal
carcinogenesis. It was demonstrated that the overexpression of lncRNA MIR100HG and
the two embedded miRNAs was associated with cetuximab resistance in tumors derived
from CRC patients and in vitro 3-D cell culture models [36].

MiR-181a. MiR-181a has a strong tumor-promoting effect via inhibition of the tumor
suppressor factor Wnt Inhibitory factor 1 (WIF-1) and stimulates tumor growth, cell motility
and invasion. Pichler et al. analyzed the expression of miR-181a in FFPE tumor samples of
a cohort of patients with KRAS wild-type mCRC, undergoing cetuximab and panitumumab
treatment. The findings of the study highlighted the potential predictive role of miR-181a,
as high levels of this miRNA were associated with a longer PFS [37].

MiR-345. According to the results of a study by Schou and colleagues, high levels of
miR-345 in whole blood correlated with a lack of response to therapy in patients treated
with third-line cetuximab and irinotecan [38]. In the context of liquid biopsy, miR-345
appears to be a valid candidate biomarker of sensitivity to anti-EGFR therapy.

MiR-199a/miR-375. Mussnich et al. performed miRNA expression profiling of human
CRC cell lines sensitive to cetuximab and of their resistant counterparts. Among the
investigated miRNAs, miR-199a and miR-375 were found to be overexpressed in resistant
cells and their upregulation promoted cetuximab resistance. MiR-199a and miR-375 both
target PH Domain And Leucine Rich Repeat Protein Phosphatase 1 (PHLPP1), which acts
as a tumor suppressor by downregulating the Akt oncogenic pathway [39].

MiR-302. In a recent study, downregulation of miR-302a was observed in cetuximab-
resistant CRC cells as well as in patient-derived xenografts. Furthermore, miR-302a over-
expression restored cetuximab responsiveness in CRC cell lines both in vitro and in vivo.
MiR-302a has been found to act as a tumor suppressor by targeting NFIB (Nuclear factor 1
B-type) and downregulating the NFIB/ITGA6 axis, which is responsible for cell migration
and invasion in the metastatic process [40].

MiR-141-3p. The findings of a study by Xing and colleagues indicated that miR-
141-3p might be a predictor of response to cetuximab. In CRC cell cultures, miR-141-3p
regulated cetuximab sensitivity by directly targeting EGFR and its downstream cascade.
Moreover, miR-141-3p improved cetuximab-induced apoptosis in CRC cells, proving to
have a tumor-suppressing function [41].

4. Anti-VEGF

Vascular endothelial growth factor (VEGF) promotes tumor angiogenesis through
several mechanisms, including enhanced endothelial cell proliferation, survival and mi-
gration, chemotaxis of bone-marrow-derived progenitor cells, vascular permeability, and
vasodilation. VEGF ligand acts by binding the VEGF receptor (VEGFR) with tyrosine
kinase activity, which activates a network of downstream signaling pathways, responsible
for mediating numerous changes within the tumor vasculature. Several strategies have
been put in place to inhibit the VEGF pathway, including monoclonal antibodies blocking
VEGF or VEGFR, soluble VEGF receptors, and tyrosine kinase inhibitors selective for
VEGFRs [42].

Bevacizumab is a monoclonal antibody directed against VEGF and has been approved
in combination with cytotoxic chemotherapy as first or second-line therapy in mCRC, after
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several randomized clinical trials had shown improvements in overall survival [43–45].
The VEGF decoy receptor aflibercept has also recently been introduced in clinical practice
as second-line therapy in mCRC [46].

In the context of gastro-esophageal malignancies, the anti-VEGFR2 antibody ramu-
cirumab is currently licensed for clinical use in combination with cytotoxic chemotherapy
for chemo-refractory metastatic disease [47,48]. Sunitinib and sorafenib are multi-tyrosine
kinase inhibitors (TKIs), which target a wide spectrum of pathways involved in tumor
growth, including VEGF/VEGFR, and are in use in GI precision oncology.

However, the VEGF pathway inhibitors are failing to provide a durable response
in most patients. The activation of alternative angiogenic “escape” pathways is a major
contributor to drug resistance and may induce tumor growth, enhancement of invasion
and metastasis [49]. A few preliminary studies have been carried out to elucidate the role
of miRNAs as mediators of resistance to bevacizumab, however there is still no evidence
regarding ramucirumab or aflibercept.

MiR-126. MiR-126 acts by enhancing the proangiogenic actions of VEGF and promotes
blood vessel formation and survival [50]. MiR-126-containing micro-vesicles originate
from endothelial cells and fuse with the membrane of neighboring cells, thus promoting
angiogenesis in a paracrine manner. A negative relationship exists between levels of
circulating miR-126 and their response to bevacizumab. Increasing plasma levels of miR-
126 are associated with resistance to bevacizumab, while lower levels indicate treatment
response. As miR-126 is representative of endothelial cell turn-over, its circulating levels
could help perform non-invasive monitoring of bevacizumab resistance.

MiR-664-3p/miR-455-5p. The predictive role of miR-664-3p and miR-455-5p has been
evaluated in a study by Boisen et al. Higher miR-664-3p and lower miR-455-5p expression
evaluated in FFPE tumor samples was found to be associated with an improved outcome
in the cohorts of patients treated with bevacizumab and chemotherapy, in comparison
with the cohort treated with chemotherapy only. Therefore, miR-664-3p, with its putative
tumor suppressor role, and miR-455-5p, with its putative oncogenic role, could represent
potential predictive tissue biomarkers of bevacizumab effectiveness [51].

MiR-20b-5p/miR-29b-3p/miR-155-5p. According to the results of a study by Ulivi and
colleagues, higher circulating levels of miR-20b-5p, miR-29b-3p and miR-155-5p are associ-
ated with a better outcome in mCRC patients treated with a combination of bevacizumab
and chemotherapy. Furthermore, the variation in plasma levels of miR-155-5p could also
be indicative of patient survival. In line with these findings, previous studies have found
that miR-20b, miR-29b and miR-155-5p play a role in regulating tumor angiogenesis [52].
MiR-29b acts as a tumor suppressor through simultaneously inhibiting angiogenesis and
tumorigenesis by targeting Akt3 [53]. Although little information is available on its involve-
ment in the tumor angiogenic process, miR-20 has been found to regulate proliferation and
senescence in endothelial cells [54]. MiR-155 contributes to controlling hypoxia-inducible
factor (HIF-1α) and promotes angiogenesis under hypoxia condition [55].

5. Anti-HER2

HER2 belongs to the EGFR tyrosine kinase family. It is localized in the cell mem-
brane and when activated initiates intracellular downstream signaling involved in diverse
biological processes related to cancer, such as proliferation, migration and apoptosis [56].

Overexpression of HER2 has been detected in 11–20% of gastric and gastroesophageal
junction (GEJ) cancers [57–60]. Trastuzumab is an anti-HER2 antibody that acts by blocking
the activity of the HER2 receptor and weakening the downstream signaling [61].

In 2010, the results of the Trastuzumab for Gastric cancer (ToGA) trial displayed how
a combination of trastuzumab and chemotherapy was able to prolong the overall survival
compared to chemotherapy alone in gastric cancer patients with HER2 overexpression.
Thus, trastuzumab in combination with chemotherapy has been approved as the standard
first-line treatment of advanced gastric or GEJ cancer with HER2 overexpression/ERBB2
amplification [62]. However, only a fraction of the patients has been found to respond
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to trastuzumab, and even those who achieved an initial therapeutic response developed
resistance within 7 months [63].

MiR-21. It has been found that trastuzumab activates phosphatase and tensin homolog
(PTEN) phosphatase, thus decreasing PTEN tyrosine phosphorylation, via inhibition of
HER2 receptor bound Src. Reduced PTEN expression could predict trastuzumab resis-
tance [64]. According to the results of a study by Eto et al., overexpression of miR-21
downregulates PTEN and increases the phosphorylation of PTEN downstream target Akt
in HER2-positive gastric cancer (GC) cell lines, thus resulting in decreased sensitivity to
trastuzumab-induced apoptosis. The opposite effect in PTEN and p-Akt was observed
after miR-21 suppression, which instead restored resistance to trastuzumab. These findings
suggest that the miR-21/PTEN pathway might play a critical role in regulating trastuzumab
resistance of GC cells via modulating apoptosis [65].

MiR-223. F-box and WD repeat domain-containing 7 (FBXW7) is the substrate recogni-
tion component of an evolutionarily conserved ubiquitin ligase complex, which appears to
have an important role in controlling the stability of several oncoprotein substrates, includ-
ing cyclin E, c-Myc, Notch, c-Jun, mammalian target of rapamycin (mTOR) and Myeloid
Cell Leukemia 1 (MCL1) [66]. Upregulation of miR-223 decreased FBXW7 expression
and subsequently reduced the sensitivity of HER2-positive GC cell lines to trastuzumab,
thereby acting as an oncomiR and suppressing trastuzumab-induced apoptosis. On the
contrary, downregulation of miR-223 restored FBXW7 expression and the sensitivity to
trastuzumab [67].

MiR-16. Trastuzumab has the ability to block PI3K/AKT downstream signaling, which
results in the inhibition of c-Myc activation and subsequent upregulation of miR-16. A study
by Venturutti et al. identified cyclin J and Far Upstream Element Binding Protein 1 (FUBP1)
as miR-16 targets. miR-16 acts as a tumor suppressor by exerting an antiproliferative effect
via silencing its miRNA targets [68]. Furthermore, it was found that in vitro overexpression
of miR-16 and low or null levels of FUBP1 were predictors of trastuzumab sensitivity.
These findings suggest that both miR-16 and FUBP1 could represent promising predictive
biomarkers of response to trastuzumab [69].

MiR-125b. MiR-125b has been found to be dysregulated in several cancer types. For ex-
ample, while being downregulated in osteosarcoma, breast cancer, ovarian cancer and
hepatocellular carcinoma (HCC), it appears to be upregulated in CRC, prostate cancer,
non-small cell lung cancer and GC [70]. In the latter, miR-125b functions as an oncogene
by promoting cellular proliferation, migration and invasion by downregulating the ex-
pression of Protein Phosphatase 1 Catalytic Subunit Alpha (PPP1CA) and upregulating
Rb phosphorylation. Furthermore, it has been recently demonstrated that high miR-125b
levels are associated with poor prognosis in patients with HER2-positive GC treated with
trastuzumab, thus indicating a speculative role of miR-125b in trastuzumab resistance [71].

MiR-200c. Compelling evidences identify in the EMT one of the mechanisms im-
plicated in drug resistance [72]. In a recent study by Zhou et al. it was observed that
trastuzumab-resistant GC cell cultures expressed high levels of EMT markers, as well as
TGF-β, which is a master regulator of the EMT. Furthermore, while miR-200c was found
to be downregulated in trastuzumab-resistant GC cells, thereby proving to act as a tumor
suppressor miRNA, its overexpression restored trastuzumab sensitivity and blocked the
EMT by targeting Zinc finger E-box-binding homeobox 1 (ZEB1) and 2 (ZEB2), which are
downstream molecules of TGF-β. This study suggested that the TGF-β/ZEB/miR-200c
axis is involved in the resistance of trastuzumab in GC by regulating the EMT [73].

MiR-494. Lapatinib is a small molecule which inhibits the tyrosine kinases of HER2
and EGFR1 [74]. MiR-494 has been found to act as a tumor suppressor and to restore
lapatinib sensitivity and inhibit formation of cancer-initiating cells (CICs) via reducing
expression of FGFR2 in HER2-positive, FGFR2 overexpressing and lapatinib resistant GC
cell cultures [75].
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6. Small-Molecule Tyrosine Kinase Inhibitors

Receptor tyrosine kinases (RTKs) are widely expressed transmembrane proteins that
regulate many fundamental cellular processes, and play a key role in the physiopathology
of several diseases. Upon ligand binding, RTKs activate intracellular signaling pathways
involved in many functions, such as: differentiation, proliferation, migration, invasion and
angiogenesis. Aberrant RTK expression being a well-recognized mechanism of tumorigen-
esis, a broad variety of inhibitors are currently in clinical use across many cancer types [76].
Particularly, small-molecule tyrosine kinase inhibitors act by blocking the intracellular
domain of the receptor or by inhibiting the tyrosine kinase activity of downstream signaling
mediators [77].

6.1. Imatinib

Imatinib is a selective inhibitor of certain tyrosine kinases and is highly active in
patients with gastrointestinal stromal tumors (GISTs) by blocking the constitutive activity
of KIT and platelet-derived growth factor receptor α (PDGFR-α). Imatinib is the treatment
of choice for advanced GISTs harboring KIT and PDGFR-α mutations, and it is also used
in adjuvant and neoadjuvant settings. Although imatinib has high response rates, drug
resistance remains the main challenge for extending patient survival [78]. The mechanisms
underlying imatinib resistance are not completely clear. However, in about half of patients,
resistance is caused by secondary mutations in KIT (exons 13, 14, 17 or 18) [79].

MiR-125a-5p. In a study on FFPE GIST samples from patients resistant to imatinib in
a neoadjuvant setting, it was found that miR-125a-5p can modulate imatinib response in
KIT-mutated GIST cells by regulating the expression of Protein Tyrosine Phosphatase Non-
Receptor Type 18 (PTPN18). Because the targets of miR-125a-5p have been functionally
associated with anti-apoptosis, cell cycle progression, signal transduction and protein
phosphorylation, miR-125a-5p acts as oncomiR and its overexpression was linked with
imatinib resistance [80].

MiR-320a. miR-320 acts as a tumor suppressor by targeting genes involved in Wnt
and IGF pathways. In imatinib resistant GIST patients, down-regulation of the tumor
suppressor miR-320a is associated with direct up-regulation of β-catenin and subsequent
enhanced expression of anti-apoptotic MCL1 [81].

MiR-218. According the findings of a study by Fan and colleagues, the expression of
miR-218 was down-regulated in an imatinib-resistant GIST cell line, whereas miR-218 over-
expression was able to restore the sensitivity of GIST cells to imatinib, with the PI3K/AKT
signaling pathway possibly involved in the mechanism. The PI3K/AKT pathway is down-
stream of KIT and it is reactivated when GISTs become resistant to imatinib [82].

MiR-518a-5p. By performing a microarray analysis on GIST samples from patients
resistant to imatinib, miR-518a-5p was found to be a potential predictor of drug sensitivity.
Downregulation of miR-518a-5p is likely to upregulate PIK3C2A, causing resistance to
imatinib in GISTs. PIK3C2A belongs to the phosphoinositide 3-kinase (PI3K) family, whose
member proteins have roles in signaling pathways involved in cell proliferation, oncogenic
transformation, cell survival, cell migration and intracellular protein trafficking [83].

MiR-92a-3p, miR-99a-5p, and miR-101-3p. MiR-92a-3p, miR-99a-5p and miR-101-3p are
three miRNAs implicated in cell cycle regulation. MiR-92a-3p targets Cyclin-dependent
kinase inhibitor 1C (CDKN1C), miR-92a-3p regulates mTOR pathway [84], and miR-101-3p
also acts as a regulator of the mTOR pathway by mediating AKT activation [85]. The
findings of a study, which analyzed miRNA expression profiles across a series of imatinib
resistant and sensitive FFPE GIST samples, identified the previously mentioned miRNAs
as differentially expressed and therefore possibly implicated in imatinib resistance [86].

MiR-28-5p. A recent study identified miR-28-5p as a potential mediator of imatinib
resistance in GISTs. Being overexpressed in imatinib-resistant GIST samples and displaying
a significant correlation to imatinib response, miR-28-5p has been proven to function as an
oncomiR. However, very little is known about this miRNA and therefore further research
is required to confirm these findings [87].
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6.2. Sorafenib

Sorafenib is a small molecule which inhibits multiple kinases involved in tumor cell
signaling, proliferation, angiogenesis and apoptosis. Sorafenib is currently in clinical use
for unresectable HCC. Its approval was based on the successful outcome of the pivotal
SHARP and Sorafenib Asia-Pacific trials in Child-Pugh class A patients with advanced
HCC. However, only approximately 30% of patients clinically benefit from sorafenib, and
this subgroup usually acquires drug resistance within 6 months. Recent studies have
highlighted the role of epigenetics, transport processes, regulated cell death, and the tumor
microenvironment in the initiation and development of sorafenib resistance in HCC [88].

MiR-122. MiR-122 is the most abundant liver-specific miRNA and it is significantly
down-regulated in HCC. miR-122 acts as a tumor suppressor in the liver by inhibiting
survival of cancer cells, anchorage-independent growth, migration, invasion, and EMT.
The in vitro restoration of expression of miR-122 has been found to sensitize HCC cells to
sorafenib. MiR-122 is a negative regulator of A Disintegrin and metalloproteinase domain-
containing protein 10 (ADAM10) and serum response factor (SRF), which are both involved
in EMT (SFR is also implicated in tumor angiogenesis) and insulin growth factor 1 receptor
(IGF1R), which activates the downstream RAS/RAF/ERK pathway, induces proliferation
and promotes metastasis [89].

MiR-34. In a study by Yang and colleagues, miR-34 was reported to be downregulated
in FFPE HCC samples from patients and HCC cell lines and was associated with poorer
survival. MiR-34, which is a direct target of p53, binds the 3′-UTR region of the anti-
apoptotic protein B-cell lymphoma 2 (Bcl-2), which was found to be overexpressed in HCC
samples and the cells analyzed. The restoration of miR-34a potentiated sorafenib-induced
apoptosis, suggesting that miR-34a enhanced the anti-tumor effect of sorafenib in HCC
cells [90].

Let-7. To assess the role of miRNAs in HCC, Ohta et al. performed microarray analysis
and discovered that let-7 as was downregulated in human HCC cells. Furthermore, it was
also found that the upregulation of let-7 was linked to a decreased expression of its putative
target, the anti-apoptotic protein B-cell lymphoma xL (Bcl-xL). Ultimately, the expression
of let-7c enhanced apoptosis of HCC cells upon exposure to sorafenib, which is responsible
for the downregulation of another anti-apoptotic Bcl-2 protein, MCL1. To summarize, let-7
exerts a tumor suppressing function by inducing apoptosis of HCC cells [91].

MiR-338-3p. Hypoxia being one of the main contributors to anti-tumor drug resistance
in solid malignancies, hypoxia-inducible factor 1 (HIF-1) has been recognized as one of the
key mediators of resistance to sorafenib in HCC. In a study on both patient samples and
HCC cell lines, it was discovered that miR-338-3p directly targeted HIF-1α and downreg-
ulated the expression of HIF-1α target genes involved in the hypoxia-induced signaling
pathway. Via this mechanism, miR-338-3p inhibits HCC tumor growth and sensitizes HCC
cells to sorafenib [92].

MiR-216a/217. According to the findings of a study by Xia and colleagues on a series of
HCC FFPE samples, chemoresistance against sorafenib is caused by overexpression of the
miR-216a/217 cluster. Upregulation of miR-216a/217 is able to induce EMT of cancer cells
and decrease expression of SMAD7 and PTEN, consequently activating the transforming
growth factor β (TGF-β) and PI3K/AKT pathways [93].

MiR-93. Following a comprehensive miRNA expression profiling using HCC cell
lines, miR-93 was identified as a novel target associated with HCC. MiR-93 acts by binding
with the 3′-UTR of PTEN and cyclin-dependent kinase inhibitor (CDK1NA), inhibiting
their expression and, as a result, activating the oncogenic PI3K/AKT pathway. In light of
these findings, miR-93 expression was also found to render HCC cells more sensitive to
sorafenib [94].

MiR-21. As previously mentioned, miR-21 dysregulates PTEN, by inhibiting Akt
activation. The Akt signaling pathway appears to be highly activated in sorafenib-resistant
HCC cells. Moreover, autophagy seems to promote sorafenib sensitivity in sorafenib-
resistant HCC cells. Compelling evidence suggests that miR-21 plays a key role in me-
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diating resistance to sorafenib. For example, exposure of HCC cell lines to sorafenib led
to an upregulation of miR-21 and a downregulation of PTEN. Furthermore, transfection
of miR-21 in HCC cells was able to restore sorafenib resistance by inhibiting autophagy.
To summarize, miR-21 contributes to acquired resistance to sorafenib by suppressing
autophagy by modulating the Akt/PTEN pathway [95].

MiR-193a. MiR-193a acts a tumor suppressor by negatively regulating the pro-
metastatic factor urokinase-type plasminogen activator (uPA) and is downregulated in
HCC. Transfection of HCC cell lines with miR-193a was found to decrease proliferation,
promote apoptosis and enhance sorafenib anti-tumor activity [96].

MiR-193b. Substantial downregulation of miR-193b and overexpression of its target
MCL1 were observed in HBV-positive HCC cells. MCL1 is an anti-apoptotic protein, which
is overexpressed in many human malignancies, including HCC, and has been known as
an important mediator of chemosensitivity in HCC. Restoration of the expression of miR-
193b sensitized HBV-positive HCC cell lines to sorafenib by facilitating sorafenib-induced
apoptosis [97]. Similarly, in another study, HCV-positive HCC cells showed decreased
expression of miR-193b and upregulation of its target MCL1 [98].

MiR-221. The results of a study by Fornari and colleagues indicated that in both HCC
cell lines and xenografts, miR-221 overexpression was linked with sorafenib resistance,
by targeting caspase-3 and thereby exerting an anti-apoptotic and oncogenic function.
Moreover, when investigating the putative role of miR-221 as a circulating biomarker in
HCC patients, lower pre-treatment circulating miR-221 levels were detected in sorafenib
responders [99].

MiR-486. In HCC tissues and cell lines, miR-486 appears to function as a tumor
suppressor by targeting CITRON and CLDN1, two genes which are responsible for the
regulation of cell proliferation and invasion. In addition to being downregulated in HCC,
miR-486 was found to enhance chemosensitivity of HCC cells to sorafenib [100].

MiR-494. In a recent study by Pollutri et al., miR-494 overexpression was reported to
enhance sorafenib resistance via mTOR pathway activation both in vitro and in vivo. In fact,
p27, PTEN and p53-upregulated-modulator-of-apoptosis (PUMA) were identified as targets
of miR-494, contributing to speed up cell cycle progression, survival and invasiveness.
Moreover, high miR-494 expression seemed to be associated with stem-like features [101].

MiR-101. As part of the tumor microenvironment, HCC-associated macrophages
accelerate tumor progression by releasing growth factors. High TGF-β expression in
M2 polarized macrophages is thought to increase tumor growth, metastases and EMT.
In HCC cell lines, it was observed that miR-101 targeted dual specificity phosphatase 1
(DUSP1), inhibited TGF-β activation and enhanced the effect of sorafenib in HCC cells by
potentiating macrophage modulation of the innate immune responses [102].

6.3. Regorafenib

Regorafenib is small-molecule multiple kinase inhibitor. In mCRC, it is indicated
for patients who have been previously treated with, or are not considered candidates for,
available therapies, including chemotherapy, an anti-VEGF therapy and, if RAS wild-type,
an anti-EGFR therapy [103]. It is also licensed as second-line therapy for advanced HCC
patients [104] and as third-line therapy for metastatic or unresectable GIST patients [105].

Despite the observed survival benefits, resistance to regorafenib is fairly common.
Moreover, toxicity is not insignificant and the absolute clinical benefit is rather small.
Therefore, it is crucial to identify efficient predictive biomarkers in order to optimize the
use of regorafenib [106].

MiR-34a. In a recent study on CRC cell lines, Cai et al. showed that regorafenib is
able to reduce stemness and tumorigenesis in vitro, by upregulating the tumor suppres-
sor miR-34, which targets the WNT/β-catenin pathway. Thereby it can be inferred that
regorafenib is able to suppress the generation of drug-resistant cancer stem-like cells via
modulation of miR-34a-associated signaling [107].
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MiR-30a-5p. Signal transducer and activator of transcription 3 (STAT3) is a tran-
scriptional factor which contributes to drug resistance in cancer therapies by promoting
tumor growth and cancer stemness. miR-30a-5p is a STAT3 downstream miRNA and
targets Heat Shock Protein Family A Member 5 (HSPA5), which is a master regulator
of unfolded protein response (UPR). A dysregulation of the STAT3-miR-30a-5p-HSPA5
axis, with a downregulation of miR-30a-5p, was observed in regorafenib-resistant in CRC
tumorspheres [108].

In the context of liquid biopsies, a few preliminary studies have been carried out to
investigate putative circulating predictive biomarkers. In a recent study by Schirripa and
colleagues, an miRNA signature involving c-miR-21, c-miR-221 and c-miR-760 was found
to be prognostic and predictive of a response to regorafenib in an exploratory cohort of
CRC patients. However, the results were not confirmed by the validation cohort [103].
In another study on a large cohort of HCC patients, of the 750 miRNAs analyzed, increased
plasma levels of miR-30a, miR-122, miR-125b, miR-200a, and miR-374b decreased levels of
miR-15b, miR-107 and miR-320b, and absence of miR-645 were all predictive of survival
benefit with regorafenib [109].

7. Immune Checkpoint Inhibitors

The introduction of immune-checkpoint blockades in precision oncology led to a
paradigm change in the management of advanced cancers. The rationale behind these
novel therapies is that cancer cells are able to evade immunosurveillance through different
mechanisms, including activation of immune checkpoint pathways that suppress antitumor
immune responses [110].

Immunotherapy has recently been incorporated in treatment regimens of GI malig-
nancies. The immune-checkpoint inhibitors currently in clinical use in GI oncology are
nivolumab and pembrolizumab, which target programmed death-1 (PD-1) and ipilimumab,
which targets cytotoxic T-lymphocyte antigen-4 (CTLA-4) [111].

Immunotherapy approaches have been extensively studied in CRC. In the metastatic
setting, ICI therapies provide clinical benefit to defective mismatch repair and microsatellite
instable (dMMR/MSI) tumors. Pembrolizumab has been approved as first-line treatment
in dMMR/MSI mCRCs based on the successful outcomes of the KEYNOTE-177 trial [112].

As with gastroesophageal cancers, pembrolizumab is currently licensed for recurrent
locally advanced or metastatic cancers with PD-L1 expression [113]. Much like in CRC, MSI
gastric cancers greatly benefit from ICIs [114]. Moreover, EBV-positive GCs have shown
an even more promising response to pembrolizumab [115]. ICIs have also been recently
approved as second-line therapy in HCC, after a single agent checkpoint blockade trials
obtained partial success [116].

However, a subset of patients who initially responded to ICIs, later relapsed and
acquired therapeutic resistance [117]. The role of miRNAs as predictors of response to
ICIs has not been elucidated yet. However, several studies have explored how miRNAs
regulate the immune checkpoint signaling pathways, leading the way for the discovery of
new predictive biomarkers.

Helicobacter Pylori, which is the most common cause of GC, promotes PD-L1 expres-
sion and causes an immune escape by downregulating miR-200b and miR-152. Further-
more, a single nucleotide mutation in 3′-UTR of PD-L1 leads to protein overexpression
by disrupting the complementarity between miR-570 and its 3′-UTR binding site. This
mutation is linked with high PD-L1 levels in GCs [118]. Moreover, according to the findings
of a large population-based study from The Cancer Genome Atlas (TGCA) project, a cluster
of EBV-miRNAs is linked with a high expression of PD-1/PD-L1 in solid malignancies,
including GC [115]. In the context of hematological malignancies, recent studies have
found that EBV-associated lymphomas showed high levels of PD-L1. By restoring the
expression of PD-L1 targeting tumor suppressor miRNA miR-34a in vitro, PD-L1 expres-
sion was reduced and the tumor immunogenicity was increased [119,120]. Thereby, it
could be inferred that miR-34a overexpression could be used to subvert PD-L1 induction in
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EBV-associated neoplasms. Moreover, miR-34a has been found to be frequently methylated
in GIST [121].

In CRC, the tumor suppressor miR-138-5p acts by downregulating PD-L1, leading
to cancer cell growth in vitro and tumorigenesis in vivo [122]. In a recent study on a
series of CRC samples, low miR-200 and high ZEB oncogene expression, which is a profile
compatible with EMT, was associated with upregulation of PD-L1 [123]. Moreover, a
comprehensive miRNA screening using the TCGA dataset led to the identification of miR-
148a-3p as a potential negative regulator of PD-L1 expression, particularly in dMMR/MSI
CRC [124].

MiRNAs involved in drug resistance to targeted therapies in GI cancers are summa-
rized in Table 1. The biological materials and molecular techniques used to investigate
miRNAs as predictive biomarkers are outlined in Figure 2.

Figure 2. Investigational approaches of miRNAs as potential predictive biomarkers. Credits to BioRender.com, accessed
date 18 March 2021.
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8. Conclusions

MicroRNAs are well-documented post-transcriptional regulators of gene-expression
in physiological and pathological conditions. They are expressed in an organ- and tissue-
specific manner and function through different molecular mechanisms. Given that miRNAs
can modulate several oncogenic and tumor-suppressing pathways, increasing evidence
points out their role as mediators of drug resistance and as therapeutic options. Because
miRNAs can be detected rapidly and efficiently in tissues and biofluids, they are the ideal
candidate biomarkers to identify patients with primary resistance to a specific targeted
therapy and those who have developed acquired resistance. However, regardless of the
numerous studies on the matter, only some miRNAs have been extensively proven to act
as mediators of resistance to targeted therapies in GI malignancies, by using large patient
cohorts for discovery and validation, and in vitro and in vivo modeling for confirmation.
In the era of personalized medicine, more investigational studies are needed to translate the
use of miRNA to monitor and forecast treatment response and resistance in a clinical setting.
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Abstract: The development and progression of colorectal cancer (CRC) have been associated with
genetic and epigenetic alterations and more recently with changes in cell metabolism. Amino acid
transporters are key players in tumor development, and it is described that tumor cells upregulate
some AA transporters in order to support the increased amino acid (AA) intake to sustain the tumor
additional needs for tumor growth and proliferation through the activation of several signaling
pathways. LAT1 and ASCT2 are two AA transporters involved in the regulation of the mTOR
pathway that has been reported as upregulated in CRC. Some attempts have been made in order
to develop therapeutic approaches to target these AA transporters, however none have reached
the clinical setting so far. MiRNA-based therapies have been gaining increasing attention from
pharmaceutical companies and now several miRNA-based drugs are currently in clinical trials with
promising results. In this review we combine a bioinformatic approach with a literature review in
order to identify a miRNA profile with the potential to target both LAT1 and ASCT2 with potential
to be used as a therapeutic approach against CRC.

Keywords: colorectal cancer; amino acid transporters; LAT1; ASCT2; miRNAs

1. Introduction

Colorectal cancer (CRC) is one of the most common cancers worldwide, with 1,849,518
new cases in 2018, being the third most common cancer [1]. Currently, CRC accounts
for approximately 10% of all diagnosed cancers and it is the world’s second most deadly
cancer [2]. CRC is the second most common neoplasia diagnosed in women, and the third
in men, being the incidence and mortality approximately 25% lower in woman [2]. CRC
development can be modulated by several factors, being the high alcohol consumption,
overweigh, physical inactivity, tobacco smoking, diabetes mellitus, age, personal or family
history of CRC well established risk factors [3,4]. Although the mortality rates have
declined due to the improvement in diagnosis and treatment, CRC still represents one of
the most lethal cancer types [3]. Furthermore, metastasis is also found in, approximately,
15–25% of CRC cases at the diagnosis, and increase to 50% during the course of the
disease [2,5]. The advances in the pathophysiological and molecular CRC knowledge
allowed the increase of the treatment options, but these new therapeutic approaches
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were proven to be more effective in patients with non-metastatic disease [2]. Thus, it
is imperative to clarify the mechanisms involved in disease progression, aggressiveness
and metastasis formation in order to improve the patients’ follow up and to identify new
therapeutic approaches.

Recently, the literature showed that amino acid (AA) transporters, such as solute car-
rier transports (SLCs), are important players in tumor development, since tumor cells have
an increased demand for AA to sustain their excessive proliferation rate [6]. In fact, it is de-
scribed that tumor cells upregulate some AA transporters in order to support the increased
AA demand and intake [7]. Moreover, SLCs are able to regulate the PI3K/Akt/mTORC1
signaling pathway, which is central in the regulation of CRC proliferation and aggressive-
ness and is also involved in metabolic reprograming [8,9]. In fact, there are some SLC
dysfunctions associated with CRC, such as L-type amino acid transporter 1 (LAT1) and
alanine-serine-cysteine transporter 2 (ASCT2) upregulation, that may have an impact on
disease aggressiveness [9–11]. Given the growing evidence and interest in the impact of
cancer metabolism in disease aggressiveness, it is imperative to further understand the
regulatory mechanisms responsible for of LAT1 and ASCT2 modulation in CRC and study
the potential of their inhibition as a therapeutic approach. Since these two AA transporters
are frequently overexpressed in CRC cells, they have potential as drug targets because their
inhibition or blockade could lead to cell cycle arrest and apoptosis [10,12–14].

1.1. Amino Acid Transporters Deregulation in CRC: The Impact of LAT1 and ASCT2

It has been nearly a century since the discovery that normal and tumor cells differ in
energy metabolism, with tumor cells presenting a higher need of nutrients, being the AA
bioavailability crucial to support cell proliferation and growth [15]. Amino acids can be
classified into three groups: (1) essential AA (EAA), if the organism is not able to synthesize
them and needs to acquire them from the diet; (2) non-essential AA, if they are synthesized
in sufficient quantities by the organism or (3) conditional AA, if are usually nonessential,
except in times of illness, trauma or stress were they become conditionally essential [16,17].

In addition to their need in protein synthesis, several amino acids have other roles
in supporting cancer development. One example is glutamine, the most abundant AA
that participates in energy production, redox homeostasis, macromolecular synthesis and
cell signaling [18]. In fact, the commitment of glutamine in the these cell processes makes
this AA conditionally essential in conditions characterized by a high proliferation rate,
such as cancer, in which endogenous glutamine synthesis is not sufficient to satisfy the cell
need [17].

Since AAs are hydrophilic, they need selective transport proteins in order to cross the
plasma membrane of the cells. There are approximately two-dozen amino acid transporters
in humans, and cancer cells must regulate one or more of these transporters to satisfy
their nutrient demand [6]. LAT1 (SLC7A5) is a transmembrane transporter involved in
the import of large and neutral AA such as leucine and phenylalanine, in exchange for
intracellular AA, such as glutamine [10,13,19]. According to various studies, LAT1 is highly
upregulated in multiple human cancers, including gastrointestinal cancers [10,19–21]. In
fact, Hayase and coworkers found a higher expression of LAT1 in 72.4% of CRC cases when
compared to colonic adenoma cases, concluding that LAT1 could be a marker for malignant
lesions [10]. Furthermore, Zhang and colleagues also found an association of higher
LAT1 expression levels to poorer outcomes and shorter survival in several types of cancer,
including CRC [14]. The higher LAT1 expression in cancer cells shows the importance
of this AA transporter in the maintenance of AA nutrition in cancer cells [6]. Studies
conducted by Elorza and coworkers show that the upregulation of LAT1 is involved in the
increase of mTORC1 activity through HIF2α activation, showing a relationship between
the hypoxic microenvironment, HIF2α and LAT1 [22]. Furthermore, LAT1 mediates leucine
uptake with high affinity, which is a key AA activator of the mTOR signaling pathway [23].
However, for mTOR activation, the functional LAT1 is coupled to ASCT2, another AA
transporter involved in glutamine uptake [16].
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The ASCT2 (SLC1A5) is expressed in most human tissues including the large intestine
and CRC tumor cells, and is essentially responsible for the influx of glutamine inside
the cells, inducing asparagine, serine and threonine efflux [24–26]. According to Liu
and colleagues, ASCT2 expression levels can modulate the migration capacity of CRC
cells, being the overexpression of this AA transportersassociated with a poorer patients’
prognosis [1,27]. In fact, ASCT2 is upregulated in several cancers, including triple-negative
breast cancer, CRC, lung cancer, melanoma, neuroblastoma, glioblastoma and prostate
cancer [12]. Some studies in glioblastomas and neuroblastoma support the involvement of
the activation of c-Myc, n-Myc oncogenes in the inducing of ASCT2 expression [28,29].

Metabolic reprogramming is a well-known hallmark of cancer that has been gaining
increasing attention in the last few years due to its importance in cancer cells viability and
growth [30]. Cancer associated metabolic reprogramming influences intracellular and extra-
cellular availability of metabolites that will result in alterations in gene expression, cellular
differentiation and also in the tumor microenvironment [31]. Glutamine is considered to be
a crucial nutrient for cancer proliferation due to its ability to donate its nitrogen and carbon
to several growth-promoting pathways [32]. In 2012, Mootha and colleagues reported
that tumor cells have a high necessity of glutamine uptake compared to other AA and,
consequently, a glutamine starvation can interfere with tumor metabolism inhibiting tumor
proliferation and progression [32]. More recently, Varshavi and colleagues, described a
molecular association between CRC that present oncogenic KRAS mutation and glutamine
metabolism, since these cells exhibit special metabolic phenotypes, including differences
in glycolysis, glutamine utilization and AA metabolism [33]. Furthermore, glutamine is
described as a signaling factor in the uptake of AA for the activation of mTORC1 [34]. Thus,
the upregulation of AA transporters have an important role in the support of the high-
level protein synthesis for continuous cancer growth and proliferation [10,35]. The mTOR
pathway is well described as deregulated in CRC, and the availability of AA functions as
a regulator of this pathway, since a high AA microenvironmental bioavailability induces
mTOR activity and consequent biological processes, such as protein translation [36]. Some
studies report a relationship between LAT1 and ASCT2, with a two-step mechanism of
these AAT being able to regulate mTOR pathway [37–39]. Firstly, ASCT2 regulates the
intracellular concentration of glutamine, and in turn LAT1 uses this intracellular glutamine
as an efflux substrate, in order to regulate the uptake of extracellular leucine, which will
lead to an activation of mTOR signaling and consequent induction of cell growth and
proliferation [40,41] (Figure 1). Furthermore, according to Rajasinghe and coworkers, the
inhibition of glutamine uptake in proliferating cells, through the inhibition of glutamine
transporters LAT1 and ASCT2, results in the inhibition of cell proliferation and induces
apoptosis, through the downregulation of the mTOR pathway [38]. Thus, the inhibition of
LAT1 and ASCT2 expression levels could represent a promising therapeutic approach for
CRC since it would reduce the AA intake, consequently causing mTOR pathway inhibition
and compromising cancer cell proliferation.

The use of pharmacologic approaches against LAT1 and ASCT2 in cancers with
overexpression of these two AA transporters seems be a promising strategy. In fact, over
the last few years there was investment in the development of drugs against LAT1 and
ASCT2 [26,38,42,43]. The design of drugs against these two AA transporters usually follows
an approach based on substrate analogues, which act as competitive inhibitors [26]. In the
case of ASCT2 there are also been developed monoclonal antibodies against its cell surface
domains [44]. The pharmacological inhibitors against LAT1 and ASCT2 reported in CRC
are listed on Table 1.
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Figure 1. Representation of the interplay between ASCT2, LAT1 and mTOR pathway in colorectal cancer (CRC). This image
was created using BioRender.

Table 1. Pharmacological inhibitors of LAT1 and ASCT2 reported in CRC.

AA Transporter Inhibitor Inhibitor Type Reference

LAT1 JHP203 Tyrosine analog [45,46]

ASCT2

MAb KM4008 Monoclinal antibodies
against cell surface
domains

[44]MAb KM4012

MAb KM4018

V-9302 Competitive antagonist [47]

More recently, in a phase I study, Okano and coworkers observed that the JPH203
treatment was well tolerated by patients with CRC and biliary tract cancer (BTC). In fact,
disease control was observed in two of the six CRC patients and in three of the five BTC
patients [13]. Furthermore, a study from Toda and colleagues using two KRAS-mutated
cells lines demonstrated a significant association between ASCT2 expression and KRAS
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mutation and, when the authors used siRNAs to silence KRAS, they observed a significant
reduction of ASCT2 [48]. In addition to that, the authors also used specific inhibitors
of Raf/MEK/ERK, and PI3K/Akt/mTOR pathways, and observed that both inhibitors
presented the ability to reduce ASCT2 expression [48]. Moreover, studies using xenograft
models demonstrated that the inhibition of ASCT2 expression is able to reduce the uptake
of glutamine and inhibit tumor cell proliferation [49]. However, it is imperative to keep
in mind that the block of AA transporters could be associated with the upregulation
of compensatory and redundant pathways, being crucial an accurate overview of all
network involved in the process [50]. In addition to that, there are some limitations in
the use of pharmacological inhibitors due to the low affinity for the transporter and low
selective capacity observed to cancer cells. Thus, these data highlight the need for a deeper
understanding of other therapeutic approaches for the selective inhibition of LAT1 and
ASCT2 in CRC.

1.2. Applicability of microRNAs as Therapeutic Agents

Over the years, advances in genomic technologies have led to an identification of a
variety of epigenetic alterations believed to be strongly involved in cancer initiation and
progression [51]. In fact, several studies revealed that the altered metabolic pathways
in cancer are tightly regulated by microRNAs (miRNAs) [52–58]. MiRNAs are a family
of short non-coding RNAs with a length of approximately 19–25 nucleotides that post-
transcriptionally regulate gene expression, with an important role in several biological
pathways, including cell proliferation and differentiation [59,60]. MiRNAs can regulate
the expression of more than 50% of protein-coding genes by binding to their target mRNA
transcript and causing its degradation or translation repression [61]. Furthermore, the
downstream targets of several miRNAs are directly or indirectly connected to metabolic
alterations [52].

Regarding their applicability in the clinical setting, a growing number of evidence
suggests a significant utility of miRNAs as biomarkers for pathogenic conditions, modu-
lators of drug resistance and as therapeutic agents for medical intervention in almost all
human health-related conditions [62–65]. The pleiotropic nature of miRNAs makes them
particularly attractive, both as drugs or drug targets, for diseases with a multifactorial
origin and no current effective treatments [66,67]. In addition to that, circulating miRNAs
present several advantages compared to other circulating nucleic acids, such as: protection
from RNAse degradation, high stability in circulation through the body, and resistance
to adverse conditions such as temperature or pH alterations [68,69]. Regarding miRNA
therapeutics applicability, there are reports demonstrating clinical utility of miRNA mimics
and miRNA repressors and miRNAs loaded in something. In fact, there are two major
types of miRNA-based therapies: miRNA suppression therapy, when the goal is the target
mRNA upregulation and miRNA replacement therapy, when the goal is the target mRNA
downregulation.

Overall, the current evidence suggests a viable future for miRNA drugs in diseases
with no current effective treatments, such as CRC. Hence, the scope of this review is to
gather and systematize the information available regarding the impact of LAT1 and ASCT2
related miRNAs in CRC development and establish a profile with potential application to
be used as a therapeutic agent through in silico analysis combined with a literature review
(Figure 2).
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Figure 2. Schematic overview of the applicability of this review in the future development of miRNA-based therapies
against LAT1 and ASCT2 in CRC. This image was created using BioRender.

2. Materials and Methods

2.1. MiRNA Selection and Literature Review

In order to select miRNAs that target both LAT1 and ASCT2 we used miRTarBase (ver-
sion 8.0), the largest known online database of validated miRNA:mRNA interactions [70].
According to miRTarBase there are 267 miRNAs that target LAT1 and 173 that target ASCT2
mRNAs. Since one miRNA has multiple targets and the same mRNA can be regulated by
several miRNAs, we went to see if there were miRNAs that targeted both LAT1 and ASCT2.
From the 440 miRNAs retrieved by miRTarBase, we observed that 33 targeted both LAT1
and ASCT2 (Figure 3).
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Figure 3. Venn diagram of the validated miRNAs that target ASCT2 and LAT1 obtained using Venny 2.1. (http://bioinfogp.
cnb.csic.es/tools/venny, accessed on 21 December 2020) and the detailed list of the 33 miRNAs.

After retrieving the miRNAs that target both LAT1 and ASCT2 from miRTarBase, a
literature search in PubMed and Google Academic was conducted using the search terms
“colorectal cancer” plus one of the following 33 microRNAs: “miR-122-5p”, “miR-1224-3p”,
“miR-1260a”, “hsa-miR-1260b”, “hsa-1273g-3p”, hsa-miR-1273h-5p”, “hsa-miR-149-3p”,
“hsa-miR-15b-5p”, “miR-16-5p”, “miR-193b-3p”, “miR-30b-3p”, “miR-3199”, “miR-3689a-
3p”, “miR-3689b-3p”, “miR-3689c”, “miR-383-3p”, “miR-4690-5p”, “miR-4728-5p”, “miR-
504-3p”, “miR-5693”, “miR-5698”, “miR-619-5p”, “miR-6499”, “miR-6778-3p”, “miR-6799-
5p”, “miR-6780a-5p”, “miR-6785”, “miR-6799”, “miR-6821”, “miR-6883-5p”, “miR-6890-
3p”, “miR-7106-5p” or “miR-7977”. The articles were selected by relevance of their findings,
namely, a significant association between these miRNAs and colorectal cancer. Literature
analysis includes scientific papers published in the last 6 years (between 2014 and 2020).
The obtained scientific papers were manually curated in order to determine associations
between the miRNAs and CRC, giving a total of 28 selected papers. The exclusion criteria
for the collected papers were as follows: (1) no significant association between the miRNAs
and CRC; (2) association of the miRNAs with a benign tumor and (3) individual papers
that were already included in meta-analysis. For each study, information was extracted
concerning the following characteristics: the name of the miRNA, type of sample where
the miRNA was studied, miRNA expression levels (upregulated and downregulated) and
their effect on CRC (e.g., prognosis, therapy response or pathways regulation).

2.2. In Silico Analysis

The Search Tool for the Retrieval of Interacting Genes (STRING) database is an online
tool that is used to develop protein–protein interaction (PPI) networks [71]. We used
the STRINGapp of the Cytoscape software (v3.7.X) to construct and visualize the protein
interaction network of the selected target genes. Those with a combined score of >0.4 were
selected as significant. The functional enrichment analysis of Gene Ontology (GO), Kyoto
Encyclopedia of Genes and Genomes (KEGG) and Reactome pathways was made with
the STRING enrichment analysis tool, with a false discovery rate (FDR) of p < 0.01. The
enrichment results were filtered, and redundant terms were removed according to the
Jaccard index.

3. Results

3.1. miRNAs that Target Both LAT1 and ASCT2 and their Impact on CRC

From the 33 candidate miRNAs, only 16 have already been described in CRC (Table 2).
However, in terms of the miRNA: mRNA target interaction with LAT1 and ASCT2, none of
the miRNAs have been yet validated for CRC.
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Table 2. Selected miRNAs’ impact on CRC.

miRNA Expression Sample Type Effect Reference

Hsa-miR-122-5p

Down CRC Tissue and cells
Increase in cell proliferation, migration and

invasion through the upregulation of
CDC25A

Yin 2020 [72]

Down CRC Tissues Upregulation of the PI3K/Akt pathway
through upregulation of TRIM29 Asadi 2019 [73]

Up CRC liver metastatic tissues Not described Liu 2019 [74]

Up Serum and HT-29 and SW480
cell lines

Lymph node metastasis biomarker and cell
migration inducer Qu 2018 [75]

Up CRC Plasma
Worse prognosis in metastatic patients and

shorter RFS and OS in non-metastatic
patients

Maiertheler 2017 [76]

Hsa-miR-1224-3p Up CRC Tissues Upregulated in E cadherin positive tissues Lin 2017 [77]

Hsa-miR-1260a Down CRC Serum Not described Wang 2017 [78]

Hsa-miR-1260b

Up HCT116 cells Chemoresistance to 5-FU through
upregulation of PDCD4 Zhao 2018 [79]

Down SW480 cells Downregulated by STAT3-siRNA Zhang 2014 [80]

Up Carcinoma vs adenoma
(tissue) Not described Slattery 2016 [81]

Down CRC Serum Not described Zhang 2017 [82]

Up DKO-1 cells Enriched in KRAS mutant cells Cha 2015 [83]

Hsa-miR-1273g-3p Up LoVo cells
Proliferation, migration and invasion

through activation of
ERBB4/PIK3R3/mTOR/S6K2 pathway

Li 2018 [84]

Hsa-miR-1273h-5p Up CRC tissues Not described Du 2018 [85]

Hsa-miR-149-3p Down HCT-8 and HCT-116 cells Chemoresistance to 5-FU through
upregulation of PDK2 Liang 2020 [86]

Hsa-miR-15b-5p

Down CRC tissues and cell lines Chemoresistance to 5-FU through
upregulation of XIAP Zhao 2017 [87]

Up HT-29 cell line Cell growth and inhibition of the
proapoptotic pathway Gasparello 2020 [88]

Down KRAS mutated CRC tissues vs
wild type CRC tissues Not described Milanesi 2020 (82)

Hsa-miR-16-5p Down CRC tissues and cell lines Upregulation of VEGFA Wu 2020 [33]

Hsa-miR-193b-3p
Down CRC tissues vs adjacent

normal tissues
Shorter OS of CRC patients and upregulation

of STMN1 Guo 2016 [89]

Up CRC tissues Downregulation of RAD51 Kara 2015 [90]

Hsa-miR-3199 Down SW620 cell line Upregulation of SMAD4 Yan 2018 [91]

Hsa-miR-383-3p Down CRC tissues and HT-29 and
LoVo cell lines Upregulation of APRIL Cui 2018 [92]

Hsa-miR-4690-5p
Down CRC Stool Not described Ghanbari 2015 [93]

Up CRC tissues Upregulated in CIMP high/MSI CRC tissues Mullany 2016 [94]

Hsa-miR-619-5p Down CRC tissues vs adjacent
normal tissues

Upregulation of MALAT1, lymphovascular
invasion perineural invasion, shorter DFS

and shorter OS
Qiu 2016 [95]

Hsa-miR-6821-5p Down SW480 CSCs vs SW480
wild-type Not described Zhou 2019 [96]

Up CRC tissues Not described Du 2018 [85]

Hsa-miR-6883-5p Down TCGA dataset and Cell lines Upregulation of CDK4 and CDK6 and cell
growth stimulus Lulla 2017 [97]

Through the analysis of Table 1 we can observe that some of the miRNAs present
opposite results regarding their expression levels, which may be related with the type of
biological sample from which their expression levels are analyzed. Regarding their effects
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on CRC, the deregulation of miR-122-5p, miR-1273g-3p, miR-16-5p, miR-3199, miR-383-3p,
miR-619-5p and miR-6883-5p was associated with the upregulation of important players
of oncogenic pathways, such as TRIM29, CDC25A, PI3K/Akt, mTOR, VEGFA, MALAT1,
SMAD4, STMN1, APRIL and CDK4, with an impact on cell proliferation, invasion and
migration. In addition to that, miR-1260b, miR-149-3p and miR-15b-5p were reported as
associated with resistance to 5′-FU treatment through the upregulation of PDCD4, PDK2
and XIAP, respectively. Moreover, only three miRNAs were associated with clinical end-
points. Higher plasmatic levels of hsa-miR-122-5p were associated with worse prognosis
in metastatic patients and shorter RFS and OS in non-metastatic patients, while lower
levels of CRC tissue hsa-miR-193b-3p and hsa-miR-619-5p were associated with shorter OS.
Moreover, lower levels of CRC tissue hsa-miR-619-5p were also associated with shorter
DFS, lymphovascular invasion and perineural invasion.

3.2. Functional Annotation and Pathway Enrichment Analysis

Since the downregulation of a miRNA usually leads to the upregulation of its mRNA
targets, we focused on the 11 miRNAs that have been reported as downregulated in CRC
cells and tissues and therefore could be implicated in the upregulation of LAT1 and ASCT2
(miR-122-5p, miR-1260b, miR-149-3p, miR-15b-5p, miR-16-5p, miR-193b-3p, miR-3199,
miR-383-3p, miR-619-5p, miR-6821-5p and miR-6883-5p) and did an in silico analysis to
obtain a deeper knowledge of their impact on CRC. We used miRTarBase v8.0 to retrieve the
mRNA targets of the selected miRNAs that were validated with strong evidence methods
in order to do the functional annotation and enrichment analysis. From the 11 miRNAs
studied, only miR-15b-5p, miR-16-5p, miR-122-5p, miR-149-3p, miR-1260b, miR-193b-3p
and miR-383-3p presented mRNA targets validated with strong evidence methods (Western
blot, qRT-PCR or luciferase assay), which are listed on Table 3.

Table 3. Validated targets of miR-15b-5p, miR-16-5p, miR-122-5p, miR-1260b, miR-149-3p, miR-193b-3p and miR-383-3p.

miRNA Target mRNA

miR-16-5p

ZYX, YAP1, WNT4, WNT3A, WEE1, VEGFA, UNG, UCA1, TPPP3, TP53, SOX6, SOX5, SOCS3,
SLC6A4, RPS6KB1, RICTOR, RECK, RAF1, PURA, PTGS2, PRDM4, PPM1D, PIM1, OPRM1, NCSTN,
NCOR2, MYB, MTOR, METTL13, MAP7, KRAS, KDR, IL12B, IGF1R, IFNG, HMGA2, HMGA1, HGF,
HDGF, GLS2, FGFR1, FGF2, CLDN2, CHUK, CHEK1, CDS2, CDK6, CCNE1, CCND3, CCND2, CCND1,

CAPRIN1, CADM1, BRCA1, BMI1, BIRC5, BDNF, BCL2, BACE1, AXIN2, ARL2, ARHGDIA, APP,
AKT3, ADORA2A, ACVR2A

miR-15b-5p
WEE1, VEGFA, TRIM29, TRIM14, TGFB1, TBR1, SOCS3, SMURF1, SMAD2, RECK, RAB1A, PURA,
PPM1D, PEBP4, OIP5, MTSS1, MMP9, KDR, INSR, IFNG, HNF1A, FUT2, FOXO1, EIF4A1, CHEK1,

CCNE1, CCND3, CCND1, BCL2, BAX, AXIN2, AKT3, AGO2

miR-122-5p

ZNF395, XPO6, WNT1, VEGFC, UBAP2, TRIB1, TPD52L2, TBX19, SRF, SPRY2, SOCS1, SLC7A11,
SLC7A1, RHOA, RAC1, RAB6B, RAB11FIP1, PTPN1, PRKRA, PRKAB1, PKM, PEG10, PDK4, P4HA1,

NUMBL, NT5C3A, NOD2, NFATC2IP, NCAM1, MEF2D, MECP2, MAPK11, LPIN1, IL1A, IGF1R,
HMOX1, GYS1, GALNT10, G6PC3, FUT8, FUNDC2, FOXP1, FOXJ3, FAM117B, ENTPD4, EGLN3,
EGFR, DUSP2, DSTYK, CYP7A1, CTDNEP1, CREB1, CLIC4, CDK4, CCNG1, BCL2L2, BAX, AXL,

ATP1A2, AP3M2, ANXA11, ANK2, ALDOA, AKT3, ADAM17, ADAM10, AACS

miR-1260b SMAD4, SFRP1, DKK2

miR-193b-3p YWHAZ, SMAD3, SHMT2, RAD51, PRAP1, PLAU, NF1, MYB, MCL1, MAX, KRAS, KIT, ETS1, ESR1,
CCND1, AKR1C2

miR-383-3p PRPF31

miR-149-3p WNT1, MYBL2, GPC1, FGFR1, E2F1, AKT1

In order to explore the biological impact of these miRNA profiles in CRC, we analyzed
their 186 validated targets with the STRINGapp Protein Query from Cytoscape software. A
total of 168 of the 186 coding genes were filtered into a protein–protein interaction (PPI) net-
work with 168 nodes and 1284 edges that presented a significant enrichment (p = 1 × 10−16).
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We also applied a Markov clustering (MCL), which resulted in the clustering of the proteins
into 11 clusters according to their STRING interaction score (Figure 4).

Figure 4. Protein–protein interaction (PPI) network. The proteins were clustered using the clusterMaker app from Cytoscape
with an inflation value of 2.5 and a cutoff edge of 0.5. All the singletons were removed.

The functional enrichment analysis was made using an FDR threshold of p < 0.01, and
the redundant terms were eliminated using a redundancy cutoff of 0.5, which resulted in a
total of 892 enriched terms among the KEGG, Reactome and GO categories (Supplementary
Tables S1–S5). The top 20 enriched terms for each category are represented on Figure 5.
Among the functionally enriched terms in the KEGG and Reactome pathways we could
find PI3K/Akt, MAPK, HIF-1, mTOR, VEGF and EGFR inhibitor resistant pathways, all of
which are well established as involved in CRC development. Regarding the GO terms, if
we focus on the molecular processes, we can observe that the two most enriched terms are
the regulation of cell proliferation and the cellular response to organic substances, which
may be related with the increase intake of nutrients as a consequence of the downregulation
of this miRNA profile and consequent upregulation of AA transporters, such as LAT1 and
ASCT2.
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Figure 5. Kyoto Encyclopedia of Genes and Genomes (KEGG), Reactome and Gene Ontology (GO) analysis of the
186 selected target genes. The functional enrichment analysis was made using the STRINGapp from Cytoscape.

4. Discussion

CRC remains one of the most diagnosed cancers in the world, with a high metastatic
potential and not enough therapeutic options. The previous underestimated metabolic
alterations are now gaining more attention from the scientific community, and it is now
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known that metabolic cross-communication between tumor cells, immune cells, stromal
cells and the gut microbiota are able to induce CRC proliferation, invasion and metasta-
sis [98]. Among the metabolic alterations with potential to be targeted in order to develop
new therapeutic approaches, the upregulation of AA transporters LAT1 and ASCT2 seems
promising due to their impact in the regulation of the mTOR pathway. In addition to
that, the liver is recognized as the most common metastatic site of CRC and cumulative
evidences show that LAT1 and ASCT2 are overexpressed in hepatocellular carcinoma
(HCC) and that these cells present a 10–20 fold increase in glutamine uptake, compared to
normal hepatocytes [27,38,99–101]. Therefore, the definition of a new therapeutic approach
involving the inhibition of these two AA transporters could be a promising strategy to
control CRC proliferation and aggressiveness.

Recently, it has been suggested that modulation of miRNAs in cancer cells could be a
potential tool for the improvement of cancer patients’ therapies. In fact, by suppressing
oncogenic miRNAs or substituting deficient tumor suppressive miRNAs, we are able
to control cancer cell growth and progression. The world’s first miRNA therapeutic, a
short locked nucleic acid (LNA) antagonist for miR-122 named Miravirsen (produced by
Roche/Santaris) was developed for the treatment of hepatitis C virus (HCV) infection [102].
Along with Miravirsen, all of the miRNA-based drugs are currently in clinical trials and
none have yet reached the pharmaceutical breakthrough. However, acquisition of miRNA-
based companies by famous pharmaceutical companies is sending a positive feedback on
their potential [103]. Currently, there are several strategies used for miRNA-based therapies,
which could include miRNA inhibition therapies that target oncomiRNAs, replacement
therapies for tumor-suppressor miRNAs or miRNA-based delivery systems [104]. One
example, of their applicability was the study performed by Callegari and coworkers that
showed that the in vivo delivery of an anti-miR-221 caused a significant decrease in the
size and number of tumor nodules, being established the promotor role of miR-221 in
liver carcinogenesis [105]. On the other hand, Oshima and coworkers reported an effective
delivery of miR-655-3p to CRC liver metastasis using nanoscale coordination polymers.
The polymers used prolonged the miRNA distribution and miRNA-655-3p suppressed
tumor growth when codelivered with oxaplatin, suggesting a synergistic effect of both
therapeutic approaches [106].

Regarding the delivery mechanisms, miRNAs are delivered through the use of vectors
that can be divided into two categories: viral vectors and nonviral vectors. The viral
vectors used for miRNA delivery are mainly adenovirus vectors, adeno-associated virus
vectors, retroviral vectors and lentivitus vectors. On the other hand, nonviral vectors
include inorganic material-based delivery systems, lipid-based nanocarriers, polymeric
vectors/dendrimer-based vectors, cell-derived membrane vesicles and 3D-Scaffold-based
delivery systems [107]. The use of these delivery mechanisms improves targeting ability
while protecting the miRNAs or miRNAs inhibitors from degradation. In fact, it was
already demonstrated that, for cancer treatment, intratumoral injections of miRNA drugs
directly into the tumor site are able to enhance target efficacy, specificity and minimize the
side effects and there are also several ongoing clinical trials [62,108,109].

In the present review we combined a bioinformatic approach with a literature review
to define a miRNA profile (miR-15b-5p, miR-16-5p, miR-122-5p, miR-1260b, miR-149-3p,
miR-193b-3p and miR-383-3p) that has the potential to target both LAT1 and ASCT2 in
CRC. The in silico approaches are very useful since they allow the simultaneous analysis of
the interactions of hundreds of genes and, therefore, the creation of an integrative network
that allows a deeper understanding of the biological processes regulated by them. Our in
silico analysis result in a list of miRNAs that target both LAT1 and ASCT2 and the literature
review allowed us to focus on the miRNAs that have already been studied in CRC and
have been reported as downregulated. In addition to that, functional enrichment analysis
showed that among the enriched terms derived from the miRNA profile targets, we can
find PI3K/Akt, MAPK, HIF-1, mTOR, VEGF and EGFR inhibitor resistant pathways, all of
which are well established as involved in CRC development.
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The MAPK and PI3K/Akt signaling pathways are involved in cell proliferation and
survival, and their deregulation confers proliferative advantages on cancer cells. In fact,
KRAS, BRAF and PI3K mutations are frequent in CRC. Moreover, the increase of the
PI3K/Akt pathway activation in CRC is also associated with the loss of the tumor sup-
pressor PTEN, which is significantly associated with a worse prognosis [1]. In addition
to that, according to Slatery and colleagues, approximately 41% of the genes of MAPK
signaling are dysregulated in CRC [110]. These two signaling cascades can activate directly
and indirectly the Ser/Thr protein kinase mTOR, respectively, being the mTOR involved
in the regulation of cell proliferation and survival [111]. Similarly to other solid tumors,
CRC is also characterized by a hypoxic microenvironment [112]. In fact, the cancer cells
have the ability of adaptation to hypoxia through the regulation of the PI3K/AKT/mTOR
pathway and by the transcription factors HIF-1α and HIF-2α, whose protein expression
and transcriptional activity are also regulated by mTOR [113]. Furthermore, tumor hy-
poxia can also enhance cancer cells survival and proliferation through the upregulation of
VEGF and its receptor VEGFR. VEGF promotes CRC growth through the stimulation of
angiogenesis and its downstream signaling pathways are well characterized in cancer, with
VEGF/VEGFR activation leading to the activation of MAPK/ERK, PI3K/Akt, PLC/PKC
and other signaling pathways [114,115] .

Taking this information into consideration, we can conclude that the miRNA profile
proposed in the present study plays an important role on CRC development and aggressive-
ness. However, despite promising, the results are still preliminary and require validation in
CRC study models in order to assess the miRNA profile interaction with LAT1 and ASCT2
mRNAs, especially in terms of its inhibitory power. During the past few years, there has
been a significant development of in vitro and in vivo preclinical research models, such as
3D cell culture of spheroids and organoids derived from several human tissues, which is
helping in the translation of miRNAs into clinical practice [66,116,117]. In a recent study,
Kawai and colleagues determined the culture conditions necessary to establish 3D cell
culture models that mimic colon cancer heterogeneity [118]. In another study, Zoetemelk
and colleagues established a robust, low-cost and reproducible short-term 3D colorectal
cancer spheroids model to be used as a platform for screening the effect of combination
therapies in CRC [119]. These enhanced research models are very useful for the study of
miRNAs dynamics and for the development of the delivery systems for miRNA-based ther-
apeutics [120,121]. Therefore, the next step should be focused on the delivery of the miRNA
profile to CRC 3D culture models in order to see if it is sufficient to reverse the increased
AA uptake caused by the increase of LAT1 and ASCT2 and inhibit cell proliferation.
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logical Process enrichment results for terms with FDR p < 0.01, Table S4: KEGG pathway enrichment
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Abstract: Epithelial ovarian cancer (EOC) is one of the most lethal cancers worldwide, mostly
due to nonspecific symptoms and a lack of screening tests, which, taken together, contribute to
delayed diagnosis and treatment. The current clinical biomarker is serum CA-125, which allows the
identification of most advanced primary and relapsed disease and correlates with disease burden;
however, as well highlighted in the literature, CA-125 often lacks sensitivity and specificity, and
is not helpful in monitoring chemotherapeutic response or in predicting the risk of relapse. Given
that, the identification of novel biomarkers able to foster more precise medical approaches and the
personalization of patient management represents an unmet clinical requirement. In this context,
circulating miRNAs may represent an interesting opportunity as they can be easily detected in all
biological fluids. This is particularly relevant when looking for non-invasive approaches that can
be repeated over time, with no pain and stress for the oncological patient. Given that, the present
review aims to describe the circulating miRNAs currently identified as associated with therapeutic
treatments in OC and presents a complete overview of the available evidence.

Keywords: ovarian cancer; epithelial ovarian cancer; liquid biopsy; circulating miRNAs; drug
response; personalized medicine; chemotherapy

1. Introduction

1.1. Epithelial Ovarian Cancer

Ovarian cancer represents the gynecological malignancy responsible for the highest
number of deaths each year in western countries [1]. Ovarian cancers are a heteroge-
neous group of tumors including separate entities and are divided into epithelial (about
90% of cases), germ cell (3%), and sex cord–stromal (2%) [2]. Epithelial ovarian cancers
(EOCs) are the most common and are, in turn, divided into serous ovarian carcinoma
(SOC), endometrioid carcinoma (EMOC), clear cell carcinoma (CCOC), mucinous carci-
noma (MCOC), Brenner tumors, undifferentiated, and carcinosarcomas. These cancers
are grouped into a dualistic model, type I, and type II, which reflects different clinical–
molecular features. Usually, type I tumors have indolent behavior and they are often
limited to the ovary at the time of diagnosis; they have a stable genome with no TP53
mutations, even if somatic alterations can be frequently detected in different genes, such as
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BRAF, KRAS, and CTNNB1. Type I tumors include low-grade SOC, EMOC, MCOC, CCOC,
and Brenner tumors. On the other hand, type II tumors are more aggressive, usually
identified at an advanced stage, and genetically highly unstable; the majority of them
harbor TP53 mutations, and a good portion of the cases have mutations or dysfunction
of BRCA-1/2 genes. High-grade serous EOC is the predominant histotype in type II can-
cers [3,4]. EOC is a relatively rare condition with the highest incidence rates in western
countries such as in Europe and North America (8 cases per 100,000 population) [5,6]. This
cancer is the most lethal and silent gynecological tumor with diagnosis in an advanced
stage in about 80% of cases and a 5-year relative survival of only 20–30%. Primary tumors
originate from the epithelium of the ovary, fallopian tube, or peritoneum and then spread
to the peritoneal surface and to the viscera of the pelvis and abdomen (carcinosis). The
standard approach is surgical cytoreduction followed by standard first-line chemotherapy
with platinum and taxane compounds. When surgery is not feasible due to the extent of the
disease, neoadjuvant chemotherapy is an option to reduce the burden of the disease and
give the patient the opportunity for cytoreduction [7]. Despite optimal surgery and proper
chemotherapy, approximately 70% to 80% of patients will develop a recurrent disease and
gradually patients susceptible to platinum experience shorter intervals without illness,
with the development of platinum resistance and poor prognosis [8–11]. In the last decade,
targeted therapies including vascular endothelial growth factor (VEGF) inhibitors and
poly (adenosine diphosphate-ribose) polymerase (PARP) inhibitors have been introduced
with positive outcomes in clinical trials, but their role in OC therapeutic algorithms is still
under debate [12].

Currently, serum markers (CA-125 and HE4) represent the only weapon to assess
response to therapy, tumor progression, and disease recurrence. HE4, although of great
promise, is not yet widely used in clinical practice because it has a clinical value over-
lapping with CA-125 [13]. Thus, serum CA-125 is the only biomarker available, but it
lacks sensitivity and specificity that do not allow routine use for early diagnosis even
in combination with other tools such as ultrasound [14]. It should be noted that a part
of ovarian carcinomas is also CA-125 silent. It remains useful in the gross evaluation of
response to therapy and its increase in treated patients is often a sign of disease recurrence.
However, CA-125 assay does not correlate with the prediction of platinum sensitivity or
resistance. In the absence of specific markers, presently, response therapy is evaluated
surgically by diagnostic laparoscopy on the accuracy of laparoscopy to assess peritoneal
spread in ovarian cancer [15].

1.2. Liquid Biopsy

Currently, the gold standard approach for the histological diagnosis and genetic–
molecular characterization of EOC is tissue biopsy; however, standard biopsy is an invasive
procedure that provides a static picture of the disease, strictly related to the portion of tissue
analyzed. Given its invasiveness, it cannot be repeated easily over time, thus, not providing
it does not provide a reliable, dynamic image of tumor evolution. An appealing alternative
approach attempting to overcome these limits is liquid biopsy, which allows the detection of
circulating molecules directly released by the tumor mass in body fluids. Not surprisingly,
in recent years there has been a growing research interest in this field. Liquid biopsy allows
access, through a non-invasive approach, to molecular information or identifies specific
biomarkers in biological fluids (including, but not limited to, blood, ascitic fluid, urine,
saliva), which could be very helpful in better characterizing a cancer patient [16,17].

In the last decade, research advances have boosted several steps forwards, promot-
ing in 2016 the FDA approval of the first diagnostic test based on liquid biomarkers for
non-small cell lung cancer (NSCLC) [18,19]. This test can detect specific EGFR mutations
in the blood of NSCLC patients, who would not be able to provide a tumor biopsy for con-
ventional EGFR testing due to advanced tumor stage, comorbidities, or tissue inadequacy.
This fosters the choice of the most suitable treatment, maximizing the benefits for those
patients. As demonstrated by this, much progress has been directed to diagnosis; however,
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another important potential application of liquid biopsy is therapeutic monitoring in order
to achieve more personalized treatment [20–22].

1.3. microRNAs

Body fluids contain several types of molecules including circulating tumor cells (CTCs),
circulating nucleic acids (both DNA and RNA), and extracellular vesicles (EVs) [23–25].
Among those, in particular, circulating microRNAs (miRNAs) have attracted research inter-
est due to their extraordinary stability in body fluids [26]. MiRNAs are small non-coding
RNAs (snRNA) that play an important role in gene regulation [27]. miRNAs modulate
gene expression by binding a complementary sequence of a target mRNA [28,29]. Of note,
a single miRNA can regulate the expression of hundreds of mRNAs and, conversely, an
mRNA may present numerous sequences that can guarantee interaction with multiple miR-
NAs [30]. When taking into consideration the involvement of miRNAs in several biological
processes, it is clear that they may play a role in many diseases, including cancer [31,32].
An aberrant miRNA profile is indeed associated with tumor development, progression,
metastasis process, and chemotherapy response, suggesting their possible use not only as
diagnostic biomarkers but also as predictive biomarkers of therapeutic response [33]. In
particular, in recent years, growing interest has been paid to circulating miRNAs, which
are detected in body fluid as complexed with other RNA binding proteins or enclosed in
EVs. In both cases, the miRNA is protected from enzymatic degradation, ensuring that it
can carry out its function [34,35]. Over the years, many studies have identified different
miRNAs as potential diagnostic and prognostic biomarkers in EOC. However, in most of
these, deregulation was observed when comparing the tumor with a normal counterpart or
healthy tissue. On the contrary, the studies that analyzed miRNA expression in relation to
pharmacological response are limited and with a small consensus. Given these premises, the
aim of this review is to provide a picture of the current knowledge on circulating miRNAs
identified to be significantly associated with EOC clinical response.

2. Methods

Systematic Review of Studies Investigating Circulating miRNAs in Therapeutic Response in
EOC Patients

To this purpose, we systematically searched for papers analyzing expression of circu-
lating miRNA in EOC in relation to prognostic and molecular classifications.

The systematic review was conducted in accordance with the PRISMA Statement
principles [36]. The research question was “can miRNAs be used as biomarkers to monitor
clinical response in EOC?”, and it was determined using the PICOS process (population,
intervention, comparison, outcomes, study design) [37]. PubMed, Web of Knowledge,
and Scopus databases were systematically searched for original articles analyzing the
circulating miRNAs associated with drug response in EOC (last updated search 1 August
2021). The papers included in this revision are summarized in Table 1. Relevant studies
were selected using the Boolean combination of the following key terms: “miR OR miRNA
or miRNAs or microRNA” AND “circulating OR plasma OR whole blood OR serum OR
ascites OR effusions OR exosome OR exosomes OR exosomal” AND “ovarian cancer OR
tumor OR tumour OR neoplasia OR carcinoma OR tumors OR tumours OR cancers OR
carcinomas” AND “adjuvant OR neoadjuvant OR clinical response OR chemotherapy OR
treatment response”. Additionally, the reference lists of reviews, meta-analyses, and all
original studies were hand-searched to acquire further relevant studies missed from the
initial electronic search (Figure 1).
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Figure 1. Workflow of the systematic review.

Eligible studies were required to meet the following inclusion criteria: studies evalu-
ating circulating miRNAs in relation to therapy in EOC. Exclusion criteria were: (i) meta-
analyses, reviews, and editorials; (ii) non-human studies; (iii) in vitro studies; (iv) non-
English articles.

After removing duplicate studies, two investigators (GR and FG) independently
checked titles and abstracts of the retrieved articles and judged their eligibility. One
study was not accessible [38]. Then, the entire text of potentially eligible studies was
evaluated to assess appropriateness of inclusion in this systematic review. The same two
authors independently extracted the following data from the selected papers: (1) first
author, publication year, and aim; (2) sample size; (3) type of drug; (4) type of body
fluid (plasma/serum/exosomes), techniques used, and validations; (5) type of association
between circulating miRNA and clinical outcome. The results are reported in Table 1.
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3. Results

We included in the final review a total of 15 works. The majority of the studies analyzed
miRNAs in plasma or serum, a small portion (n = 3) investigated exosomal miRNAs, and
one analyzed peritoneal washing (PW) and fluid (PF). Overall, the studies retrieved can be
divided in three different groups based on the main goal (Figure 2): (i) comparing miRNA
expression in chemotherapy-resistant and -sensitive OC patients; (ii) longitudinal analysis
of miRNA levels to monitor chemotherapy response; (iii) identifying potential associations
between miRNAs and chemotherapy response (i.e., in terms of progression-free survival
(PFS) or overall survival (OS)).

Figure 2. Main types of studies investigating circulating miRNAs and therapeutic response in EOC.

3.1. miRNA Expression in Chemotherapy-Resistant and -Sensitive EOC Patients

The first study analyzing the expression of circulating miRNAs in chemotherapy-
sensitive and -resistant EOC patients was published in 2017 [43]. Resistance was defined
as relapse occurring ≤6 months following the completion of chemotherapy. The authors
first analyzed the miRNAs’ global expression profile in 12 EOC patients, of which six
were platinum-resistant (had recurrence within 6 months after completion of platinum and
taxane-based treatment) and six showed platinum sensitivity. Based on this comparison,
the authors identified three deregulated miRNAs (miR-135a-3p, miR-630, and miR-1207),
which were further validated in 98 EOC sera. In particular, after having stratified the
patients based on the median value for each miRNA, they showed that EOCs with higher
miR-135a-3p had significantly improved OS compared to the patients with lower miRNA
levels. To provide clinical insights in EOC, miR-135a-3p expression in sera was compared
with the one in peritoneal fluid and tissue samples of patients with EOC, ovarian cysts,
normal ovaries, or endometrial cancer. In all these comparisons, the biological matrix
related to EOC patients showed lower miR-135a expression. Finally, functional studies
demonstrated that in OC cell lines (SKOV-3 and ES-2), enhanced miR-135a-3p expression
was able to promote cisplatin and paclitaxel sensitivity and suppress cell proliferation
and xenograft tumor growth. Subsequently, Kuhlmann et al. evaluated the exosomal
miRNAs in 30 EOC patients by Illumina NGS [42]; among those, 15 patients recurred
within 6 months after the adjuvant platinum-based chemotherapy, whereas 15 remained
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platinum-sensitive. In addition, the authors compared different EV-enrichment strate-
gies for optimizing the miRNA isolation and library preparation. The results showed
the deregulation of 12 miRNAs (hsa-miR-181a-2-3p, hsa-miR-1908-5p, hsa-miR-1304-3p,
hsa-miR-486-3p, hsa-miR-21-3p, hsa-miR-548o-3p, hsa-miR-1185-1-3p, has-miR-223-5p,
hsa-miR-664-5p, hsa-miR-345-5p, hsa-miR-625-3p, and hsa-miR-443b-3p); however, after
adjustment, the findings did not maintain statistical significance. However, the results
are of potential interest considering that among these miRNAs, a few (miR-181a, miR-
1908, miR-21, miR-486, and miR-223) were previously reported in EOC [54–57]. Besides
these two papers investigating large profiles of miRNAs, the other works published in
the literature explored single miRNAs from previous evidence on different cancer types.
Biamonte and colleagues explored the role of let-7g in EOC and chemoresistance. The
analysis started from an in vitro evaluation in two OC cell lines showing that let-7g acts as
a tumor suppressor in EOC and that its enhanced expression promotes higher sensitivity
to cisplatin treatment. To further corroborate the results, let-7g levels were evaluated
in the tissue and serum of 17 EOC patients, highlighting that in both cases let-7g was
expressed at a significantly lower level in chemotherapy-resistant cases (n = 9) compared to
chemo-sensitive cases (n = 8). Another example of a single miRNA investigated in EOC and
chemoresistance is miR-125b. This miRNA was previously characterized in EOC specimens
as markedly poorly expressed [58,59], but its correlation with therapeutic response had not
been investigated. In a recent work, Chen and colleagues [40] first compared circulating
miR-125b in sera from EOC (n = 152), healthy controls (n = 42), and benign and borderline
tumors (n = 30 and n = 35, respectively) and confirmed that lower levels were detected
in EOC patients. In this cohort of EOC cases, miR-125b was also correlated with FIGO
stage and lymph node metastasis. With regard to chemotherapy resistance, the authors
showed that sensitive patients had miR-125b upregulation compared to the non-sensitive
patients. More recently, Li et al. deepened the understanding of the role of miR-105 in EOC
starting by data mining publicly available datasets comprising the miRNA profiling of
EOC cells and their PTX-resistant sublines [39]. Based on that, miR-105 was significantly
downregulated in PTX-resistant cell lines compared to parental ones, and this deregu-
lation was further confirmed by the same authors by generating a set of two additional
PTX-resistant models (exposing PTX-sensitive cells to increasing doses of PTX) and their
matched xenograft models. In both cells and xenografts, lower miR-105 expression was
significantly associated with PTX resistance. To further test these findings, tissue and
sera clinical specimens from 105 EOC patients were analyzed. The results revealed that
miR-105 was significantly decreased in both tissue and sera derived from PTX-resistant
patients compared with the PTX-responsive cases. With regard to the circulating miR-105
in particular, high plasmatic levels were associated with improved responsiveness to PTX.
All the studies applied the same 6-month cut off to define resistance.

3.2. Longitudinal Analysis of miRNA Levels to Monitor Chemotherapy Response

Longitudinal analysis of miRNA levels, through the collection of multiple blood sam-
ples over time, is particularly interesting because it may display the peculiar deregulation
of certain miRNAs potentially correlated with poor or good response to specific drugs,
including chemotherapy.

The first studies in EOC with this purpose analyzed a small sample size of patients.
Shapira et al. investigated plasma samples of 42 EOC patients; however, the associ-

ation between miRNAs and therapeutic response was evaluated in only five cases, with
OS > 4 years, for whom blood samples were collected both before surgical resection and
after chemotherapy [51]. The comparison showed seven differentially expressed miRNAs
between presurgical and post-chemotherapy time points; in particular, miR-1274a, miR-
1274b, and miR-1290 were decreased after treatment, whereas miR-19b, miR-25, miR-195,
and miR-16 displayed over-expression in post-chemotherapy samples. Comparison be-
tween plasma collected before and within 2 weeks from the surgical resection did not
show any difference. Similarly, Kuhlmann and colleagues started their analysis by pro-
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filing miRNA expression in five EOC patients and five healthy controls [50]; based on
the results, one snRNA, RNU2-1f, was selected for further validation in 69 sera, of which
n = 63 were collected before surgery and n = 56 after adjuvant platinum-based chemother-
apy. The detection of RNU2-1f within the profiling was made by two probes (miR-1246
and miR-1290) that were previously shown to be specific for RNU2-1 since they detect
fragmented forms of RNU2-1 [60,61]. While the expression of RNU2-1 was confirmed
to be higher in EOC patients versus the healthy controls (independently by the specific
time points), no differences were observed between preoperative circulating RNU2-1f
and after adjuvant regimen. Interestingly, for a subset of 15 patients with suboptimal
primary debulking, radiographic reports on restaging after chemotherapy were available;
of these, 10 were defined platinum-sensitive and five resistant. The levels of RNU2-1f were
significantly higher in patients with residual abdominal tumor mass after chemotherapy
and platinum resistance. Finally, for 50 patients, for whom paired serum samples before
surgery and after adjuvant chemotherapy were available, RNU2-1f abundance dynamics
were evaluated. Kaplan–Meier analysis highlighted that the patients who had persistently
RNU2-1f -positive levels at primary diagnosis and after chemotherapy showed significantly
shorter PFS and OS than the other patients.

Kapetanakis et al. evaluated the expression of miR-200b in 33 patients, with blood
samples collected before a diagnostic laparoscopy and at the end of the primary treatment
(treatment including chemotherapy and debulking surgery when feasible), 4-8 months after
the initial laparoscopy [49]. The authors also evaluated the association between miR-200b
and the serum marker CA-125. CA-125 levels returned to normal plasma concentrations
within the first months of the treatment, even among patients with unresectable tumors. On
the contrary, expression levels of miR-200b were quite heterogeneous among the different
types of EOCs. In general, the proportion of patients with decreasing concentrations of
miR-200b was 33% for unresectable tumors versus 54% for patients with resectable tumors
treated with adjuvant or neoadjuvant chemotherapy. For 24 out of 33 EOCs, follow-up
longer than 10 months was available and the miR-200b level was analyzed in association
with PFS. Patients with a miR-200b-negative variation pre- and post-chemotherapy showed
significantly longer PFS, compared with the remaining patients, even after adjustment
for multiple variables. All these data, taken together, suggest that specific miRNAs could
be more sensitive liquid biomarkers than CA-125, which is currently widely used in
clinical management. Similarly, Kobayashi et al. evaluated miR-1290 with a longitudinal
approach [46]. The work originated from an miRNA profiling from in vitro models of OC
and normal ovary cells, which was then validated in clinical specimens, confirming a higher
expression of miR-1290 in EOC patients compared with healthy control sera. The same
miRNA was also evaluated before and after the first cycle of adjuvant chemotherapy in
16 patients. In line with the other results, miR-1290 expression was significantly decreased
after debulking surgery and chemotherapy, suggesting that circulating miR-1290 may be
directly related to tumor burden. Similarly, Zhu and collaborators characterized the role of
exosomal miR-223 in chemoresistance, starting with a careful in vitro study in cell lines
and xenograft models [45]. The authors demonstrated that exosomal miR-223 derived
from macrophages was able to foster drug resistance in EOC cells and that its upregulation
is directly associated with a chemoresistant phenotype. To further test this hypothesis,
the authors compared sera of 12 patients collected before and after resistance occurrence,
confirming an increased miR-223 expression at the time of recurrence.

More recently, Robelin et al. published a longitudinal report including a large number
of patients (n = 119), which is, so far, the widest series investigated [44]. The enrolled
patients received standard neoadjuvant and adjuvant chemotherapy (three to four cy-
cles) before and after cytoreductive surgery, followed by a maintenance treatment with
nintedanib/placebo for up to 2 years. In total, the authors were able to assess 756 serial
blood samples. From a profiling of 84 miRNAs in eight patients, and from literature
data, 11 miRNAs (iR-15b-5p, miR-16-5p, miR-20a-5p, miR-21-5p, miR-93-5p, miR-122-5p,
miR-150-5p, miR-195-5p, miR-200b-3p, miR-148b-5p, and miR-34a-5p) were selected to
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be further tested in serial blood samples derived from 111 EOC cases. However, even
with the good clinical design of the study, the results were mainly negative; indeed, as
clearly highlighted by the same authors, the longitudinal kinetics of the 11 miRNA ex-
pressions were highly inconsistent, and no relation with CA-125 dynamics was identified.
The miRNA changes during neoadjuvant treatment were not found to be associated with
RECIST tumor response or outcomes. The conclusion of this study indicates, therefore,
a lack of assessable longitudinal prognostic or predictive kinetic profiles for the selected
miRNAs, which cannot be automatically applied to other miRNAs.

Finally, among the papers investigating circulating miRNAs and therapeutic re-
sponse, two are different but deserve to be included in this list. In particular, the first, by
Benson et al., evaluated plasmatic miRNA levels in EOC patients treated with a regimen
of low dose decitabine—a DNA methyltransferase inhibitor—and carboplatin [48]. The
second, published by Grabosch and colleagues, investigated circulating miRNAs in serial
peritoneal samples in women receiving intraperitoneal (IP) chemotherapy [47]. The analysis
by Benson and collaborators included 14 EOC patients enrolled in the previously described
open label phase II clinical trial [62]. This study is particularly relevant because, among the
works herein described, it is the only one focused on platinum-resistant, recurrent patients
treated with an alternative drug. The aim of this report was to characterize the alterations
in circulating miRNAs associated with decitabine followed by a carboplatin chemotherapy
regimen and clinical response. To this purpose, plasma samples were collected before
treatment and after the completion of the first cycle of treatment (day 29). Among the
14 patients, n = 8 showed tumor progression prior to six cycles of chemotherapy and were
considered non-responders, whereas the remaining six were considered responders. By si-
multaneously analyzing 93 miRNAs, the authors identified 10 miRNAs related to response
to decitabine followed by carboplatin chemotherapy. In detail, miR-193a-5p and miR-375
decreased after chemotherapy; moreover, in the non-responder patients, four miRNAs
(miR-339-3p, miR-340-5p, miR-133a, and miR-10a) displayed increased levels, while three
miRNAs (miR-375, miR-25-3p, and miR-148b-5p) showed a significant decrease. MiRNA
expression was compared also in resistant and sensitive patients at the post-treatment
timepoint; in this regard, the authors observed three miRNAs (miR-616, miR-532-3p, and
miR-148b-5p) that were significantly increased in responders. Finally, Kaplan–Meier analy-
sis was applied to evaluate if any of the miRNA alterations were able to predict treatment
response. In this case, four patients were excluded due to their progression within the first
cycle of chemotherapy. The remaining 10 were divided into two groups (high and low
expression) based on the median value of each miRNA, showing that a lower concentration
of miR-148b-5p on day 29 was associated with disease progression.

The second previously mentioned study aimed to assess miRNA expression in serial
peritoneal samples from implanted catheters in women receiving IP chemotherapy. The
analysis involved 13 women, and, besides miRNAs, other potential biomarkers were
evaluated, including, but not limited to, immune genes and cytokines. miRNAs were
profiled in plasma (n = 9), peritoneal fluid (PF, n = 1), and peritoneal wash (PW, n = 3) at
three time points (T0: after surgery, before chemo; T1: after the first cycle of chemo; T2: after
the second cycle of chemo) using the NanoString nCounter miRNA Expression Assay. In
plasma, after the first round of chemo (T0 vs. T1) and after the second cycle of chemotherapy
(T1 vs. T2), 51 and 33 miRNAs were deregulated, respectively, eight of which were in
common. When altered, the miRNA tended to remain expressed in the same direction (up
or downregulated from baseline). On the contrary, in PW, a larger number of miRNAs were
deregulated after the second cycle of chemo (T0 vs. T1: 12 miRNAs; T1 vs. T2: 33 miRNAs).
As suggested by the authors, plasma miRNAs may be modulated by early changes due
to systemic effects of chemotherapy. In contrast, PW miRNAs can be related to later local
tumor changes. Interestingly, observing the deregulated miRNAs in plasma and PW, no
overlap was detected, implying that the alterations of miRNAs happening in PF/PW (at
local level) could be not detected by analyzing plasma miRNAs. In this context, PF/PW
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evaluation could be particularly appealing to accurately monitor molecular changes, assess
response to therapy, or to develop more personalized therapeutic approaches.

3.3. Association between miRNAs and Clinical Response

The first work to assess the association between miRNAs and clinical response—in
terms of PFS or OS—in EOC dates to 2017 [53]. Specifically, Halvorsen et al. enrolled
207 EOC patients, under standard chemotherapy or in association with bevacizumab, aim-
ing at identifying circulating miRNAs able to discriminate patients at high risk for relapse.
The discovery step assessed the levels of 754 miRNAs in 91 sera. The remaining 116 patients
were included in the validation cohort; patients were stratified based on treatment type and
survival length (in long or short PFS). Four miRNAs (miR-1274a, miR-141, miR-200b, and
miR-200c) were shown to be significantly associated with survival. In the validation set,
miR-141 and miR-200b confirmed the prognostic association. Considering the treatment,
no difference in PFS related to miRNAs was observed in the discovery set; however, in the
validation set, low levels of miR-200c were associated with significantly better survival in
patients treated with bevacizumab (with 5-month prolongation of PFS) compared to stan-
dard chemotherapy. No additional associations were reported. Vigneron et al. analyzed
the ability of miR-622 to predict platinum response [52].

This miRNA has been reported to be involved in the homologous recombination
repair system, which plays a role in the platinum mechanism of action [63,64]. The authors
analyzed miR-622 in two distinct cohorts of 65 HGSOC patients (one prospective and one
retrospective) treated with adjuvant platinum and taxane-based chemotherapy. The sera
were collected before the first cycle of chemotherapy; moreover, for 35 patients included
in the retrospective cohort, an additional serum sample was available at the time of
relapse. Each cohort was sorted into miR-622 low and high expression based on a cut-off
value. In the prospective group, the high expression of miR-622 group was associated
with significantly lower PFS compared with the patients showing lower miR-622 levels;
similarly, high miR-622 expression was correlated with lower OS. In the validation, in
the retrospective cohort, applying the same cut-off value, high miR-622 expression was
correlated with lower OS; however, in the multivariate analysis, this did not maintain
statistical significance. With regard to the predictive value at relapse, the 35 patients were
divided into short-term (<12 months) and long-term (>12 months) survivors according to
the OS and a new cut-off value was calculated by an ROC curve. Once again, high miR-622
levels were correlated with lower OS compared with patients with lower miR-622. The new
cut-off value was re-applied to the retrospective cohort, and this time the correlation of high
miR-622 expression/lower OS maintained statistical significance even in the multivariate
analysis. All these results together showed that miR-622 was an independent predictive
factor of PFS and OS in the prospective cohort, prior to first-line chemotherapy; in the
retrospective cohort, miR-622 was a predictive factor of OS before first-line chemotherapy
and at the time of relapse.

4. Discussion

Ovarian carcinoma is one of the most lethal cancers worldwide; this is mostly due to
its unspecific symptoms and the lack of screening tests, which, taken together, contribute to
delaying diagnosis and treatment. The current serum biomarker, CA-125, lacks sensitivity
and specificity. It is useful in identifying primary and relapsed disease and correlates
with disease burden, but is inadequate in the response to chemotherapy and risk of
relapse [10,11].

Given that, the identification of novel biomarkers able to foster more precise medical
approaches and the personalization of patients’ management represents an unmet clinical
requirement. In this context, circulating miRNAs may represent an interesting opportunity
as they are highly stable and can be easily detected in all biological fluids, including blood
samples. This is particularly relevant when looking for non-invasive approaches that
can be repeated over time, with no pain and stress for the oncological patient. Based
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on this, it is reasonable to think that miRNAs could potentially be integrated into the
existing prognostic outline and promote a better patient management. In this regard, the
present review aimed to describe the circulating miRNAs currently reported as associated
with therapeutic treatments in EOC. Considering that most of reports have investigated
tissue miRNAs, the available literature results are limited and we were able to identify
only 15 studies focused on our topic. Among those, the majority analyzed serum/plasma
miRNAs, three exosomal miRNAs, and one evaluated PF/PB. Eight of 15 used large
profiling to simultaneously screen multiple miRNAs, whereas the remaining adopted
RT-PCR as the main technique to evaluate a limited number of miRNAs; four studies had
an independent cohort of patients to validate their preliminary findings and five described
functional validations in cell lines and/or animal models.

Overall, as previously mentioned, the available reports can be divided according to
their main goals, thus identifying three main groups (Figure 2); however, even considering
the specific aims, the consensus among the studies remains very limited. With all aspects
taken together, it is understandable that no clinical translation has happened, and it seems
that further extensive research will be needed to define reliable miRNAs as candidate
biomarkers. In addition, the lack of standardized protocols, including sample collection,
the type of biological fluid, RNA extraction, and techniques, makes it challenging to
compare the results between independent studies. We should also be aware that it would
be particularly difficult to identify one or a few miRNAs that are able, by themselves, to
accurately monitor therapeutic response in EOC patients based on molecular or clinical
features. The best approach would be combining multiple variables (including, but not
limited to, miRNAs, any DNA mutations, and clinical parameters).

Recently, advances in therapeutic monitoring in EOC have been made with circulat-
ing tumor DNA (ctDNA) providing important evidence about its utility in determining
outcome and individualizing cancer therapy in patients with EOC [65–67]; on the contrary,
the role of circulating miRNAs in EOC clinical monitoring needs to be further investigated
in order to obtain a larger concordance between the results from independent investigators.
Of note, we should bear in mind that ctDNA represents a sort of barcode originating
directly from the tumor, but “liquid” miRNAs are not derived uniquely from the cancerous
mass. Indeed, miRNAs are also physiologically released by other, normal cells and this
makes the general landscape more complex to decipher. As a consequence, the research on
cancer liquid biomarkers is still in its embryonal phase and no reliable miRNA candidates
to accurately follow the treatment response “in real-time” have been identified yet.

Based on the data reported in our work, the most appealing miRNAs in EOC belong
to the miR-200 family. Indeed, two independent works have identified miR-200b and miR-
200c as potential biomarkers. Given that, the miR-200 family could have a role as a non-
invasive biomarker in EOC. This family has already been reported as of potential interest
in gynecological cancers, particularly in endometrial cancer [68]. The above-mentioned
correlation could be due to the involvement of miR-200s in the epithelial–mesenchymal
transition (EMT) process, which is known to play a key role in EOC progression, metastases,
and recurrence and to be one of the cancer escape routes to medical treatments [69].

5. Conclusions

So far, the role of circulating miRNAs in therapeutic monitoring in EOC remains to be
clarified given the inconsistent findings reported by different studies. This could be in part
due to the limited number of analyses, the small sample size, and the lack of a standardized
procedure to properly assess the miRNAs’ contribution. Nevertheless, circulating miRNAs
have potential as novel non-invasive and highly useful biomarkers in EOC.

Further studies with standardized protocols and larger cohorts of patients are war-
ranted to foster the identification of circulating miRNAs of potential clinical significance
in EOC.
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