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Biomarkers are a critical medical need for oncologists to predict and detect disease and to
determine the best course of action for cancer patient care. Prognostic markers are used to evaluate
a patient’s outcome and cancer recurrence probability after initial interventions such as surgery or
drug treatments and hence to select follow-up and further treatment strategies. On the other hand,
predictive markers are increasingly being used to evaluate the probability of benefit from clinical
intervention(s), driving personalized medicine. Evolving technologies and the increasing availability
of “multi-omics” data are leading to the selection of numerous potential biomarkers based on DNA,
RNA, miRNA, protein, and metabolic alterations within cancer cells or tumor microenvironments,
which may be combined with clinical pathological data to greatly improve the prediction of both cancer
progression and therapeutic treatment responses. Indeed, the search for new prognostic and predictive
cancer biomarkers is the object of many studies performed on preclinical cancer models, as well as
biofluids and tissue samples from cancer patients. However, few biomarkers have progressed in the
last years from discovery to become validated tools to be used in clinical practice [1].

This Special Issue comprises eight review articles and five original studies on novel potential
prognostic and predictive markers for different cancer types.

Among the reviews, two are focused on miRNAs that represent a family of small non-coding RNAs
recently emerging as potential predictors of prognosis and/or anticancer drug efficacy, as well as novel
anticancer targets. MiRNAs have been described as onco-suppressors or onco-genes, depending on the
cellular context and their biological targets [2]. In recent years, many investigations have confirmed
the presence of a stable form of circulating miRNAs in human body fluids, including blood, saliva,
and urine [3]. In this context, Takeuchi et al. summarized the miRNAs known to be deregulated
in head and neck squamous cell carcinoma (HNSCC), with a specific focus on laryngeal cancers,
describing miRNas predicting initiation, progression, and prognosis; those associated withradio-,
chemo-, and thermal- resistance; and also those correlated with infection (e.g., HPV) and life habit.
Notably, the authors concluded that the simultaneous evaluation of more miRNAs regulating multiple
target genes might have higher diagnostic, prognostic and therapeutic performance, as well as higher
sensitivity than individual miRNA assays, because they better recapitulate the multistep process leading
to cancer. On the other hand, Motti et al. provided an updated overview about miRNA deregulation
in melanoma, suggesting their critical role as putative diagnostic and/or prognostic biomarkers in this
disease. Moreover, since some miRNAs have been found to regulate the mitogen-activated protein
kinase (MAPK) signaling pathway [4] or immune checkpoint expression [5], the authors discussed
in more detail which miRNAs play an important role in melanoma cell resistance to MAPK and/or
immune checkpoint inhibitors, evidencing the predictive potentialities of circulating miRNAs to detect
and monitor melanoma responsiveness to targeted and immune therapies.

Anyhow, immune checkpoint inhibitors (ICI), beyond melanoma are used today in clinical
practice to treat a large number of tumor types. However, ICI are effective in a small subgroup of
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cancer patients and, hence, a great effort has been dedicated to the identification and development of
predictive biomarkers for ICI response [6]. In this regard, in a review article, Sabbatino et al. focused
on the putative role of the human leukocyte antigen (HLA) system as a predictive biomarker for
ICI-based cancer immunotherapy. The authors described: (i) the HLA system’s structure and function;
(ii) HLA defects with their clinical significance in cancer patients, underlining the potential predictive
role of the HLA as a biomarker of response to checkpoint-based immunotherapy in cancer patients;
and (iii) the main molecules/drugs able to restore HLA function and usefulness to implement novel
therapeutic strategies in cancer patients. Moreover, in a research paper, Baek et al. re-classified the
urothelial cancer subtypes, focusing on ICI responsiveness. Several previous studies subdivided
urothelial cancer patients in two immunotherapy-associated subgroups: the genomically unstable
(GU) subtype of the Lund classification and the neuronal subtype in The Cancer Genome Atlas (TCGA)
classification [7,8]; on this basis, the authors performed both hierarchical clustering and survival
analysis using gene expression profiling in the IMvigor 210 cohort comprising 298 urothelial cancer
patients, and evidenced that patients with upregulation of the cell cycle, DNA replication, and DNA
damage and downregulation of the TGFβ and YAP/TAZ pathway were more responsive to ICI therapy.
In another paper, Quagliariello et al. focused on Nod-like receptor (NLR) family pyrin domain
containing 3 (NLRP3), a key player inimmune-related events involving viral and bacterial infection [9],
suggesting that it could be a putative marker of cardiotoxicity induced by the ICI. In detail, with the
aim of studying if hyperglycemia could affect ipilimumab-induced anticancer efficacy and toxicity,
taking advantage of in vitro co-culture of human peripheral blood mononuclear cells (hPBMCs) with
either cardiomyocytes or estrogen-responsive (MCF-7) and triple-negative (MDA-MB-231) breast cancer
cells, the authors evaluated ipilimumab’s effect under different glucose concentrations. Interestingly,
high levels of glucose during ipilimumab treatment increased cardiotoxicity and NRLP3 levels,
and induced decreased cancer cell mortality; on the other hand, co-treatment with ipilimumab and
empagliflozin, a sodium glucose co-transporter 2 inhibitor, under high glucose or shifting from high
glucose to low glucose, was able to increase ipilimumab responsiveness and to decrease cardiotoxicity
and NRLP3 levels.

Acetylation represents a post-translational modification regulating protein expression and function
and it is regulated by acetyltransferases catalyzing the transfer of acetyl residues on proteins and
by deacetylases that remove those residues.In this regard, in a review article, Kim et al. focused on
N-α-acetyltransferase 10 (NAA10), targeting the N-terminal α-aminogroup of nascent proteins as
well as internal protein lysine residues. The authors showed that NAA10 is an interesting player to
regulate cell proliferation, differentiation, migration, autophagy, and apoptosis. They also highlighted
NAA10 overexpression in different cancer types and correlation with overall survival rates and
disease recurrence.

Several reviews and papers in this Special Issue reported data related to biomarkers of specific
cancer types.

In a review article, Majewska et al. focused on head and neck paragangliomas (HNPGL) and,
on the basis of PubMed and ScienceDirect databases, highlighted known genetic changes as well as
epigenetic modifications associated with HNPGL, as well the potential practical applications of such
alterations and also in the light of next-generation sequencing (NGS) technology. The authors analyzed
both somatic and germline mutations, evidencing that, among others, succinate dehydrogenase
complex iron sulfur subunit B (SDHB) mutations lead to metastasis development in 40% or more of
patients. Overall, they concluded that fumarate hydratase (FH); the proto-oncogene tyrosine-protein
kinase receptor RET; succinate dehydrogenase complex, subunits A, B, C, and D (SDHA, SDHB, SDHC,
SDHD); and von Hippel–Lindau tumor suppressor (VHL) should be routinely determined in HNPGL
patients in order to discover genetic syndromes and for correct prognostic evaluation.

Regarding prostate cancer, in a review article, Shorning et al. focused their attention on the
PI3K–AKT–mTOR pathway, which is dysregulated in a high proportion of prostate cancer patients
and is associated with castrationresistance [10]. The authors, by reviewing the genetic alterations
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leading to the activation of this pathway, discussed the interplay with androgen receptor (AR),
MAPK, and WNT, which cooperate to promote prostate tumorigenesis and therapy-resistant disease
progression, concluding that a clear knowledge of thePI3K–AKT–mTOR signaling network can be
useful for improvingpatient stratification and to identify more targeted therapeutic approaches. In a
research paper, Polo et al. applied some integrated and bioinformatics approaches to study the network
of interactions between the 25 proteins belonging to the selenoprotein family, named selenoproteins,
to identify the more correlated nodes (HUB nodes) and to analyze the correlation between selenoprotein
gene expression and patient outcome in 10 solid tumors. To confirm some of the correlations suggested
by the bioinformatics analyses, they evaluated the gene expression level of the 25 selenoproteins and
of the HUB nodes identified in two androgen receptor-positive and two androgen receptor-negative
prostate cancer cell lines, compared with normal human prostate epithelial cells by RT-qPCR
analysis. In this way, the authors identified some selenoproteins, such as GPX2, MSRB1, SELENOK,
SELENOI, and SELENOS, which are correlated with HUB nodes and are involved in prostate cancer,
concluding that their combined evaluation could improve prostate cancer patient prognosis and
outcome predictions.

About breast cancer, in a review article, Cocco et al. reviewed known and emerging prognostic
and predictive biomarkers in triple-negative breast cancer (TNBC). This breast cancer subtype is very
heterogeneous and is characterized by high aggressivity, distant recurrence risk, and poor survival.
The authors summarized the main known genetic (i.e., BRCA1/2) and protein biomarkers used for
TNBC prognostic evaluation as well as for their potential to stratify patients for response to the growing
number of novel targeted or immunotherapy drugs available to treat this disease. In a research article,
Masuda et al. hypothesized that it is possible to predict new breast cancer metastasis (NM) and to guide
the treatment of recurrent breast cancer patients by monitoring tumor mesenchymal status in real-time
using liquid biopsy. In detail, the authors demonstrated that: (i) N-cadherin and vimentin expression
levels were higher in the NM cases compared withpre-existing metastasis cases; (ii) N-cadherin was
expressed mainly in polymorphonuclear leukocytes in peripheral blood; and (iii) the preoperative
expression levels of N-cadherin were high in breast cancer blood and tissues and associated in a
significant statistically way with poor recurrence-free survival. Therefore, N-cadherin mRNA levels in
blood were suggested as new putative prognostic biomarkers capable ofpredicting new metastases,
including recurrence, in breast cancer patients.

In a review article, Mottini and Cardone focused on the Oncogenic v-Ki-ras2 Kirsten rat sarcoma
viral oncogene homolog (KRAS) dependency of pancreatic cancer beyond the mutational status of this
oncogene. Indeed, KRAS mutation in pancreatic ductal adenocarcinoma (PDAC) represents a common
genetic event that ismutated in almost 88% of cases; however, mutational status is not sufficient to
determine whether the tumor is dependent on KRAS and thus is potentially responsive to the novel
KRAS inhibitors recently entered into the clinic [11]. Therefore, the authors described the state of KRAS
dependency on the basis of transcriptomic and metabolomic profiling studies, highlighting potential
molecular biomarkers driven by KRAS mutations in the different PDAC subtypes for a tailored therapy.

Finally, in a research paper, Troiano et al. investigated, in oral squamous cell carcinomas (OSCC),
the expression of Musashi 2 (MSI2), a RNA-binding protein that is involved in migration, invasion,
epithelial–mesenchymal transition, cell proliferation, and drug resistanceby bioinformatic analysis
and immunohistochemical evaluation. TCGA data analysis of 241 OSCC patients showed that the
MSI2 gene was not mutated but was rather hypermethylated in all samples analyzed, with higher
methylation status correlating with the age of patients and the lowexpression of MSI2 mRNA.
Conversely MIS2 mRNA expression levels, being higher in males, correlated with overall survival
and grading. Interestingly, although the immunohistochemical evaluation conducted on 108 tissues
showeda weak expression of this protein in both OSCC samples and in healthy oral mucosae, the
authors highlighted that MSI2 correlated with Cyclin-D1 expression, suggesting an indirect role of
MSI2 in OSCC genesis and progression.
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In conclusion, although several novel potential biomarkers have been proposed, several authors
underlined that robust, well-validated biomarkers are crucial to enabling effective decision-making.
Therefore, it is critical to increase the quality and the standardization of the methodology in the
development pipeline to select validated and useful prognostic/predictive biomarkers [1].
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Abstract: Head and neck squamous cell carcinoma (HNSCC), a heterogeneous disease arising
from various anatomical locations including the larynx, is a leading cause of death worldwide.
Despite advances in multimodality treatment, the overall survival rate of the disease is still largely
dismal. Early and accurate diagnosis of HNSCC is urgently demanded in order to prevent cancer
progression and to improve the quality of the patient’s life. Recently, microRNAs (miRNAs), a
family of small non-coding RNAs, have been widely reported as new robust tools for prediction,
diagnosis, prognosis, and therapeutic approaches of human diseases. Abnormally expressed miRNAs
are strongly associated with cancer development, resistance to chemo-/radiotherapy, and metastatic
potential through targeting a large variety of genes. In this review, we summarize on the recent
reports that emphasize the pivotal biological roles of miRNAs in regulating carcinogenesis of
HNSCC, particularly laryngeal cancer. In more detail, we report the characterized miRNAs with
an evident either oncogenic or tumor suppressive role in the cancers. In addition, we also focus on
the correlation between miRNA deregulation and clinical relevance in cancer patients. On the basis
of intriguing findings, the study of miRNAs will provide a new great opportunity to access better
clinical management of the malignancies.

Keywords: microRNA; biomarkers; head and neck cancer; laryngeal cancer; prediction; prognosis;
metastasis; lifestyle habit; chemo-/radio resistance; therapeutic target

1. Introduction

Head and neck squamous cell carcinoma (HNSCC) represents the sixth most common cancer in the
world, and is a histologically and genetically heterogeneous disease. It arises from multiple anatomical
sites including oral mucosa, tongue, salivary glands, nasopharyngeal, pharyngeal, and laryngeal
carcinomas [1,2]. Despite substantial progress in both treatment strategies and diagnostic techniques,
the overall survival rate as well as the mortality rate of the disease is still largely unimproved over the
last decades [3,4]. Smoking tobacco and drinking excessive alcohol are the predominant risk factors of
initiation and aggressive progression of HNSCC [2,5].
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Both local and distant metastases usually result in poor prognosis of HNSCC, thus representing
one of the most adverse phenomena in the patients [6].

The survival rate of HNSCC patients is still poor since the disease is often at advanced stages
when diagnosed. Thus, early and precise detection in the initial and pre-clinical stages of the tumor is
crucial to achieve high survival rate of HNSCC patients, but the early diagnosis is often hampered
by present lack of definite symptoms. Implementation of early intervention is greatly dependent on
clinical judgment by diagnostic instruments, histological results, and usable markers. However, there
is still no truly reliable and identifiable tools with sufficient sensitivity and specificity at the initial
stages. To overcome the issue, easily and universally available protocols have been long investigated
in order to prevent initial and secondary malignant tumors. For example, many biomolecule markers,
such as proteins, DNA, and RNA molecules, have been studied but there is still a big challenge to use
them as a certain biomarker for the clinic purpose in HNSCC patients. Another issue, protocols for
therapeutic clinical management, have not been yet established to accurately diagnose the presence
of small metastases that cannot be evidenced by conventional radio-imaging analysis. Additionally,
there is currently a lack of information on clinically available molecular-based biomarkers for both
prediction and prognosis of aggressive malignancies in a non-invasive way. In fact, a misleading of false
positive/negative metastases cannot be completely avoided, resulting in expanding tumor invasion
(under treatment) or undergoing an unnecessary surgical intervention (over treatment). Hence, it
is necessary to urgently address these issues by either early prediction and detection indicators or
improved therapeutic treatments.

Recently, miRNAs have emerged as robust predictors and prognosticators, pharmaceutical drugs,
personalized medicine, and therapeutic biomolecular targets for the effective treatment of diseases. This
small group of highly conserved non-protein coding RNAs (approximately 20 nucleotides in length)
is essential for maintaining physiological conditions. miRNAs negatively and post-transcriptionally
regulate divergent genes involved in (signal) transduction pathways, through promotion of mRNA
destabilization or prevention of protein translation machinery by either perfect or nearly perfect binding
to the complementary site of mRNA at 3′ untranslated regions [7]. Biogenesis of miRNAs has been
currently studied and summarized in many reviews, but not fully elucidated due to its complicated
procedures. Conventionally, biogenesis pathway involves two cleavage steps, one nuclear and one
cytoplasmic (Figure 1), but other alternative biogenesis pathways that require a different number of
cleavage events and key enzymes are possible. The mechanism by which microRNA precursors are
sorted to the different pathways is unclear but probably depends on the origin site of the microRNA,
its sequence and thermodynamic stability. However, mature miRNAs usually exhibit a tissue-specific
pattern of expression but an apparent tissue-specific pattern for their corresponding primary transcripts
has not been found [7–9]. Consequently, miRNAs may act either as onco-promotors or tumor suppressor
genes, depending on their biological targets and the cellular context [10]. Numerous studies have
indicated that miRNA dysregulation patterns could be useful for prediction of clinical outcome in
HNSCC patients.

In recent years, investigations of circulating extracellular miRNAs have rapidly progressed.
Although miRNAs were thought to be unstable in extracellular environment due to their low stability,
it has been confirmed the presence of a stable form of circulating miRNAs in human body fluids
including blood, saliva, and urine [11–17]. Among patients, the amount of circulating miRNAs is also
changed and closely linked to pathological events including metastases. There are several advantages
of circulating miRNAs including easy and safe accessibility, ready detection and quantization, and
good reproducibility. It is likely that circulating miRNAs are suitable as an informative application
for the diagnostic examination and are able to monitor the real-time disease status by detecting their
specific signatures. Here, we briefly summarize recent miRNA studies regarding biological functions,
comprehensive expression profiles, and clinical relevance in HNSCC patients, particularly focused on
laryngeal carcinoma.
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Figure 1. MiRNA biogenesis. miRNA gene is transcribed to generate a primary miRNA (pri-miRNA)
precursor molecule that undergoes nuclear cleavage to form a second precursor miRNA (pre-miRNA).
The pre-miRNA is exported in the cytoplasm and cleaved to generate a microRNA duplex containing
the mature miRNA. The duplex unwinds and the mature miRNA assembles into RISC. The miRNA
base-pairs with target mRNA to perform gene silencing trough mRNA cleavage or translation repression.

2. miRNA Deregulation

2.1. Laryngeal Cancer

Laryngeal cancer (LCa) is one of the most common types of neoplasms in the head and neck region
and accounts for approximately 1–2% of all malignancies. Over 90% of LCa is histologically classified
as squamous cell carcinoma. LCa is divided into glottis (60–65%), supraglottic (30–35%), or subglottic
carcinoma (1–2%). Cigarette smoking, and heavy alcohol consumptions are the most detrimental risks
of the disease [18–21]. In addition, it has been reported that the presence of nodal metastases is the
most significant prognostic factor of LCa patients. Prediction of the overall survival rate in LCa patients
is more related to node metastasis than tumor extension [22]. Metastases are often responsible for the
aggressiveness and cancer-related mortality. Partial laryngectomy, chemo-radiation, and combination
therapy are effective treatments of laryngeal carcinomas at an early clinical stage. However, in the
advanced cases of LCa patients, total laryngectomy is often required as a therapeutic intervention,
but such surgical modality strongly negatively affects patient’s quality of life. Furthermore, cancer
recurrence may appear at the laryngeal region or other distant sites even though all parts of the
malignant larynx were correctly removed by the laryngectomy. Therefore, it is highly and urgently
demanded to enhance conventional methods and to set up both more effective treatment management
and earlier nodal metastasis prediction techniques in order to reduce cancer morbidity and mortality
and to improve the quality of life. Regarding the diagnostic approaches, one of the possible ways is the
establishment of new reliable biomarkers to predict LCa progression and to prognosticate the disease.
As mentioned above, many researchers have recently focused on miRNAs as an excellent tool in the
biological, clinical, and medical field. So far, a number of research groups have widely investigated
that miRNA dysregulation, which is up/down expression, is observed in LCa when comparing to
precancerous lesions, benign, or noncancerous counterparts, using microarray or quantitative real-time
PCR (qRT-PCR) analysis.
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Several miRNAs are aberrantly upregulated in LCa and they can contribute to aggressiveness of
the cancer. MiR-9 was upregulated in LCa tissues and cell lines by influencing malignant development
at the larynx through direct regulation of PTEN [23].

miR-10b is overexpressed in LCa, showing a role in the initiation of cancer invasion and
migration in the laryngeal carcinoma cell line Hep-2. Zhang et al. unveiled that miR-10b accelerates
the epithelial-mesenchymal transition (EMT) in Hep-2 cells through directly targeting E-cadherin
(E-cad). The authors studied both epithelial (E-cad and ZO-1) and mesenchymal (Vim, N-cad, and
FN) markers in Hep-2 cells with ectopic miR-10b expression using western blot analysis, and they
showed that miR-10b-transfected cells possess reduced epithelial and increased mesenchymal markers.
The regulation of CDH1 (E-Cad gene) by miR-10b was also confirmed in this study [24].

miR-21 is one of the most well-studied miRNAs and exerts oncogenic roles in different types of
malignancies. It was exhibited that miR-21 is upregulated in laryngeal tumor tissues and its inhibition
by antago-miRs caused growth inhibition of Hep-2 cells via the suppression of BTG2, a validated
miR-21 target, leading to inhibition of cell cycle progression without influencing cell apoptosis. Other
targets of miR-21, PTEN, TPM1 and PDCD4, were also downregulated [25].

Additionally, a repressor of cell cycle progression, the cyclin-dependent kinase 2-associated
protein 1 (CDK2AP1), which is a G1/S transition inhibitor, was found to be a negative regulator of
LCa. CDK2AP1 was reported as a target gene of miR-21 in pathological human oral keratinocytes [26]
and a recent investigation showed that this gene was downregulated by miR-205, indicating that
miR-205 regulates CDK2AP1 in LCa. Hence, miR-205 works as an oncogene, through the suppression
of CDK2AP1, and affects cell proliferation and motility by promoting MMP2 and MMP9 activities and
both c-Myc and CyclinD1 over-expression in LCa cells [27].

Overexpression of miR-93 was found in LCa tissues by global miRNA screening and was confirmed
by qRT-PCR set [28].

Another manuscript reported that miR-93 was inversely correlated with cyclin G2 (CCNG2) levels
in clinical samples from LCa patients. A gain of function analysis showed that miR-93 promotes
cell proliferation and metastases, while suppression of miR-93 reduces these malignant processes.
Further studies revealed that miR-93 accelerates cancer progression in LCa through directly inhibiting
CCNG2 [29].

Plasma miR-126 was associated with clinical differentiation of LCa. The authors also showed
that miR-126 in part regulated calmodulin-regulated spectrin-associated protein 1 (Camsap1), and the
introduction of miR-126 mimic decreased LCa tumorigenesis in xenograft mouse models [30].

Lian and coworkers found that miR-132 was strongly overexpressed in LCa tissues and cells and
directly targeted FOXO1, which is a class of human forkhead box O (FOXO) proteins and works as
important effectors of PI3K/Akt signaling. This study thus demonstrated the oncogenic role of miR-132
in LCa by mediating PI3K/AKT/FOXO1 pathway [31].

miR-221 was identified as an oncogene through the modulation of several signaling pathways.
Inhibition of endogenous miR-221 expression reduced cell proliferation and induced both apoptosis
and cell cycle arrest of LCa cells. In addition, the study of miR-221 in LCa also showed to stimulate
apoptosis resistance by affecting apoptotic protease activating factor-1 (Apaf-1). Interestingly, miR-221
inhibitor had anti-cancer effects as confirmed in xenograft mouse models inoculated with Hep-2 cells,
showing that miR-221 suppression led to reduced tumor size and weights and to increased survival
rate [32].

Additionally, overexpression of miR-302-3p was found in LCa tissues and cells and disclosed to be
involved in EMT processes. The authors identified that tumor repressor Smad4 is a direct downstream
target of miR-302-3p [33].

Guan and coworkers observed an up-regulation of miR-423-3p in primary LCa cell lines. The same
group also confirmed that miR-423-3p plays an oncogenic role. In silico prediction algorithms
and further validation confirmed that adiponectin receptor 2 (AdipoR2) is directly regulated by
miR-423-3p [34].
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Several reports exhibited lower miRNA expression in LCa, and the miRNAs could suppress tumor
development and metastasis through multiple direct/indirect target oncogenes.

Many studies have recently shown that miR-1 is often downregulated in various tumors and is an
anticancer gene. miR-1 downregulation and its clinical impact were also found in HNSCC specimens
including LCa.

It was reported that miR-1 is significantly under-expressed in LCa tissues and ectopic miR-1
expression induces the suppression of cell growth and metastatic potential in Hep-2 cells. Target
identification assay showed that miR-1 directly regulates fibronectin 1 (FN1), which has cancer
metastasis related functions. Thus miR-1 exerts an anti-oncologic role in LCa [25,35].

miR-24 was significantly underexpressed in LCa tissues or cell lines compared to paired normal
tissues or normal human keratinocyte cell lines. Reintroduction of miR-24 inhibited both cell growth
and colony formation and promoted apoptosis. The research group revealed that miR-24 binds to the
3′-UTR of XIAP mRNA [36].

A well-known ubiquitous onco-suppressive miRNA, miR-34, is frequently downregulated in a
variety of cancers [37].

miR-34a was inversely correlated to cyclin D1 (CCND1) levels, nodal metastases, and clinical stage
in LCa. It was also found that miR-34a regulates CCND1 gene [38]. miR-34c is also downregulated in
LCa and functions as a tumor suppressor. Replacement of miR-34c expression in LCa cells induced
both inhibition of growth and invasion by directly targeting c-Met [39].

Another study in Hep-2 cells demonstrated that miR-34a/c directly regulates UDP-N-acetyl-α-d-
galactosamine:polypeptide-N-acetylgalactosaminyltransferase 7 (GALNT7) a member ofglycosyltransferases
involved in cancer spreading and metastasization [40].

miR-144 expression was found to be downregulated in LCa, and to have anti-oncogenic
functions through the suppression of insulin receptor substrate 1 (IRS1). The latter stimulates
the phosphatidylinositol 3-kinase (PI3K)/Akt pathway that is then inhibited by miR-144 [41].

miR-340 is another anti-oncogene in LCa facilitating p27 expression and blocking PI3K/Akt
signaling through the suppression of the histone methyltransferase EZH2, thus resulting in the
inhibition of cell proliferation, metastatic abilities, and apoptosis [42].

The association between Let-7a downregulation and high-mobility group protein A2 (HMGA2)
mRNA overexpression in LCa indicates that it is involved in tumor aggressiveness and metastasis.
HMGA2 is able to change the DNA structure through its interaction, thus affecting DNA transcription.
The expression levels of Let-7a and HMGA2 were strongly associated with clinical stage, differentiation
grade, and lymph node metastases in LCa [43].

Taken together, these reports open the new opportunity to use miRNAs as either biomarkers or
therapeutic approaches for patients affected by LCa.

2.2. Other HNSCC

Deregulation of miRNAs in other HNSCC, such as oral squamous cell cancer (OSCC), tongue,
and salivary gland tumors [44–148] is summarized in Table 1. Unfortunately, data demonstrating the
role of miRNAs in the other HNSCCs are still not sufficient to provide an accurate overview. miR-155
was found to be upregulated in OSCC tissues and its overexpression reduced the intracellular levels of
cell division cycle 73 (CDC73), a target of a tumor suppressor gene [47]. Another study also reported
miR-155 overexpression in OSCC cells and tissues [48]. Upregulated miR-155-5p induced cancer
metastases to neck lymph nodes and was associated with poor overall survival rate in OSCC patients.
Inhibition of miR-155-5p promoted the epithelial marker E-cadherin, reduced signal transducer and
activator of transcription 3 (STAT3), and activated suppressor of cytokine signaling 1 (SOCS1) in an
OSCC cell line [49,50].
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Table 1. miRNA deregulation in head and neck cancer and validated targets.

Cancer Type miRNA Regulation Role Target Gene Ref.

Laryngeal cancer
(LCa)

Let-7a Down Tumor-suppressive HMGA2 [43]
miR-1 Down Tumor-suppressive FN1 [25,35]
miR-9 Up Oncogenic PTEN [23]
miR-9 Up Oncogenic - [109]

miR-10b Up Oncogenic CDH1 [24]

miR-21 Up Oncogenic BTG2, PTEN, TPM1, PDCD4,
CDK2AP1 [25]

miR-23a Up Oncogenic - [107]
miR-24 Down Tumor-suppressive XIAP [36]
miR-34a Down Tumor-suppressive CCND1, GALNT7 [38,40]
miR-34c Down Tumor-suppressive c-Met, GALNT7 [39,40]
miR-93 Up Oncogenic CCNG2 [28,29]

miR-101 Down Tumor-suppressive CDK8 [108]
miR-126 - Tumor-suppressive Camsap1 [30]
miR-132 Up Oncogenic FOXO1 [31]

miR-138-2-3p Up Oncogenic - [122]
miR-144 Down Tumor-suppressive IRS1 [41]
miR-203 Down Tumor-suppressive - [121]
miR-205 Up Oncogenic CDK2AP1 [27]
miR-221 - Oncogenic ER-α, p27, p57, c-kit, Apaf-1 [32]

miR-296-5p Up Oncogenic - [110]
miR-302-3p Up Oncogenic Smad4 [33]

miR-340 Down Tumor-suppressive p27, EZH2 [42]
miR-423-3p Up Oncogenic AdipoR2 [34]

Head and neck squamous cell
carcinoma
(HNSCC)

miR-1 Down Tumor-suppressive TAGLN2 [65]
miR-1 Down Tumor-suppressive EGFR, c-Met [70]

miR-10b Down Tumor-suppressive - [45]
miR-99 Down Tumor-suppressive IGF1R, mTOR, Akt1 [76,77]
miR-100 Down Tumor-suppressive IGF1R, mTOR, Akt1 [76,77]
miR-101 Down Tumor-suppressive EZH2, rap1GAP [81,82]

miR-146a Down Tumor-suppressive - [50]
miR-155 Down Tumor-suppressive - [50]

miR-196a Up Oncogenic - [45]
miR-203 Up Oncogenic - [54]
miR-203 Down Tumor-suppressive - [56]
miR-204 Down Tumor-suppressive Brd4 [91]
miR-205 Up Oncogenic - [54]
miR-206 Down Tumor-suppressive EGFR, c-Met [70]

Oral squamous cell cancer
(OSCC)

miR-1 Down Tumor-suppressive Slug [68]
miR-1-3p Down Tumor-suppressive DKK1 [69]
miR-26a/b Down Tumor-suppressive TMEM184B [71]
miR-34a Down Tumor-suppressive - [74]

miR-99-3b Down Tumor-suppressive glycogen synthase kinase-3β [80]
miR-99a Down Tumor-suppressive Myotubularin-related protein 3 [78,79]

miR-104-5p Down Tumor-suppressive PAK4 [86]
miR-155 Up Oncogenic - [141]
miR-155 Up Oncogenic CDC73 [47–49]

miR-181a Down Tumor-suppressive K-ras [52]
miR-181a/b Up Oncogenic - [51]

miR-204 Down Tumor-suppressive Sox4, Slug [88]
miR-204-5p Down Tumor-suppressive CXCR4 [89]

miR-222 Up Oncogenic PUMA [60]
miR-222 Down Tumor-suppressive PUMA [127]
miR-223 Up Oncogenic - [62]
miR-223 Up Oncogenic FBXW7 [63]
miR-494 Down Tumor-suppressive HOXA10 [90]

Oral miR-10b Up Oncogenic - [44]

Oral tongue squamous cell
carcinoma
(OTSCC)

miR-222 Down Tumor-suppressive MMP1, SOD2 [61]

Hypopharyngeal squamous cell
carcinoma

(HSCC)
miR-140-5p Down Tumor-suppressive ADAM10 [85]

Maxillary sinus miR-1 Down Tumor-suppressive TAGLN2, PNP [66]

Nasopharyngeal carcinoma
(NPC)

miR-1 Down Tumor-suppressive ET-1 [67]
miR-10b Down Tumor-suppressive - [46]
miR-101 Down Tumor-suppressive ITGA3 [83]
miR-204 Down Tumor-suppressive Cdc42 [90]

miR-494-3p Up Oncogenic Sox7 [93]

Salivary adenoid cystic carcinoma
(SACC)

miR-104-5p Down Tumor-suppressive Survivin [87]
miR-181a Down Tumor-suppressive MAP2K1, MAPK1, Snai2 [53]
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Table 1. Cont.

Cancer Type miRNA Regulation Role Target Gene Ref.

Salivary gland adenoid cystic
carcinoma
(SGACC)

miR-101-3p Down Tumor-suppressive Pim-1 [128]

Sinonasal squamous cell
carcinomas
(SN-SCC)

miR-34a Down Tumor-suppressive BCL-2 [75]

Tongue miR-21 Up Oncogenic - [148]
miR-183 Up Oncogenic - [148]

Tongue squamous cell carcinoma
(TSCC)

miR-26a Down Tumor-suppressive DNMT3B [72]
miR-26a Down Tumor-suppressive PAK1 [73]
miR-26b Down Tumor-suppressive PAK1 [73]

miR-140-5p - Tumor-suppressive LAMC1, HDAC7, PAX6 [84]
miR-181a Down Tumor-suppressive Twist1 [126]

Liu et al. showed that miR-222 expression was downregulated in oral tongue squamous cell
carcinoma (OTSCC) harboring highly metastatic potential compared to the lower invasive one. Ectopic
expression of miR-222 led to a decrease in cell invasive ability and reduced both Matrix Metallopeptidase
1 (MMP1) and Superoxide Dismutase 2 (SOD2) expressions in OTSCC, through direct regulation of the
mRNAs [61].

Furthermore, in tongue cancer tissues, miR-26a was also downregulated in comparison with
paired non-pathological ones. Restoration of miR-26a showed inhibition of cell proliferation and
apoptosis induction, suggesting that miR-26a elicits anti-cancer effects in tongue carcinogenesis. Further
functional studies showed that miR-26a inhibited directly DNA methyltransferase 3b (DNMT3B)
transcript [72]. Another report showed downregulation of miR-26a and miR-26b in tongue squamous
cell carcinoma (TSCC) tissues. In addition, overexpression of these miRNAs suppressed TSCC cell
cycle, motility and glycolysis, while enhanced cell apoptosis by direct interaction with p21 Activated
Kinase 1 (PAK1) [73].

Another group showed that miR-140-5p was decreased in hypopharyngeal squamous cell
carcinoma (HSCC) tissues, and the downregulation was correlated with tumor size and lymph node
metastases. Moreover, functional analysis showed that miR-140-5p directly suppresses ADAM10.
This study demonstrated that miR-140-5p suppressed cancer invasion and migration by inhibiting
ADAM10-mediated Notch1 signaling pathway [85].

Either oncogenic or tumor suppressive miRNAs and their validated target genes in LCa and other
HNSCCs are reported in Table 1.

Overall, likewise the knowledge in LCa, these recent articles also provide a rationale for
developing miRNA-based therapeutic weapons or understanding molecular mechanisms underlying
of HNSCC biology.

3. miRNAs as Biomarkers for the Prediction of Initiation and Progression

3.1. Laryngeal Cancer

Increasing evidence has suggested the usefulness of miRNA signatures as robust predictors for
early and accurate diagnosis of LCa. A number of research groups have currently shown unique and
attractive candidate miRNAs as biomolecule-based markers.

A research group showed that the combination of exosomal serum miR-21 and long non-coding
RNA HOTAIR exhibits high sensitivity (94.2%) and specificity (73.5%), respectively, in different
malignancies from benign laryngeal disease, thereby indicating that the combination may be suitable
for diagnosis of LCa [94].

Another study also reported miR-21 as a potent prediction tool. MiR-21 upregulation and miR-375
downregulation were observed in LCa samples. Interestingly, the ratio of miR-21/miR-375 expression
had a robust value with great sensitivity (94%) and specificity (94%) for the prediction of LCa [95].
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A study by Saito et al. showed that miR-133b, miR-455-5p, and miR-196a were abnormally
expressed in laryngeal tumors if compared to their matched non-oncological tissues. Subsequent
validation tests confirmed that miR-196a was over-expressed in cancer tissues against precancerous
dysplasias and laryngeal benign tissues. Moreover, in situ hybridization confirmed specific expression
of miR-196a in both cancer and cancer stroma cells [96].

In early laryngeal carcinoma and normal esophageal mucosa tissues, microarray-based screening
showed two highly deregulated miRNAs, hsa-miR-657 and hsa-miR-1287, with good specificity and
sensitivity to classify laryngeal malignancies at early stages [97].

A report showed that both miR-148a and miR-375 levels were highly upregulated in LCa tissues.
Association analysis unveiled that miR-375 expression in advanced LCa (stage III/IV) was far greater
than in tumors at early stage (stage I/II). On the contrary, despite increased miR-148a level in early
cancer tissues, its expression was not significantly changed when comparing to advanced ones [98].

To our knowledge, Ayaz et al. have carried out the first study on circulating miRNA profiling in
plasma collected from LCa patients. In this research, several circulating miRNAs were found in the
liquid biopsies and abnormally expressed across plasma specimens if compared to control plasma. Five
circulating miRNAs (miR-212-3p, miR-331-3p, miR-603, miR-660-5p, and miR-1303) were detectable
in the oncological plasma, but they were not detected in plasma taken from healthy individuals or
patients presenting with any other diseases [99].

Serum miR-378 was more highly expressed in LCa patients than healthy controls, and the
expression was significantly decreased after surgical intervention. Also, miR-378 expression was
correlated with clinical stage, but did not associate to tumor size [100].

In a recent study, the expression levels of serum miRNAs in LCa patients were investigated
using microarray screening and furthermore validated by qRT-PCR. The results showed eight
up-regulations (miR-31, miR-33, miR-141, miR-149a, miR-182, LET-7a, miR-4853p and miR-122)
and three down-regulations (miR-133a, miR-145 and miR-223) in LCa patients (n = 66) compared
to healthy volunteers (n = 100). Moreover, ROC curve analysis indicated that miR-31, miR-33, and
LET-7a possessed high diagnostic ability for the disease with AUC (Area under curve) = 1.0 [101]. In
addition, several miRNAs reviewed on the above part could be potential diagnostic markers of LCa.
To summarize, these miRNAs could contribute to the development of novel predictive and diagnostic
biomarkers of LCa.

3.2. Other HNSCC

Evidence has also suggested the usefulness of miRNA signatures as biomarkers for the prediction
of initiation and progression of other HNSCCs [102–106] but reports referring to the other HNSCCs are
still limited. A miRNA expression ratio of miR-221:375 showed great discriminatory potential, with
great sensitivity (92%) and specificity (93%) between HNSCC tissues and non-pathological ones [104].

In the investigation of circulating miRNAs in oral cancer specimens, both circulating miR-196a and
miR-196b were significantly overexpressed in plasma obtained from patients with oral pre-cancer lesions
and in plasma from oral cancer patients. Both miRNAs showed high discriminative values between
pre-cancer patients and normal, and between cancer patients and normal samples. Furthermore, the
combined determination of miR-196a and miR-196b possesses high sensitivity (91%) and specificity
(85%) in predicting potential malignancy at early stages [105].

4. miRNAs as Biomarkers for the Prognosis

Despite the improved therapeutic options of the past few decades, the treatment of HNSCC and
the patient’s quality of life are still unsatisfying due to poor prognosis of HNSCC. The deregulated
miRNA expression patterns can also help clinicians to prognosticate cancer progression and outcome.
Table 2 also showed several reported miRNAs, which could be useful as prognostic biomarkers of LCa
and other types of HNSCC.
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4.1. Laryngeal Cancer

As reported above, LCa patients with higher miR-21 or lower miR-375 levels in cancer tissues
showed poorer prognostic values than those with low miR-21 or high miR-375 levels [95].

miR-23a expression was up-regulated in LCa tissues when comparing to their corresponding
normal ones; additionally, miR-23a overexpression was related to lymph node metastases and the
five-year survival rate of patients. Further biological analysis showed that up-regulation of miR-23a
facilitated cancer migration and invasion [107].

Strikingly, miR-101 downregulation was closely associated with nodal involvement, tumor grade
(T3-T4), and LCa at advanced stage. Moreover, clinical relevance was observed between lower miR-101
level and poor outcome. Ectopic miR-101 overexpression reduced cell proliferation and migration and
led to cell-cycle arrest and apoptosis. Besides, miR-101 suppressed tumor growth in a xenograft model
mouse with LCa, thereby suggesting that miR-101 acts as a tumor suppressor gene [108].

Another report showed that the expression of miR-9 was higher in LCa if compared to the paired
normal laryngeal tissues, and the study also reported a relation between miR-9 overexpression and
poorer prognosis of LCa [109].

The article showed that miR-296-5p was correlated to tumor relapse in LCa at an early stage [110].
Cappellesso et al. found a significant downregulation of miR-200a and miR-200c levels in LCa

from the group of patients who developed disease recurrence [111].
Collectively, these findings suggest that miRNAs could be useful as potential biomarkers to

prognosticate the clinical outcomes.

4.2. Other HNSCC

As shown in Table 2, several recently reported miRNAs in HNSCC can be useful as predictors
and/or prognosticators [112–118] even if data referring to the potential role of miRNAs in other HNSCCs
are still not sufficient to provide an accurate overview.

A decrease in miR-218, miR-125b, or Let-7g expression is associated with advanced clinical stage
and lymph node metastasis and is a useful prognostic factor of OSCC patients [113].

High miR-93 expression was correlated with T classification, clinical stage, lymph node
involvement, and poor prognosis among HNSCC patients [28,115]. In addition, elevated serum
miR-93 was found and associated with prognosis of NPC patients.

Bufalino et al. reported both miR-143 and miR-145 downregulation and high activin A levels in
OSCC cell lines and tissue specimens. Downregulation of a miR-143/miR-145 cluster controlled cancer
invasiveness and was clinically correlated to nodal metastasis and worse survival [116].

Serum miR-9 level was significantly lower in patients with OSCC or oral leukoplakia in comparison
to that of non-pathological controls, and low serum miR-9 expression was correlated to poor overall
survival and disease-free survival rate [118].

Table 2. Potential predictive and/or prognostic biomarker in HNSCC.

miRNA Regulation Cancer Diagnosis/Prognosis Ref.

Let-7a Up LCa Diagnosis [101]
Let-7g Up OSCC Prognosis [113]

miR-100 Down HNSCC Prognosis [117]
miR-101 Down LCa Prognosis [108]
miR-10b Up OSCC Diagnosis [44]

miR-125b Up OSCC Prognosis [113]
miR-125b Down HNSCC Prognosis [117]
miR-1287 Down LCa Diagnosis [97]
miR-1303 Up LCa Diagnosis [99]
miR-133b Down LCa Diagnosis [96]
miR-143 Down OSCC Prognosis [116]
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Table 2. Cont.

miRNA Regulation Cancer Diagnosis/Prognosis Ref.

miR-145 Down OSCC Prognosis [116]
miR-146a Down HNSCC Diagnosis [50]
miR-155 Up OSCC Prognosis [48,49]
miR-15a Down HNSCC Diagnosis, Prognosis [117]
miR-181a Down SACC, TSCC Prognosis [53,126]
miR-196a Up LCa, OSCC Diagnosis [96,105]
miR-196b Up OSCC Diagnosis [105]
miR-199b Down HNSCC Diagnosis, Prognosis [117]
miR-200a Down LCa Prognosis [111]
miR-200c Down LCa Prognosis [111]
miR-203 Up HNSCC Prognosis [54]
miR-203 Down HNSCC Prognosis [121]
miR-204 Down OSCC Prognosis [88]
miR-205 Down HNSCC Prognosis [102]
miR-205 Up HNSCC Prognosis [112]

miR-205-5p Down OSCC Diagnosis, Prognosis [103]
miR-21 Up HNSCC Prognosis [114,117]
miR-21 Up LCa Diagnosis, Prognostic [94,95]

miR-212-3p Up LCa Diagnosis [99]
miR-218 Up OSCC Prognosis [113]
miR-223 Up HNSCC Prognosis [114]
miR-23a Up LCa Prognosis [107]

miR-296-5p Up LCa Prognosis [110]
miR-31 Up LCa Diagnosis [101]
miR-33 Up LCa Diagnosis [101]

miR-331-3p Up LCa Diagnosis [99]
miR-34c Down HNSCC Diagnosis, Prognosis [117]
miR-375 Down LCa Diagnosis, Prognosis [95]
miR-375 Down LCa Diagnosis [98]
miR-378 Up LCa Diagnosis [100]

miR-455-5p Up LCa Diagnosis [96]
miR-603 Up LCa Diagnosis [99]
miR-657 Up LCa Diagnosis [97]

miR-9 Up LCa Prognosis [109]
miR-9 Down OSCC Prognosis [118]

miR-93 Up HNSCC Prognosis [28,115]
miR-99a Down HNSCC Prognosis [114]

HNSCC: Head and neck squamous cell carcinoma; LCa: Laryngeal cancer; OSCC: Oral squamous cell cancer; SACC:
Salivary adenoid cystic carcinoma; TSCC: Tongue squamous cell carcinoma.

5. Resistance Related miRNAs

The resistance is one of the most important determinants of prognosis and treatment results.
Resistance to chemotherapy or irradiation often blocks the effective therapeutic modality of
malignant tumors, resulting in further cancer development, invasiveness, recurrence, and consequent
unfavorable outcomes. Recent findings have suggested that miRNAs are closely associated with
radio/chemo-resistance in human cancers through complex processes controlling huge number of
genes in cell signaling network; therefore, the use of miRNAs can become a significant breakthrough
to improve cancer treatment protocols.

5.1. Radio-Resistance

An overall miRNA profiling assay showed that 4 miRNAs, miR-296-5p, miR-452, miR-183*, and
miR-200c, were aberrantly altered in LCa tissues taken from radio-resistant patients. Importantly, a
subsequent validation set exhibited that miR-296-5p was linked to resistance to radiation [110].
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Suh et al. reported that miR-196a overexpression enhanced the radio-resistance in HNSCC
cells [119].

An investigation using available HNSCC samples in the cancer genome atlas (TCGA) miRNA
database identified that a 5 miRNA signature (downregulated let-7e and upregulated miR-16, miR-29b,
miR-150, and miR-1254) could be useful for the prediction of radiation responsiveness in HNSCC
patients. Additionally, this study also indicated that higher levels of ataxia-telangiectasia mutated
expression (ATM) in HNSCC patients were correlated to increased resistance to radiotherapy [120].

De Jong et al. reported a comprehensive miRNA expression profiling correlated to radio-resistance
in HNSCC cells from primary LCa. Validation studies showed that reduced expression of miR-203 was
correlated to local recurrence after radiation and resistance to irradiation in LCa patients. On the other
hand, overexpression of miR-203 reduced EMT processes [121].

It was reported that miR-138-2-3p and miR-218 in HNSCC were associated to radio-sensitivity as
revealed by two independent studies [122,123].

Ahmad et al. demonstrated that the expression levels of miR-15b-5p in HNSCC patients, treated
by definitive intensity-modulated radiotherapy, were significantly high for long time of locoregional
control (LRC) compared to short time of LRC. Moreover, Kaplan-Meier and multivariable Cox regression
analyses showed that miR-15b-5p could be a useful as a prediction marker of radiotherapy response
for the disease [124].

5.2. Chemo-Resistance

Yin and co-workers identified multiple drug resistance (MDR)-related miRNAs in drug resistant
LCa cells, suggesting that miRNAs can help clinicians to predict chemo-sensitivity and to design a
therapeutic strategy to overcome drug resistance in LCa [125].

Likewise, miR-181a was found to inhibit Twist1 mediating EMT, enhancing metastatic potential,
and inducing cisplatin chemo-resistance in TSCC cells. In this context, Twist1 was confirmed as a
direct target gene of miR-181a [126].

miR-222 downregulation by antisense transfection enhanced the sensitivity of OSCC to cisplatin
through directly blocking PUMA (p53-upregulated modulator of apoptosis) gene expression, and
thereby offering a combination of miR-222 antisense and cisplatin as a new powerful therapeutic
approach [127].

miR-101-3p repressed cell proliferation and metastatic functions and induced apoptosis in a
salivary gland adenoid cystic carcinoma cell (ACC) line. The authors also showed that miR-101-3p
directly regulated Moloney murine leukemia virus 1 (Pim-1) oncogene and promoted the sensitivity to
cisplatin in ACC cell lines [128].

Qin et al. revealed that exosomal miR-196b originated from cancer-associated fibroblasts conferred
cisplatin resistance in head and neck cancer (HNC) cells through targeting CDKN1B and ING5. In
addition, high expression of exosomal miR-196b in plasma was clinically correlated with poor overall
survival and chemoresistance, suggesting the miRNA as a prediction biomarker and a therapeutic target
for cisplatin resistance [129]. In Table 3 combinatorial studies between miRNAs and radio/chemotherapy
are summarized.
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Table 3. Combinatorial studies between miRNAs and chemio/radiotherapy.

miRNA Cancer Sample Type Combinatorial Treatment Effect Ref.

miR-24 LCa
LSCC cell lines

(Hep-2,
AMC-HN-8)

Overexpressed miR-24
(pGCMV/miR-24)
+ Radiation

Enhanced radiosensitivity:
Suppresses cell proliferation
and induces cell apoptosis

[36]

miR-196a HNSCC HNC cell line
(HN30)

miR-196a knockdown
(miR-196a sponge plasmid)

+ Radiation

Enhanced radiosensitivity:
Decreases cell viability [119]

miR-138-2-3p LCa
LCa stem cells

(originated from
Hep-2)

Overexpressed miR-138-2-3p
(100 nM miR-138-2-3p mimic)

+ Radiation

Enhanced radiosensitivity:
Inhibits cell proliferation,

viability, invasion and
induces cell apoptosis, cell

cycle arrest and DNA
damage

[122]

miR-218 Oral cancer Oral cancer stem
cells

Overexpressed miR-218
(pLV-miR-218)
+ Radiation

Enhanced radiosensitivity:
Decreases cell viability [123]

miR-181a TSCC

DDP-resistant
TSCC cell line

(originated from
CAL27)

Overexpressed miR-181a
(miR-181a mimic)
+ Cisplatin

Enhanced chemosensitivity:
Decreases IC50 value to

cisplatin
[126]

miR-222 OSCC OSCC cell line
(UM1)

miR-222 knockdown
(anti-miR-222)
+ Cisplatin

Enhanced chemosensitivity:
Induces cell apoptosis by

up-regulation of
pro-apoptotic PUMA

expression and reduces cell
invasiveness and IC50 value

to cisplatin

[127]

miR-101-3p SGACC
SGACC cell lines

(SACC-LM,
SACC-83)

miR-101-3p knockdown
(anti-miR-101-3p)
+ Cisplatin

Enhanced chemosensitivity:
Inhibits cell growth and
induces cell apoptosis

[128]

miR-196a HNC HNC cell line
(CAL27)

miR-196a knockdown
(anti-miR-196a)
+ Cisplatin

Enhanced chemosensitivity:
Promotes cell apoptosis and
decreases colony formation

[129]

LSCC: Laryngeal squamous cell carcinoma; HNSCC: Head and neck squamous cell carcinoma; LCa: Laryngeal
cancer; OSCC: Oral squamous cell cancer; SACC: Salivary adenoid cystic carcinoma; TSCC: Tongue squamous cell
carcinoma SGACC: Salivary gland adenoid cystic carcinoma; HNC: head and neck cancer; DDP: cisplatin.

5.3. Thermal-Resistance

Hyperthermia is a potential therapeutic regimen for treating various cancers by damaging and
killing tumor cells induced by high temperature heating and is generally employed as combination
therapy with an established method, especially radiation and/or chemotherapeutic approach. A major
advantage of hyperthermal treatment is tolerable for patients due to minimal damage to normal tissues
and very few or no severe toxic effects.

A unique study showed an interesting association between miRNAs and thermal resistance in OSCC.
Comparing miRNA levels in thermal-sensitive OSCC cells against resistant cells, 5 miRNAs (downregulated
miR-23a and miR-27a, upregulated miR-30a, miR-30c, and miR-203) were differentially regulated. Notably,
reintroduction of miR-27a in resistant cells significantly accelerated hyperthermia-induced cell death
and inhibited HSP90 and HSP110 expressions, implying that miR-27a was positively associated with
thermal sensitivity through HSPs modulation [130].

miR-218 regulation can be also associated to thermal-chemotherapy in gastric cancer [131].
These studies are informative for a further understanding to control thermal treatment combined

with the conventional remedies. Furthermore, this relatively new research field, which improves the
efficacy of hyperthermal therapy through simultaneously targeting or replacing miRNAs as potential
adjuvant therapy, may progress rapidly and deeply as an emerging attractive therapeutic approach in
the future.

As summarized in Table 4, we reviewed previous papers studying miRNAs in thermo/radio/chemo-
sensitivity in HNSCC.
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Table 4. Relationship between miRNA deregulation and resistance in HNSCC.

miRNA Regulation Cancer Resistance Target Gene Ref.

let-7e Down HNSCC Radiation - [120]
miR-101-3p Down SGACC Chemotherapy Pim-1 [128]
miR-1254 Up HNSCC Radiation - [120]

miR-138-2-3p Up LCa Radiation - [122]
miR-150 Up HNSCC Radiation - [120]
miR-16 Up HNSCC Radiation - [120]

miR-181a Down TSCC Chemotherapy Twist1 [126]
miR-183-star Up LCa Radiation - [110]

miR-196a Up HNSCC Radiation Annexin A1 [119]
miR-196b Up HNC Chemotherapy CDKN1B, ING5 [129]
miR-200c Up LCa Radiation - [110]
miR-203 Down LCa Radiation - [121]
miR-203 Down OSCC Thermotherapy - [130]
miR-210 Up LCa Chemotherapy - [125]
miR-218 - OSCC Radiation Bim1 [123]
miR-222 Down OSCC Chemotherapy PUMA [127]
miR-23a Up OSCC Thermotherapy - [130]
miR-24 Down LCa Radiation XIAP [36]

miR-25-star Down LCa Chemotherapy - [125]
miR-27a Up OSCC Thermotherapy - [130]

miR-296-5p Up LCa Radiation - [110]
miR-29b Up HNSCC Radiation - [120]
miR-30a Down OSCC Thermotherapy - [130]
miR-30c Down OSCC Thermotherapy - [130]
miR-424 Down LCa Chemotherapy - [125]
miR-452 Up LCa Radiation - [110]
miR-494 Down LCa Chemotherapy - [125]
miR-923 Up LCa Chemotherapy - [125]
miR-93 Down LCa Chemotherapy - [125]

miR-93-star Down LCa Chemotherapy - [125]

6. Infection and Life Habit Related miRNAs

6.1. HPV Infection

Human papillomavirus (HPV) has been known as the main etiological cause of cervical cancer.
HPV infection has also negative impacts on HNSCC patients. Among HNSCCs, it has been known
that oropharyngeal carcinoma is more commonly related to HPV status. HPV-positive head and
neck cancer is classified into a distinct category in comparison to the typical HNSCC because of its
different histopathological and clinical parameters. However, HNSCC with the infection is still poorly
characterized despite accumulating knowledge. Moreover, the virus infection alters normal miRNA
expression patterns. The identification of HPV-related miRNA deregulation gives us the informative
knowledge to more clearly understand the changes of underlying biological and pathological molecular
processes induced by the virus and to improve clinical management and prognostic outcome. Herein
we focused on the effect of HPV status on miRNA deregulation patterns in HNSCC [132–138].

Lajer et al. described that miRNA expression patterns were associated to HPV status in HNSCC
patients. Their study showed that miR-15a/miR-16/miR-195/miR-497 family, miR-143/miR-145, and
miR-106-363 cluster may play crucial roles in the pathogenesis of HPV [133].

Gao et al. demonstrated that the deregulation of 6 miRNAs was associated to cancer survival in
oropharyngeal SCC patients. Three miRNAs (miR-142-3p, miR-146a, and miR-26b) were upregulated
in surviving patients, while the remaining miRNAs (miR-31, miR-24, and miR-193b) were upregulated
in patients who died. Moreover, 5 HPV-associated miRNAs (miR-9, miR-223, miR-31, miR-18a, and
miR-155) signatures were identified in this investigation [135]. More recently, a combination of 5
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miRNAs (let-7g-3p, miR-6508-5p, miR-210-5p, miR-4306, and miR-7161-39) was also shown to correlate
with the survival rate of HPV-negative HNSCC patients [136].

Bersani et al., showed that overexpression of miR-155 in tonsillar and base of tongue cancer
(TSCC/BOTSCC) was associated with HPV positivity and improved survival, while low miR-185
expression associated with HPV negativity and decreased survival for the disease. ROC curve
analysis with combination of these miRNAs exhibited prognostic ability for survival with AUC of 0.71,
suggesting their usefulness as prognostic markers and therapeutic targets [138]. However, reports
about the role of miRNAs in the other HNSCCs, particularly, in the complex scenario of HPV-related
OPSCCs are still limited.

6.2. Smoking Tobacco and Alcoholic Beverage

As described above, smoking tobacco products and consuming excess alcoholic drinks negatively
influence miRNA expression, leading to their deregulation, and subsequently promote the pathogenesis
and progression of tumors through the regulation of many signaling pathways. The study of miRNA
aberration by the use of tobacco or alcohol is mainly focused on and reported in oral cavity, trachea,
and either lung or liver regions [139,140]. In this session, we described recent reports investigating a
relationship between miRNAs and the life habit.

Manikandan et al. revealed that high miR-155 levels in OSCC patients are associated with the
habit of tobacco/betel quid chewing [141].

To investigate the negative impact on tobacco constituents in oral fibroblasts, Pal et al. studied
abnormal miRNA alterations using oral fibroblast models exposed to cigarette smoking. As a result,
miR-145 downregulation in response to smoking exposure was observed in the model [142]. This
result is supported by a manuscript which exhibited a decrease of miR-145 expression in lungs of a
mouse model exposed to cigarette smoke [143].

A previous report showed that miR-133a-3p was underexpressed in oropharyngeal squamous
cell carcinoma tissues originated from HPV(+) smoker patients in comparison with that ones from
HPV(+) non-smokers. Moreover, the downregulation of miR-133a-3p was also confirmed both in
serum and metastatic lymph nodes in the same study. Further examination revealed that reduced
miR-133-3p increased both EGFR and HuR mRNA expression which may lead to HPV- associated
cancer progression [144].

Gong et al. demonstrated that high expression of miR-499a was associated with lower overall
survival and N stage in high tobacco exposed HNSCC patients [145].

In healthy individuals, miRNA patterns are also changed by the use of smoking [146,147]. These
results suggest that smoking affects both tissue miRNAand circulating miRNA profiles, resulting in
pathological events.

Normal oral keratinocytes were treated with biologically relevant doses of ethanol and
acetaldehyde to examine which miRNAs were related to alcohol intake. RNA-sequencing analysis
identified significant upregulation of eight miRNAs in alcohol-associated HNSCC. Among them,
miR-30a and miR-934 were the most significantly overexpressed miRNAs and were also confirmed
by qRT-PCR. On the basis of these results, alcohol components induced strong miR-30a and miR-934
upregulation, which may cause alcohol-associated oncological events [148].

Members of miR-34 family, miR-34a and miR-34c-5p, are also clinically identified as
alcohol-associated miRNAs in HNSCC [74,149].

miR-183 overexpression was associated to high alcohol intake in tongue cancer patients [150].
A comprehensive study showed the deregulation of 4 miRNAs (miR-101, 181b, miR-486, and

miR-1301) in epithelial cells (HaCaT and OKF4) exposed to cigarette treatment, indicating their
involvement in smoking-related HNSCC development [151].

Collectively, these miRNAs represent a new evidence to better understand molecular biology of
HNSCC and its correlation with lifestyle (Table 5).

18



Int. J. Mol. Sci. 2020, 21, 3693

Table 5. HPV, smoking, or alcohol related miRNA deregulation.

miRNA Regulation Region Infection or Habit Ref.

miR-101 Up HNSCC Alcohol [148]
miR-107 Down Oropharyngeal SCC HPV [134]
miR-1266 Up HNSCC Alcohol [148]

miR-133a-3p Down Oropharyngeal SCC Smoking [144]
miR-139-5p Down HNSCC HPV [133]
miR-142-5p Down HNSCC HPV [132]

miR-143 Down HNSCC HPV [133]
miR-145 Down HNSCC HPV [133]
miR-145 Down Oral Fibroblast Smoking [142]
miR-155 Down HNSCC HPV [132]
miR-155 Up Oropharyngeal HPV [135]
miR-155 Up OSCC Smoking [141]
miR-155 Up TSCC/BOTSCC HPV [138]
miR-15a Up HNSCC HPV [133]
miR-16 Up HNSCC HPV [133]

miR-181a Down HNSCC HPV [132]
miR-181b Down HNSCC HPV [132]
miR-183 Up Tongue Cancer Alcohol [150]
miR-18a Down Oropharyngeal SCC HPV [135]
miR-195 Down HNSCC HPV [133]
miR-218 Down HNSCC HPV [132]
miR-221 Down HNSCC HPV [132]
miR-222 Down HNSCC HPV [132]
miR-223 Down Oropharyngeal SCC HPV [135]
miR-29a Down HNSCC HPV [132]
miR-30a Up HNSCC Alcohol [148]
miR-31 Down Oropharyngeal SCC HPV [135]

miR-3164 Up HNSCC Alcohol [148]
miR-3178 Up HNSCC Alcohol [148]

miR-324-5p Down Oropharyngeal SCC HPV [134]
miR-33 Up HNSCC HPV [132]

miR-34a Up OSCC Alcohol [74]

miR-34c-5p Up Laryngeal Epithelial
Premalignant Lesions Alcohol [149]

miR-363 Up HNSCC HPV [132]
miR-3690 Up HNSCC Alcohol [148]
miR-381 Down HNSCC HPV [133]
miR-497 Up HNSCC HPV [132]
miR-497 Down HNSCC HPV [133]
miR-499a Up HNSCC Smoking [145]

miR-574-3p Down HNSCC HPV [133]
miR-675 Up HNSCC Alcohol [148]

miR-9 Up Oropharyngeal SCC HPV [135]

miR-9 Up OSCC, Oropharyngeal
SCC HPV [137]

miR-934 Up HNSCC Alcohol [148]

7. Conclusions and Perspectives

MicroRNAs have recently emerged as great potentials for both biomarkers and therapeutic
targets of human diseases including cancers. In this review, we briefly summarized biological roles,
miRNA aberration, and relationship between microRNA deregulation and clinical relevance in HNSCC.
Several previous studies have found deregulation of miRNAs expression in different types of HNSCC
and explored their use as potential biomarkers for cancer detection and/or prognosis. Single and
combinatorial miRNA in silico analysis revealed that miRNAs dysregulated targeted genes and
pathways that are involved in cancers [71,152].
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Although microarray-based screening assay has a limitation, which is that the evaluable number
of miRNAs is restricted to the immobilized probes for miRNA sequences on the platform and is
impossible to discover a novel miRNA, the technique has been widely used so far for the assessment
of deregulated miRNAs. Initial microarray and subsequent validation analysis is currently the gold
standard to determine miRNA expression pattern. Several well-studied miRNAs, such as miR-1,
miR-21, and miR-34, were also dramatically up/down deregulated in HNSCC, thereby clearly showing
that these miRNAs are importantly responsible for cancer aggressiveness or repression through their
target genes. Recent researchers have also unveiled the stable presence of circulating miRNAs in liquid
biopsies taken from HNSCC patients. Findings about circulating extracellular miRNAs in systemic
circulation are gradually and steady accumulated, and these miRNAs have remarkable potential as
minimally invasive molecule-based markers for the prediction of node metastases and response to
therapy, diagnosis, and prognosis of HNSCC. In this light, our group performed a multicentric study
to identify a specific miRNA expression profile for laryngeal cancer. We found 20 miRNAs specific for
laryngeal cancer and a tissue-specific miRNA signature that consists of 11 miRNAs, seven of which
are upregulated and four downregulated, predictive of lymph node metastases [153]. These results
are enormously innovative, at least in our opinion, and lead to the definition of a group of potential
specific biomarkers for LCa that will allow to improve its early diagnosis and to identify patients with
minimal residual disease or recurrence; moreover, they can be used to predict prognosis in patients
that show the specific miRNA signature suggestive for nodal involvement. In this case, the miRNAs
will be useful to select a tailored treatment.

This review also described a correlation between resistance to cancer therapies and change of
miRNA levels. These data are useful for the prediction of the response to radio/chemotherapy and
help clinicians to select the best therapeutic approaches for patients.

Lifestyle habits, such as consuming smoke products and excess alcohol, may promote HNSCC
through disruption of normal miRNA regulation, resulting in poor prognosis. Accumulating evidences
may provide a deeper understanding of pathological mechanisms in cancers and advise us to reconsider
our lifestyle in order to maintain healthy life.

Despite advances in the research of miRNAs, there are some controversies deciphering the
biological function of a miRNA, which is either tumor suppressive or oncogenic action even in the
same category of cancer. One of the major reasons is tumor heterogeneity, largely contributing to the
complication of interpretation mainly due to different gene expression levels in each cancer cell. The
discrepant roles of miRNAs in HNSCC revealed by earlier studies could be explained by the differences
of pre-analytical factors, sample collection methods, storage conditions, RNA extraction, platforms for
the examination, the number of evaluated samples, selection of the control for data normalization, and
the used statistical analysis. In addition, blood-derived miRNAs released by tumor cells and their
deregulation patterns are not frequently consistent with those in (tumor) tissues. This could be due to
the presence of the contaminated miRNAs by other components derived from circulating normal cells,
lysed or apoptotic cells, or other malignant tissues, across the tested liquid samples. In fact, it is difficult
to correctly clarify the origin of circulating miRNAs. Hemolysis and above-described both clinical and
experimental variations also influence circulating miRNA profiles, eventually giving us conflicting
findings. Therefore, establishment of standardized protocols, which eliminates variability across each
sample and is commonly usable in laboratories and clinics, is essential for the study of miRNAs for
diagnostic and therapeutic purposes prior to the use of clinical settings. Recent reports suggest that
multiple miRNA-based profiles have higher diagnostic, prognostic and therapeutic performance as
well as higher sensitivity than individual miRNA assays because the combination of different miRNAs,
that regulate multiple target genes, can better explain how each of them contributes to carcinogenesis
and better represent the comprehensive biological effect of miRNA regulation in the multistep process
leading to cancer. Furthermore, miRNA signatures, consisting of a plurality of different miRNAs,
allow to better distinguish between different pathologies while single miRNAs alone are frequently not
disease-specific. On the other hand, single miRNA markers are often verified by independent studies,
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miRNA signatures are less frequently validated. With an increasing number of validated miRNA
signatures and with the advance of matured high-throughput approaches in clinical settings, specific
miRNA markers are likely to contribute to human healthcare. All of these reported miRNAs have a
high possibility to successfully reach the clinical setting as either diagnostic tools or therapeutic targets
of these malignancies. We believe that miRNAs will be readily available as robust applications for
HNSCC patients in the next future.
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Abbreviations

miRNA MicroRNA
HNSCC Head and neck squamous cell carcinoma
HNC Head and neck cancer
LCa Laryngeal cancer
qRT-PCR Quantitative real-time PCR
RISC RNA-induced silencing complex
OSCC Oral squamous cell cancer
SACC Salivary adenoid cystic carcinoma
MSSCC Maxillary sinus squamous cell carcinoma
EMT Epithelial-mesenchymal transition
OTSCC Oral tongue squamous cell carcinoma
NPC Nasopharyngeal carcinoma
TSCC Tongue squamous cell carcinoma
SN-SCC Sinonasal squamous cell carcinomas
HSCC Hypopharyngeal squamous cell carcinoma
EBV Epstein–Barr virus
LRC Locoregional control
MDR Multiple drug resistance
ACC Adenoid cystic carcinoma
Pim-1 Moloney murine leukemia virus 1
AUC Area under curve
PUMA p53-upregulated modulator of apoptosis
ROC Receiver operating characteristic
HPV Human papillomavirus
SCC Squamous cell carcinoma
TSCC/BOTSCC Tonsillar and base of tongue cancer
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Abstract: Advances in the use of targeted and immune therapies have revolutionized the clinical
management of melanoma patients, prolonging significantly their overall and progression-free
survival. However, both targeted and immune therapies suffer limitations due to genetic mutations
and epigenetic modifications, which determine a great heterogeneity and phenotypic plasticity of
melanoma cells. Acquired resistance of melanoma patients to inhibitors of BRAF (BRAFi) and MEK
(MEKi), which block the mitogen-activated protein kinase (MAPK) pathway, limits their prolonged use.
On the other hand, immune checkpoint inhibitors improve the outcomes of patients in only a subset
of them and the molecular mechanisms underlying lack of responses are under investigation. There is
growing evidence that altered expression levels of microRNAs (miRNA)s induce drug-resistance in
tumor cells and that restoring normal expression of dysregulated miRNAs may re-establish drug
sensitivity. However, the relationship between specific miRNA signatures and acquired resistance of
melanoma to MAPK and immune checkpoint inhibitors is still limited and not fully elucidated. In this
review, we provide an updated overview of how miRNAs induce resistance or restore melanoma
cell sensitivity to mitogen-activated protein kinase inhibitors (MAPKi) as well as on the relationship
existing between miRNAs and immune evasion by melanoma cell resistant to MAPKi.

Keywords: miRNA; melanoma; melanoma resistance to MAPK/MEK inhibitors; resistance to immune
checkpoint inhibitors

1. Introduction

Melanoma represents one of the most aggressive skin cancers with a significantly increased incidence
in the last decades [1–3]. Currently, therapeutic options include surgical excision, chemotherapy, targeted
and immune therapies administered as single agents or in combination, depending on the stage of the
disease, location, as well as the genetic profile of the tumor [4]. In the last years, molecular targeted
therapies and immunotherapies have significantly improved the overall survival of patients with
metastatic disease [5,6].

In the past years, either dabrafenib or vemurafenib BRAF inhibitors (BRAFi) showed encouraging
response rates, although the duration of response appeared to be limited [7,8]. BRAF inhibitor resistance
depends on oncogenic signaling through reactivation of MAPK/Erk or activation of PI3K/Akt, which
may be acquired by directly affecting genes in each pathway, by upregulation of receptor tyrosine
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kinases, or by affecting downstream signaling [9]. Thus, the combination of dabrafenib with the
MEK inhibitor (MEKi) trametinib, has become employed worldwide for the care of patients with
BRAF-mutant metastatic melanoma, improving their progression-free and overall survival [10,11].
Unfortunately, patients treated with dabrafenib/trametinib combination therapy also develop alterations
in the same genes that support single-agent resistance including MEK1/2 mutations, BRAF amplification,
BRAF alternative splicing, and NRAS mutations [12,13]. The limiting factor for these therapeutic
approaches is the heterogeneity and phenotypic plasticity of melanoma cells due to genetic mutations
and epigenetic modifications that may determine the paradoxical activation of the mitogen-activated
protein kinase (MAPK) and thus sustain resistance to these drugs [14]. The new immune checkpoint
blockade therapies improve the outcomes of patients with advanced melanoma regardless of the
mutation status and several ongoing clinical trials highlight that combinations of BRAFi and MEKi
with immune checkpoint inhibitors result in more durable responses in about 50% of patients [15–17].
Based on these considerations, the identification of biomarkers that monitor and/or predict an early
response during melanoma therapy still represents an unmet clinical need.

Using a variety of technical approaches such as chromosomal analysis, miRNA microarrays, miRNA
qPCR arrays, and high-throughput small RNA sequencing platforms, microRNA (miRNA)s have been
identified to function as oncogenes or tumor repressors genes. Oncogenic miRNAs (oncomiRs) are
frequently overexpressed in cancers while tumor-suppressive miRNAs are down-regulated. It has been
documented that miRNAs regulate more than 30% of human protein-coding genes [18] and control,
through degradation of mRNA or a translation block, numerous cancer-relevant processes including
proliferation, autophagy, migration, and apoptosis [19]. Specific miRNA signatures have been found
differentially expressed in normal and tumor tissues, suggesting their potential value as molecular
biomarkers useful for diagnosis, staging, progression, prognosis, and response to treatments [20–22].

miRNAs are short, single-stranded, non-coding nucleotide sequences with an average 22 nucleotides
in length. They are transcribed as individual genes, from introns of coding genes (intronic miRNAs)
or from regions between the clusters of genes (intergenic miRNAs) while clustered miRNAs are
transcribed as polycistronic transcripts [23]. miRNA genes are transcribed by RNA polymerase II
into primary miRNAs (pri-miRNA)s, processed into precursor miRNA’s (pre-miRNA)s and then into
mature miRNAs. After processing, mature single-stranded miRNAs associate with argonaute protein
family (Argo) and glycine-tryptophan proteins of 182 kDa (GW182), which are the principal constituents
of the miRNA-induced silencing complex (miRISC) [24], and usually bind to the 3′UTRs of their
cytosolic mRNA targets, resulting in mRNA-reduced translation or deadenylation and degradation
of the mRNA transcript [25]. The interaction of miRNAs with other regions, including the 5′UTR
coding sequence, and gene promoters, has also been reported [26,27]. miRNA interaction with
target genes may be influenced by several factors, including the subcellular location of miRNAs,
abundancy of miRNAs and/or corresponding target mRNAs, as well as the affinity of miRNA-mRNA
interactions [28]. Moreover, recent studies suggest that miRNAs may be shuttled between different
subcellular compartments to control the rate of translation and transcription [29] and that an individual
miRNA can act on several mRNA simultaneously, modulating multiple processes in cancer cells
in a cooperative manner [30,31]. Furthermore, some microRNAs are related to the expression of
transmembrane oncogenes, acting directly on their expression (e.g., EGFR) [32], or acting indirectly,
by regulating the expression of soluble ligands that recognize specifically the extracellular domain of
the receptors [33].

It has been shown that chromosomal rearrangements, epigenetic regulation and disorders in
miRNA biogenesis, result in increased or decreased expression of miRNAs in melanoma cells as
compared to melanocytes [34–36]. Furthermore, miRNA altered expression has been described in
different stages of melanoma progression, so that expression levels of specific miRNAs are considered
as diagnostic and/or prognostic biomarkers in melanoma [37–40]. When secreted into extracellular
fluids, miRNAs are stable in human fluids since they are packaged in exosomes and microvescicles or
associated with RNA-binding proteins such as Argo2 or lipoprotein complexes, which protect them
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from degradation [28,41,42]. In a recent study, 11 miRNAs were identified as differentially expressed
between healthy controls and plasma samples from different melanoma stages [43]. Therefore, miRNAs,
especially those being part of the circulating transcriptome, may be useful as biomarkers for early
melanoma detection and response to treatments [44]. Numerous miRNAs have been found to regulate
melanoma cell behavior and gene expression acting on the MAPK signaling pathway [45], while some
miRNAs have been found to regulate the expression of immune checkpoints, acting on melanoma cells
or immune cells [46].

In this review, we discuss the latest progress regarding mechanisms by which miRNAs regulate
melanoma cell resistance to MAPKi and immune evasion. Furthermore, the potential predictive value
of circulating miRNAs for monitoring melanoma responsiveness to targeted and immune therapies
is debated.

2. miRNAs Involved in the Regulation of Melanoma MAPKi-Resistance

In recent years, by next-generation sequencing, the Cancer Genome Atlas provided the analysis
on the somatic aberrations underlying melanoma genesis, identifying BRAF, RAS, and NF1 mutant
genetic subtypes of cutaneous melanoma, all of them being able to deregulate the MAPK/ERK pathway,
leading to uncontrolled cell growth [47]. Over 50% of melanomas harbor activating mutation in the
BRAF gene, which sustains proliferation and survival of melanoma cells by activating the MAPK
pathway. Over 90% BRAF mutations are at codon 600 and among these, over 90% are a single nucleotide
mutation resulting in substitution of the valine with a glutamic acid residue (BRAFV600E), while
less common mutations are the substitutions of valine with lysine, arginine, leucine or aspartic acid
residues [48]. Vemurafenib and dabrafenib BRAF inhibitors (BRAFi) have improved the outcomes of
patients with BRAF-mutant metastatic melanoma [7,8]. Unfortunately, most of them develop drug
resistance early as a consequence of the activation of alternative proliferation-inducing pathways,
often associated to the reactivation of the MAPK pathway [49–53]. Indeed, resistance also occurs in
the majority of melanoma patients treated with BRAFi and MEKi combinations, although overall
and progression-free survival are prolonged compared to single-agent therapies [54,55]. Furthermore,
it has to be taken into account that BRAF-mutant melanomas may acquire BRAF inhibitor resistance
via up-regulation of both MAPK and PI3K/Akt pathways in about 22% of the melanoma patients [49],
whereas other drugs targeting different cellular pathways may escape development of drug resistance,
probably due to the extraordinary plasticity of melanoma cells [56–58].

During the progressive development of drug resistance, several deregulated miRNAs have
been shown to control both tumor cell growth and melanoma cell interactions with the tumor
microenvironment. Some miRNAs provoke drug resistance while others restore drug sensitivity.
In Table 1, miRNAs with a potential role in regulating melanoma sensitivity and resistance to MAPKi
and the underlying mechanisms of action are listed.

First, Liu and co-workers showed that miR-200c is a potential therapeutic target to restore
melanoma cell sensitivity to BRAFi. They found that miR-200c reverts drug resistance to PLX4720
BRAF and U0126 MEK inhibitors by down-regulating the p16 transcriptional repressor BMI-1, which,
in turn, inhibits melanoma cell growth and metastases in nude mice. Moreover, they found that
miR-200c acts on ABC transporters, a superfamily of transmembrane proteins that mediate drug
resistance in melanoma cells [59]. The clinical significance of miR-200c/Bmi1 axis in inhibiting acquired
resistance to BRAFi was confirmed in human melanoma tissues: loss of miR-200c expression was
found to correlate with development of resistance to BRAFi and promote the development of a
BRAFi-resistant phenotype in melanoma cells and in melanoma tissues with a mechanism that involves
MAPK and PI3K/AKT signaling pathways [60]. Like miR-200c, miR-524-5p expression appeared
down-regulated in melanoma cells with activated MAPK/ERK pathway. miR-524-5p suppresses
MAPK/ERK pathway-triggered melanoma cell proliferation by directly binding to the 3’-UTR of
both BRAF and ERK2 [61]. Fattore L. and colleagues found that miR-579-3p is down-regulated in
vemurafenib-resistant melanoma cells and that its ectopic expression impairs the establishment of

33



Int. J. Mol. Sci. 2020, 21, 4544

drug resistance in human melanoma cells. They also showed that down-regulation of miR-579-3p
in tumor tissues from melanoma patients with acquired resistance to BRAFi well correlates with a
poor prognosis [62]. Mechanistically, miR-579-3p binds to the 3’UTR of either BRAF and MDM2,
an E3 ubiquitin protein ligase that promotes p53 degradation [63], so that MDM2 and p53 cause a
negative-feedback loop, in which p53 induces the expression of MDM2 [62]. The miR-506-514 cluster has
been shown to regulate not only melanocyte transformation but also melanoma cell proliferation [64].
Stark and coworkers demonstrated that miR-514a, which is expressed in 69% of melanoma cell lines,
reverts drug resistance to BRAFi by directly binding to NF1 transcripts, leading to altered NF1 protein
expression and consequent decreased cell proliferation. Accordingly, overexpression of miR-514a
increases survival of vemurafenib-treated BRAF(V600E) melanoma cells [65]. A microarray profiling
analysis of vemurafenib-resistant and sensible A375 melanoma cells allowed Sun X. and colleagues to
identify 17 dysregulated miRNAs in BRAFi resistant A375 cells. Among these, miR-7 was found to
be the most down-regulated miRNA that prevents proliferation and partially reverts drug resistance
of vemurafenib-resistant melanoma cells [32]. miR-7 inhibits both MAPK and PI3K/Akt signaling
pathways by targeting EGFR, IGF-1R and CRAF [32]. In this regard, miR-7 could inhibit the activation
of the MAPK and PI3K/AKT pathways and reverse melanoma cell resistance to BRAFi, by decreasing
the expression levels of EGFR and IGF-1R. Using real time quantitative PCR and microarray analyses,
Kim JA and co-workers found that up-regulation of miR-1246 associates with acquired resistance to
BRAFi by A375P melanoma cells. Although the exact mechanism of action of miR-1246 in eliciting
drug resistance has been not yet completely identified, Authors provided evidence that resistance
to PLX4720 in miR-1246 mimic-transfected cells is mostly due to the inhibition of autophagy [66].
By miRNA expression profiling of sensible and BRAFi resistant melanoma cells, Lisa Koetz-Ploch and
colleagues found that miR-125a becomes overexpressed upon acquisition of cell resistance to BRAFi.
Mechanistically, miR-125a suppresses the apoptotic program in BRAFi-treated melanoma cells by
targeting two components of the intrinsic pro-apoptotic pathway: BAK1 and MLK3 [67]. The finding
that miR-125a is up-regulated in tissues of BRAFi-treated melanoma patients as compared to tumor
samples excised before BRAF-treatment, allowed Authors to propose the use of anti-miR-125-a for
preventing or overcame BRAFi resistance [67].

Melanoma cells are documented to release into the extracellular milieu different types of
extracellular vesicles (EV)s, including oncosomes, ectosomes, exosomes, and melanosomes carrying
protein and small RNAs cargos [68]. Comparing RNA sequences of exosomal miRNA released by a
number of melanoma cell lines with clinical miRNA datasets from human melanoma tissue samples,
Lunavat TR and coworkers found that the exosomal miR-214-3p, miR-199a-3p and miR-155-5p associate
with melanoma progression [69]. More recently, the same Authors found that both vemurafenib and
dabrafenib BRAFi significantly increase expression of miR-211-5p in EVs from melanoma cell cultures
and tissues, leading to re-activation of the survival pathway. Mechanistically, overexpression of
miR-211-5p depends on BRAFi-induced up-regulation of the microphthalmia-associated transcription
factor (MITF) which, in turn, induces activation of the survival pathway trough the master regulator
TRPM1 gene [70]. By carrying out RNA-seq analyses, Díaz-Martínez and co-workers documented in
vemurafenib-resistant A375 cells very high levels of miR-204-5p and miR-211-5p when compared to
parental counterparts. They found that, when engrafted in mice, sensible A375 cells transfected with
both miR-204-5p and miR-211-5p became resistant to vemurafenib and were able to grow, whereas
resistant cells silenced for miR-204-5p and miR-211-5p expression lost tumor growth ability and became
sensible to vemurafenib [71]. Mechanistically, co-overexpression of miR-204-5p and miR-211-5p
triggers Ras and MAPK up-regulation not only in response to BRAFi but also in response to inhibitors
of other downstream effectors of the MAPK pathway [71]. Examination of some potential targets for
these miRNAs revealed that miR-204-5p or miR-211-5p reduce significantly at mRNA and protein
levels the NUAK1/ARK5 kinase [71]. Accordingly, NUAK1/ARK5 protein was consistently reduced in
vemurafenib-resistant cells [71].
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Overexpression of the Yes-associated protein (YAP) has been found to associate with resistance to
anticancer therapies in solid tumors, including BRAFi resistant melanomas [72,73]. miR-550a-3-5p
overexpression has been proven to down-regulate YAP at mRNA and protein levels and YAP
down-regulation-dependent tumor-suppressive activity induces sensitization of BRAFi-resistant
melanoma cells to vemurafenib [74]. Fattore L. and coworkers demonstrated that down-modulation
of miR-199b-5p in drug-resistant melanoma cells causes increased VEGF release and acquisition of a
pro-angiogenic status that may be reverted by restoring miR-199b-5p levels [33]. In line with these
findings, the occurrence of a miRNA-dependent regulation of VEGF production in melanoma cells
resistant to BRAF inhibitors was documented by Caporali and colleagues [75]. These Authors found
low levels of miR-126-3p in dabrafenib-resistant melanoma cells as compared with their parental
counterparts and that proliferation and invasiveness of dabrafenib-resistant cells may be reduced by
restoring the miR-126-3p expression [75]. By analyzing the global miRNAome changes in sensible and
BRAFi-resistant melanoma cells, Fattore L. et colleagues identified many deregulated miRNAs involved
in the acquisition of drug resistance to BRAFi. They identified specific miRNA signatures capable of
distinguishing drug responding from non-responding patients as well as a subset of miRNAs capable
to block or revert the development of drug resistance when down- or up-regulated. Using qRT-PCR
on matched tumor biopsies and serum samples from melanoma patients, the same Authors found
that miR-204-5p and miR-199b-5p are down-regulated in relapsing melanomas, whereas miR-4443
and miR-4488 are up-regulated [33]. Accordingly, they found that overexpression of down-regulated
miR-204-5p and miR-199b-5p reduces cell proliferation and induces apoptosis, whereas inhibition of
up-regulated miR-4443 and miR-4488 with specific antagomiRs, restores inhibitory effects exerted by
BRAFi. Authors also found that a reduced proliferation of A375 melanoma cells double resistant to
BRAFi and MEKi, may be achieved by down-regulating simultaneously miR-204-5p, miR-199b-5p and
miR-579-3p, highlighting the notion that co-targeting multiple microRNAs may be a valid approach to
prevent proliferation of melanoma cells with acquired resistance to BRAFi and MEKi [33].

Table 1. microRNAs Involved in the Acquisition of Melanoma Cell Resistance to MAPK Inhibitors.

miRNAs Expression Target Gene/s Mechanism/s
Tissue/Cell
Lines/Blood

Reference

miR-200c Down
BMI1, ZEB2,

TUBB3, ABCG5,
MDR1

p16 Transcriptional Repressor
BMI-1/up-Regulation of ABC Transporters.

Activation of MAPK and PI3K/AKT
Signaling Cascades

Tissues, Cell lines [59,60]

miR-579-3p Down BRAF and
MDM2

Reduced Proliferation (by Targeting BRAF).
Increased Apoptosis (by Down-Regulating

of MDM2)
Tissues, Cell lines [62]

miR-7 Down EGFR, IGF-1R,
CRAF

Inhibition of MAPK and PI3K/Akt
Signaling Pathways Cell lines [32]

miR-550a-3-5p Down YAP Reduced Proliferation through
YAP Inhibition Cell lines [74]

miR-199b-5p Down HIF-1α, VEGFA Pro-Angiogenic Activity Tissues, Cell Lines,
Plasma [33]

miR-126-3p Down VEGFA, ADAM9 Increased Proliferation through the p-ERK1/2,
p-Akt//VEGF axis Cell Lines [75]

miR-204-5p,
miR-199b-5p Down BCL-2, FOXM1,

NOTCH, VEGF
Increased Survival/Reduced Apoptosis Bcl2,

HIF-1/VEGF
Tissues, Cell Lines,

Plasma [33]

miR-514a Up NF1 Inhibition of NF1 Increased Survival Cell Lines [65]
miR-1246 Up NS Inhibition of Autophagy Cell Lines [66]
miR-125a Up BAK1 and MLK3 Inhibition of Apoptotic Program Tissues, Cell Lines [67]

miR-204-5p,
miR-211-5p Up NUAK Up-Regulation of the Ras/MEK/ERK Pathway

through MITF/Increased Survival Pathway Tissues, Cell Lines [70,71]

miR-4443,
miR-4488 Up Autophagy-Related

Genes Deregulation of Autophagy Tissues, Cell Lines,
Plasma [33]

List of miRNAs involved in the melanoma resistance to MAPK inhibitors. Up/Down expression levels are referred
to resistant melanoma cells. Not shown (NS) indicates that miRNAs target genes have not been identified in the
corresponding studies.
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3. miRNA in Melanoma Cell Resistance to Immunotherapy

There are several attempts to investigate the potential link between miRNAs expression profile
and patients’ response to immune checkpoint inhibitors in order to verify at the same time their
potential use for monitoring efficacy of immune checkpoint blockade and improving the outcomes of
patients with advanced melanoma. Although few data regarding miRNAs and immune checkpoint
inhibitors relationship are available in the literature, recent studies demonstrate that some miRNAs
may regulate directly or indirectly the expression of immune checkpoints, acting on tumor cells or
immune cells, respectively (Table 2).

Galore-Haskel and collaborators found higher levels of miR-222 in melanoma tissues from patients
that were non-responders to ipilimumab when compared to responder patients, raising the possibility
that miR-222 expression could be considered a valid biomarker for predicting responsiveness of
melanoma patients to ipilimumab [76]. These Authors documented that Adenosine Deaminase Acting
on RNA-1 (ADAR1) overcomes melanoma immune resistance and increase proliferation of melanoma
cells by regulating the biogenesis of miR-222 at transcriptional level [76]. miR-222 directly interact
with 3’UTR of the Intracellular Adhesion Molecule 1 (ICAM1) mRNA [77] which, consequently, affects
melanoma immune resistance by rendering melanoma cells more resistant to TIL-mediated killing
mainly due to their ability to cross endothelial vessels and infiltrate tumor tissues [78,79]. Analyzing
exosomal miRNAs in sera from melanoma patients, Tengda and co-workers found higher levels of
miR-532-5p and miR-106b in melanoma patients with stage III–IV disease, as compared to patients
with stage I–II disease and low levels of miR-532-5p and miR-106b in melanoma patients treated with
pembrolizumab compared to those untreated. The Authors concluded that measurement of exosomal
miRNA-532-5p and miRNA-106b in the sera from melanoma patients could be used for monitoring
and/or predicting their response to immunotherapies [80].

miRNAs are also involved in the regulation of immune cells within the tumor microenvironment,
including cytotoxic, CD4 or γδ T lymphocytes, natural killer (NK), macrophages and myeloid-derived
suppressor cells (MDSCs).

A direct involvement of tumor-suppressor miRNAs in the control of antitumor immune response
through the regulation of immune checkpoints PD-1, PD-L1, and CTLA-4 has been ascertained in tumors
of different origin [81]. By a microarray-based profiling performed in PD1+ and PD1- CD4 T cells
sorted from lymph nodes and spleen of melanoma-bearing mice, Li and colleagues demonstrated
that miR-28 decreases PD1 expression by directly binding to its 3’UTR, suggesting that miR-28
regulates exhaustive differentiation of Treg in melanoma cells. Moreover, exhausted T cells showed a
reduced secretion of IL-2, TNF-α and IFN-γ and the use of miR-28 mimics was able to restore their
secretion [82]. Martinez-Usatorre and co-workers analyzed miR-155 expression in CD8+ T cells isolated
from tumor-infiltrated lymph nodes and tumor tissues of melanoma patients and murine models.
They found that miR-155 up-regulation within the tumors correlates with increased CD8+ T-cell
infiltration while low expression of miR-155 targets in melanoma tumors associates with a prolonged
overall survival. These findings allowed Authors to conclude that miR-155 could be considered a
marker of responsiveness of CD8 T cells, as further demonstrated by its up-regulation after PD1
blockade [83].

Up-regulation of stress-induced ligands, including ULBP2, allows tumor cell recognition by
immune cells trough the NKG2D receptor expressed on lymphocytes, Natural Killer cells, as well
as cytotoxic, CD4 or γδ T cells [84]. miR-34a and miR-34c have been shown to enhance NK-cell
killing activity against melanoma cells by targeting the UL16 binding protein 2, while miR-34 mimics
led to down-regulation of ULBP2, diminishing tumor cell recognition by NK cells [85]. By using
next-generation sequencing, Cobos JV and colleagues identified a repertoire of miRNAs that have
a specific expression signature in M2 polarized macrophages [86]. A panel of miRNAs have been
recognized to promote the conversion of monocytes into myeloid-derived suppressor cells (MDSC)s,
their baseline levels being found to correlate with the clinical efficacy of immune checkpoint inhibitors.
For instance, miR-125a-5p inhibits M1 polarization and promotes the alternative M2 phenotype
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by targeting KLF13, a transcriptional factor that is active during T lymphocyte activation [87,88].
Moreover, both miR-146a and miR-146b promote M2 polarization in human and mouse models
by down-regulating pro-inflammatory responses [88]. Finally, several circulating miRNAs (let-7e,
miR-99b, miR-100, miR-125a, miR-125b, miR-146a, miR-146b, and miR-155) were found to correlate
with a shorter progression free and overall survival in melanoma patients treated with ipilimumab and
nivolumab, thus representing the first predictive peripheral blood biomarker of resistance to immune
checkpoint inhibitors [46]. These miRNAs released in the blood by melanoma EVs act by converting
monocytes into MDSC and reduce the clinical efficacy of the PD-1 and CTLA-4 inhibitors [46]. Based
on these findings, it will be foreseeing that combinations of miRNAs with different immune checkpoint
targets could mimic or improve the effect of immune checkpoint blockade therapies.

Table 2. microRNAs Involved in the Acquisition of Melanoma Resistance to Immune Checkpoint Inhibitors.

miRNA Tissue/Cell Lines/Blood Target/Function/Proposed Mechanism Reference

miR-222 Tissues, Cell Lines
ADAR1/ICAM-Dependent -Increased
Trans-Endothelial Migration of T Cells.

Reduced Response to Ipilimumab
[76]

miR-532-5p, miR-106b Serum Exosomes Reduced Response to Pembrolizumab [80]

miR-28 Cell Lines

Reduced PD1 Expression and Response to
Pembrolizumab. Increased Differentiation
of Treg. Reduced Secretion of IL-2, TNF-α

and IFN-γ

[82]

miR-155 Tissues, Cell Lines,
PBMC Increased CD8+ T-Cell Infiltration [83]

miR-34a,
miR-34c Cell Lines Target UL16 Binding Protein 2I (ULBP2).

Increased NK-cell Killing Activity [85]

miR-125a-5p Cell Lines Targets KLF13. Protumoral Activity
Trough Macrophages [87]

let-7e,
miR-99b,
miR-100,

miR-125a, miR-125b,
miR-146a, miR-146b,

miR-155

Tissues, Blood
Monocytes, Plasma

Protumoral Activity by Converting
Monocytes Into MDSC. Reduced Response
to PD-1 and CTLA-4 Inhibitors. Reduced
Response to Ipilimumab and Nivolumab

[46]

4. Relationship between miRNAs and Immune Evasion by Melanoma Cell Resistant to MAPKi

The activation of the MAPK pathway through BRAF mutations leads to downstream production
of several cytokines that promote tumor growth and immune evasion with autocrine or paracrine
mechanisms. Recent studies have documented that the MAPK signaling pathway may be considered
as a potential molecular target for overcoming melanoma cell evasion of the immune surveillance
(Figure 1). By activating the MAPK cascade, the BRAF(V600E) mutation stimulates melanoma cells
to produce a wide spectrum of chemokines and cytokines which, in turn, are responsible for the
recruitment of immune and myeloid cells. For the first time, Sumimoto H. and co-workers, using
the U0126 MEK inhibitor and lentiviral BRAF(V600E) RNA interference, found that the oncogenic
BRAF favors melanoma immune escape increasing production of IL-6 and IL-10 which increase T-cell
stimulatory function of dendritic cells [89]. Furthermore, constitutively activated BRAF(V600E) in
melanoma tumor cells has been shown to initiate and sustain IL-1α/β-dependent T-cell suppression in
a murine model. Mechanistically, IL-1α and IL-1β secreted by melanoma cells increase COX-2, PD-L1,
and PD-L2 expression levels in tumor associated fibroblasts which, in turn, suppress the function of
tumor-infiltrating T cells [90]. Jiang X. and colleagues identified the molecular mechanism by which
melanoma cells resistant to BRAFi can evade the immune system via PDL-1 up-regulation. By using a
panel of melanoma cell lines harboring BRAF(V600E) mutation, the Authors showed that the BRAFi
resistance leads to c-Jun and STAT3-mediated increase of PD-L1 expression [91]. Conversely, the same
Authors demonstrated, in vitro, that the U0126 MEK inhibitor simultaneously counteracts MAPK
reactivation and reduces PD-L1 expression [91]. Analyzing several melanoma cell lines resistant to
BRAFi as well as plasma and tumor samples from vemurafenib-treated melanoma patients, Vergani
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and coauthors found that BRAFi-resistant melanoma cells secrete higher levels of CC-chemokine
ligand 2 (CCL2) then sensible counterparts. The CCL2 increase elicits up-regulation of miR-34a,
miR-100 and miR-125b, which, in turn, down-regulate the canonical genetic pathway for apoptosis.
Conversely, down-regulation of CCL2 and/or miR-34a restores apoptosis and melanoma sensitivity to
vemurafenib [92]. More recently, miRNAs have been directly associated with melanoma resistance to
treatment with immune checkpoint inhibitors (Figure 1). Audrito V. and coworkers found that PD-L1
expression is limited to a subset of patients with metastatic melanoma and unfavorable prognosis [93].
These Authors found that resistance to BRAFi and MEKi associates with induction of PD-L1 expression
in BRAF(V600E)-mutated melanoma cell lines and identified the post-transcriptional circuit responsible
for PD-L1 up-regulation, consisting of a direct interaction of miR-17-5p with the 3’UTR mRNA of
PD-L1 [93]. Finally, miR-17-5p levels were found to inversely correlate with PD-L1 expression and thus
predict sensitivity to BRAFi in patients with metastatic melanoma [93]. In this contest, modulating
miRNAs impinging both MAPK pathway and immune responses could be a useful approach for
treating patients with advanced melanoma.

Figure 1. Schematic representation of up- (arrow pointing up) or down- (arrow pointing down) regulated
miRNAs involved in evasion of immune surveillance by melanoma cells harboring BRAF mutations.

5. Predictive Value of Circulating miRNAs for Monitoring Melanoma Responsiveness to Targeted
and Immune Therapies

To date, there is an urgent need to develop new non-invasive methods for monitoring disease
progression or resistance to treatments of melanoma patients. In this regard, liquid biopsy may be
considered a non-invasive source of biomarkers, potentially useful for monitoring responsiveness of
melanoma patients to targeted and immune therapies, although the strategies for these approaches
are still under investigation. In the last decade, many efforts have been made to identify diagnostic
and prognostic circulating miRNA biomarkers for melanoma. Circulating miRNAs have emerged
as powerful biomarkers since they are highly stable in body fluids, which are protected against
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enzymatic degradation thanks to their association with RNA binding proteins (Argonaute-2 and
nucleophosmin-1), with high- and low-density lipoproteins, or to their embedding in membrane vesicles
such as exosomes [28,41,42]. Also, they are resistant to both high or low pH, multiple freeze-thaw cycles,
and long-term storage [94]. In a recent review article, Gajos-Michniewicz A summarizes studies reporting
significant alterations in the miRNA expression profile in the serum and plasma of melanoma patients
compared to healthy controls, suggesting circulating miRNAs as promising diagnostic melanoma
biomarkers [40]. In a recent study, Solé C and colleagues found 11 miRNAs (let-7b, miR-16, miR-21,
miR-92b, miR-98, miR-134, miR-320a, miR-486, miR-628, miR1180, and miR-1827) that are differentially
expressed between healthy controls and plasma samples from different melanoma stages [43].

As above described, numerous miRNAs have been shown to modulate melanoma sensitivity and
resistance to MAPKi (Table 1) and/or immune checkpoint inhibitors (Table 2). Among these, some
miRNAs are present not only in tissue samples but also in serum or plasma of melanoma patients, thus
representing soluble putative markers to monitor the therapeutic responses to MAPKi and immune
treatments. miR-199b-5p expression levels were found downregulated in the plasma of melanoma
patients post-MAPKi treatment as compared to plasma from the untreated ones, whereas miR-4488
levels were significantly increased in patients after MAPKi treatment, indicating that these miRNAs may
represent soluble putative markers to monitor the therapeutic responses to MAPKi [68]. Svedman and
co-workers identified let-7g-5p and miR-497-5p as predictive biomarkers of MAPKi treatment benefit
in metastatic melanoma patients. They analyzed miRNA content in the extracellular microvesicles
recovered from plasma of melanoma patients before and after the treatment with MAPKi. Both let-7g-5p
and miR-497-5p levels were found to increase after the treatment with MAPKi and to correlate with a
prolonged progression-free survival [95]. By performing Nanostring nCounter analysis of 48 plasma
samples from individuals with or without melanoma, Van Laar R and coworkers identified a set of
thirty-eight independently validated circulating miRNAs. The so-called MEL38 signature includes
some miRNA (hsa-miR-34a-5p, hsa-miR-299-3p, hsa-miR-624-3p, hsa-miR-1-5p, hsa-miR-152-3p,
hsa-miR-1973, hsa-miR-454-3p, hsa-miR-4532) involved in the drug/immune resistance [96]. Eight
miRNAs (let-7e, miR-99b, miR-100, miR-125a, miR-125b, miR-146a, miR-146b, and miR-155) detected
in patients receiving ipilimumab and nivolumab have been found to correlate with the frequency of
altered myeloid cells, shorter progression-free survival as well as overall survival [46].

Finally, Tengda L. and coworkers demonstrated that miR-532-5p and miR-106b, isolated from
serous exosomes as well as from total serum, were able to discriminate patients with melanoma from
healthy controls, metastatic patients from those with no metastasis, patients with stage I–II disease
from those with stage III–IV, and patients treated with pembrolizumab from untreated ones [80].

6. Conclusions and Future Perspectives

In melanoma, several miRNAs are deregulated because of epigenetic changes, impaired
transcription, amplification, or deletion of miRNA genes as well as defects in the miRNA biogenesis
machinery. It is currently accepted that distinct profiles of miRNA expression are detected at each step
of melanoma development, and that an altered expression of miRNAs frequently correlates with poor
prognosis and/or inadequate response to treatments. As recapitulated in this review, dysregulated
miRNAs may induce and sustain or prevent melanoma cell resistance to BRAFi /MEKi and immune
therapies by acting as oncogenes or tumor suppressors, respectively. A partial or complete reversion
of melanoma cells resistance to BRAFi and MEKi may be achieved by restoring down-regulated
miRNAs or silencing up-regulated miRNAs, suggesting that specific miRNAs or their antagonists
may be considered for potential therapeutic applications to overcame melanoma cell resistance to
BRAFi and MEKi. In this regard, miRNAs, especially those being part of the circulating transcriptome,
may be useful as biomarkers for early melanoma response to treatments, but the strategies for these
approaches are still under investigation. In melanoma, implications of microRNAs in the regulation of
immune checkpoint blockade and controlling their expression for therapeutic purposes is the subject
of intense ongoing research. Specific miRNA signatures associate with specific alterations of immune
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checkpoint pathways in the melanoma microenvironment while subsets of miRNAs directly regulate
the transcription of immune checkpoints. Thus, miRNA could provide new biomarkers predicting
patient response to immune checkpoint inhibition and it is reasonable to foresee that combining
miRNAs with different immune checkpoint targets could mimic and possibly improve the effect of
combined immune checkpoint blockade therapies. Activation of the MAPK pathway through BRAF
mutations may be a potential molecular target for overcoming evasion of the immune surveillance
by melanoma cells. MAPK cascade stimulates melanoma cells to secrete cytokines, chemokines and
soluble growth factors that recruit immune and myeloid cells sustaining both tumor growth and
immune evasion. In this contest, specific miRNAs or their antagonists may be considered for potential
therapeutic use for restoring the effector function of immune cells. New approaches that look at
simultaneous or sequential use of drugs targeting the MAPK pathway with immune checkpoint
inhibitors are also a priority, with evidence suggesting that specific miRNAs may overcome melanoma
growth and immune evasion. Thus, many questions regarding the best first- and second-line treatment
and the best treatment sequence remain to be addressed.
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Abstract: Recent advances in cancer immunotherapy have clearly shown that checkpoint-based
immunotherapy is effective in a small subgroup of cancer patients. However, no effective predictive
biomarker has been identified so far. The major histocompatibility complex, better known in humans
as human leukocyte antigen (HLA), is a very polymorphic gene complex consisting of more than
200 genes. It has a crucial role in activating an appropriate host immune response against pathogens
and tumor cells by discriminating self and non-self peptides. Several lines of evidence have shown
that down-regulation of expression of HLA class I antigen derived peptide complexes by cancer
cells is a mechanism of tumor immune escape and is often associated to poor prognosis in cancer
patients. In addition, it has also been shown that HLA class I and II antigen expression, as well
as defects in the antigen processing machinery complex, may predict tumor responses in cancer
immunotherapy. Nevertheless, the role of HLA in predicting tumor responses to checkpoint-based
immunotherapy is still debated. In this review, firstly, we will describe the structure and function
of the HLA system. Secondly, we will summarize the HLA defects and their clinical significance in
cancer patients. Thirdly, we will review the potential role of the HLA as a predictive biomarker for
checkpoint-based immunotherapy in cancer patients. Lastly, we will discuss the potential strategies
that may restore HLA function to implement novel therapeutic strategies in cancer patients.

Keywords: major histocompatibility complex (MHC); human leukocyte antigen (HLA);
antigen processing machinery (APM) molecules; carcinogenesis; tumor predisposition; biomarker;
cancer immunotherapy

1. Human Leucocyte Antigen and Antigen Presentation Machinery Molecules: An Overview

1.1. HLA Class I: Structure and Function

The major histocompatibility complex (MHC), better known in humans as human leukocyte
antigen (HLA), is a very polymorphic gene complex encoding for cell surface molecules specialized
to present and recognize self and non-self peptides [1–8]. HLA complex contains more than 200
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identified loci located close together on a 3 Mbp stretch within the short arm of chromosome 6 [6,8,9].
Population surveys have identified several thousands of allelic variants of HLA molecules which
mainly affect the nature and composition of their peptide-binding groove, regulating the peptide
repertoire presented on the cell membrane [6,8–10]. These allelic variants can be associated with an
increased risk of various diseases including cancer [11].

HLA is categorized into three groups on the basis of function and structure: class I, II and III [12,13].
HLA class I molecules are expressed on the surface of nucleated cells, except for germ line and some
neuronal cells [14]. HLA class I molecules display on cell membrane peptide fragments derived
from endogenously degraded self or non-self proteins to T-cell receptor (TCR) of CD8+ cytotoxic T
lymphocytes (CTLs) [7,15–18]. Peptides derived from unmutated (self) proteins are normally ignored
by CTLs, whereas those derived from mutated (self) or pathogen (non-self) proteins are recognized and
trigger an adaptive immune response [15–17]. Particularly, tumor cells are characterized by mutated
genes and aberrantly expressed cellular proteins from which derived tumor specific antigens (TSAs)
and tumor-associated antigens (TAAs). Through the presentation of TAAs/TSAs, tumor cells become
susceptible to CTL-mediated lysis. Using this immune surveillance system, CTLs eradicate intracellular
pathogens and exert potent antitumor activity, eliminating the transformed or infected cells through the
adaptive immune response [19]. In addition, HLA class I molecules can also present peptides generated
from exogenous proteins, a process known as cross-presentation [14,20]. This process is necessary
to recognize and destroy tumor cells as well as viruses that do not readily infect antigen-presenting
cells, stimulating naïve T cells into activated CTLs [14,20,21]. Specifically, cross-presentation involves
dendritic cells (DCs) which present TAAs/TSAs or pathogen-derived peptides in their HLA class I
complex to naïve T cells [22–24]. Extracellular peptide loading on HLA class I complex differs from
the canonical way followed by intracellular peptides and it will be discussed below in this review.
However, recently, several lines of evidence demonstrated that macrophages are also able to implement
a cross-presentation process, subverting the original belief that it is an exclusive characteristic of
DCs [22].

Besides mediating an adaptive immune response, HLA class I molecules also play a key role in
the innate immune response since they serve as ligands of inhibitory killer cell immunoglobulin-like
receptors (KIRs) of Natural Killer (NK) cells [25]. Because the majority of healthy nucleated cells
express HLA class I molecules, inhibitory KIRs ensure that NK cells do not attack normal cells which
express HLA class I molecules but eliminate infected and tumor cells which may have reduced
expression of HLA class I molecules [25,26]. Structurally, HLA class I molecules are heterodimers that
consist of two polypeptide chains, alpha (α) heavy chain and β2-microglobulin (β2-m) light chain [27].
The β2-m subunit is not polymorphic and is encoded on human chromosome 15. In contrast, the α

chain is polymorphic and is encoded by HLA class I genes, further categorized in HLA-A, -B, and –C,
according to the locus of their encoding gene [28–30]. The α heavy chain has three extracellular domains
(α 1-3, with α1 being at the N-terminus), a transmembrane region and a C-terminal cytoplasmic
tail [30–32]. The only invariant region is the Ig-like α3 domain, essential for non-covalent association
with the β2-m light chain [30–32]. The α3-CD8 interaction holds the HLA class I molecules in place,
while the TCR binds to α1-α2 and checks the coupled peptide for antigenicity [30,32]. The α1 and α2
domains fold to make up a groove for peptides to bind. Bound peptides are predominantly 8-10 amino
acid in length, but longer peptides have also been reported [30,32,33].

Besides HLA-A, B, and C, some other HLA class I molecules are also encoded by non-classical
HLA loci. Those include HLA-E, which primarily presents various peptides that are derived from
the leader sequence of some HLA class I molecules. It blocks conventional NKs expressing the
inhibitory heterodimeric NKG2A/CD94 receptor. Lastly, HLA-F mainly resides intracellularly and
rarely reaches the cell surface; HLA-G, plays a role in protecting the fetus from the maternal immune
responses [34–39].
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1.2. HLA Class I Antigen Processing Machinery Complex and Antigen Presentation

The generation and expression of HLA class I antigen-derived peptide complexes is a multistep
process and requires an integral and functional HLA class I antigen processing machinery (APM) [25].
This is constituted by several distinct components, such as the proteasome complex, the ubiquitination
system, the transporters associated with antigen processing (TAP)1 and TAP2, the endoplasmic
chaperone molecules (calnexin, calreticulin, ERp57, and tapasin), and the Golgi apparatus [25,40–42].
The generation and expression of HLA class I antigen derived peptide complexes and their presentation
to naïve CD8+ T cells require four main tasks: (i) peptide generation and trimming; (ii) peptide
transport; (iii) assembly of the HLA class I loading complex; and (iv) antigen presentation [25,30,43–48].
Firstly, proteins are targeted for degradation by the covalent attachment of multiple copies of the
76-residue protein ubiquitin to free amino groups of Lys [25,49]. Subsequently, they are transferred
to the proteasome, where the catalytic core, called the 20S proteasome, contains α and β subunits.
The catalytic core interacts with regulatory particles and creates a physical barrier to regulate access to
the gate. The latter has protease catalytic activity [25,50–52]. Three of the 20S proteasome’s β subunits
δ(β1), Z(β5), and MB1(β2) may be replaced by the functionally different counterparts low molecular
proteins (LMP) as LMP2 (also called β1i), LMP7 (β5i), and LMP10 (β2i), respectively [25,53–55].
Proteasome incorporating LMP2, LMP7 and LMP10 is called immunoproteasomes because it develops
under conditions of intensified immune response [25]. The immunoproteasome formation is induced
during inflammation by stimulation with type I (α and β) or type II (γ) interferons (IFNs) [25,56,57].
Moreover, the immunoproteasome is involved in other activities such as generation of cytokines as well
as regulation of T cell differentiation, survival and function during thymocyte development [25,58,59].
Peptides generated in the proteasome are then actively transported from the cytosol into the endoplasmic
reticulum (ER) lumen by TAP [25]. TAP is a heterodimeric complex composed of two half-transporters,
TAP1 and TAP2, members of the adenosine triphosphate (ATP)-binding cassette transporter family.
This complex forms a transmembrane pore in the ER membrane whose opening and closing depend
on ATP binding and hydrolysis, respectively (ATP switch model) [25,60–63]. TAP transports most
efficiently peptides of a well-defined length (8–12 residues), while longer peptides can be further
trimmed in the ER lumen or, alternatively, can be transported back to the cytosol where they are
trimmed by cytosolic peptidases and recycle back to the ER [25,64–70]. Peptides transported into
the ER by TAP are loaded onto nascent HLA class I molecules with the assistance of four chaperone
proteins: calnexin, the thiol oxidoreductase ERp57, calreticulin, and tapasin [25,71–79]. Specifically, the
HLA class I α heavy chain interacts with calnexin, which facilitates its complete folding and, by acting
in concert with ERp57, ensures the correct oxidation [25,80,81]. At this point, the conformation of the α

heavy chain is recognizable by β2-m [25,82]. Their binding triggers the release of calnexin [25,82,83].
The resulting conformational changes give the α heavy chain/β2-m heterodimer an “open” form that
interacts with calreticulin [25,74]. High affinity peptide binding requires the additional participation of
tapasin, which links the complex to nascent HLA class I molecules [25,75,79]. After peptide loading,
HLA class I derived peptide complex dissociates from TAP as well as from ER-resident chaperones
and clusters at export sites on the ER membrane, where it is selectively recruited into cargo vesicles
for transport to the Golgi apparatus and then to the cell membrane [25]. On the membrane, the HLA
class I derived peptide complex is extracellularly exposed to be recognized by the TCR of naïve T cells,
potentially triggering an adaptive immune response when non self or mutated self antigen derived
peptides are expressed [19,25].

During cross-presentation extracellular antigens need to enter into canonical HLA class I route
and they can exploit various ways. (i) Extracellular peptides can be directly transferred from infected
or tumor cells to the cytosol of DCs through the Gap junctions. (ii) ER components can fuse with
endosomal/phagosomal pathway and the exogenous peptides are exported from phagosome into
cytosol through the ER-associated protein degradation system. (iii) Recycling HLA class I molecules
are loaded with extracellular peptides into recycling endosome. (iv) Exosomes secreted by infected or
tumor cells can directly bind to DCs [84,85].
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1.3. HLA Class II: Structure and Functions

In contrast to HLA class I molecules, HLA class II molecules are usually present only on professional
antigen-presenting cells (APCs) (B cells, macrophages, DCs, Langerhans cells), thymic epithelium and
activated (but not resting) T cells [86–88]. In all other nucleated cells, HLA class II antigen expression
can be induced by IFN-γ [88–90]. HLA class II molecules promote the switch of naïve T cells into
activated T cells by presenting exogenously derived antigen peptides to CD4+ T cells [86–90]. Moreover,
HLA class II molecules regulate the functions of B cells, macrophages and T cells [87,88,91]. They are
encoded by genes in the HLA-DP, -DQ and -DR loci of the chromosome 6 cluster [6]. HLA class II
molecules consist of 2 highly polymorphic polypeptides, the α and β chains [87,92–94]. Only the β2
domain of the β chain is a non-polymorphic region. It constitutes the binding site for the CD4+ T cell
co-receptor [87,92–96]. HLA class II molecules have a peptide-binding domain, an Ig-like domain and
a transmembrane region with a cytoplasmic tail and are responsible for binding peptides (15-24 amino
acids) derived from extracellular sources [87,92–96]. Therefore, HLA class II binds peptides longer
than HLA class I and accommodates peptide side chains within its binding pocket. These two features
increase HLA class II peptide diversity [97,98].

1.4. HLA Class II Antigen Presentation System: How it Works

Compared to HLA class I, also the HLA class II antigen presentation process is characterized by
different tasks. This involves several molecules and protein complexes [99,100]. Firstly, α and β chains
are assembled in the ER with the invariant chain (li, CD74), forming the (α/β-li)3 complexes [99–101].
Invariant chain li occupies the peptide binding groove of HLA class II, preventing peptide loading
within ER [98,102]. Li targets HLA class II containing vesicles to acidic endosomes. Then, into these
acidic endosomes, called MHC class II compartments (MIICs), the li chain undergoes selective
proteolytic digestion, forming the class II-associated I chain peptide (CLIP). This peptide occupies
the groove of HLA class II dimers [100,103]. Subsequently, CLIP is exchanged by tightly bound
peptides derived from proteins degraded into the endosomal pathway [99,100]. HLA-DM molecules
are crucial to facilitate this exchange by promoting CLIP removal and stabilizing the peptide free status
of HLA class II molecules. Moreover, HLA-DM also catalyzes the release of weakly bound peptide,
ensuring that only strong bound peptide HLA class II complexes reach the cell surface [98]. Finally,
the HLA class II derived peptides complexes are exposed on APCs [100,103,104].

1.5. HLA Class I and II Transcription Regulation

The transcription of genes encoding for the components of HLA class I and II complex is tightly
regulated according with the crucial role of these molecules to obtain an effective adaptive immune
response. HLA class I genes, except for HLA-G, contain several conserved cis-acting regulatory elements.
Specifically, three different elements are important for both constitutive and inducible expression. The
first element, called enhancer A, contains a binding-site for the nuclear factor kB (NF-kB). The second
one corresponds to an IFN-sensitive response element (ISRE) and allows the binding of IFN Regulatory
Factors 1 (IRF1). Lastly, the third one is an SXY module comprising four different boxes: W/S, X1, X2
and Y. Equally, the promoter of β2-m, but not those of other genes involved in antigen processing
and presentation such as TAP or LMP, contains all three cis-acting regulatory elements in its proximal
region [105]. Conversely, HLA class II gene proximal promoters contain only the SXY module which is
bound in its X1 box by the regulatory factor X (RFX) complex, which comprises RFX5, RFX-associated
ankyrin-containing protein (RFXANK) and RFX-associated protein (RFXAP). The cAMP-responsive
element binding protein 1 (CREB1) and the activating transcription factor 1 (ATF1) bind the X2 box;
the nuclear transcription factor Y (NFY) complex interacts with the Y box. Instead, the elements
interacting with W/S box remains poorly defined [106,107]. The interactors with SXY module of genes
belonging to both HLA class I and II are crucial elements in the transcriptional control. Indeed, since
the identification in 1993 of the class II trans-activator CIITA [108] and, more recently of the NOD-like
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receptor 5 (NLRC5) [109], also called class I trans-activator CITA, it has been clearly highlighted
that both these NLR proteins miss of a DNA-binding domain. Therefore, both NLRC5/CITA and
CIITA need to cooperate with the multiprotein complex that is assembled on the SXY module to exert
their transactivation activity (forming CITA- and CIITA enhanceosomes) [110,111]. Different studies
exploiting CIITA-deficient mice [112] and several molecular analyses performed in patients affected by
bare lymphocyte disease (BLS) with HLA class II deficiency confirmed CIITA as the master regulator
of HLA class II expression [92,113,114]. Differently NLRC5/CITA is defined as a key regulator of
HLA class I, especially in selected immune cell subsets. Indeed, the generation of NLRC5/CITA
knockout mice in three independent studies has allowed to show a retention of HLA class I expression
in professional APCs also in the absence of the trans-activator [115–117], suggesting the presence
of a compensatory mechanism. These results agreed with previous findings regarding the ability
of CIITA to contribute to HLA class I expression control [118]. Moreover, NLRC5/CITA regulates
the expression of other genes involved in HLA class I presentation and processing, such as β2-m,
LMP2, and TAP1 [109]. Interestingly, the up-regulation of both NLRC5/CITA and CIITA is critical
for the efficient induction of HLA class I and II, respectively, by IFN-γ stimulation. The induction of
NLRC5/CITA by IFN-γ precedes HLA class I gene expression as well as CIITA transcript levels are
induced earlier than HLA class II genes upon IFN-γ stimulation [119].

1.6. HLA Class III: A Poorly Characterized Class

The structure and function of HLA class III molecules are poorly defined. They are not involved
in antigen binding but in inflammatory processes. Their gene cluster is present between those of class I
and class II molecules and encodes important molecules involved in inflammatory processes including
complement components C2 and C4, factor B, tumor necrosis factor (TNF)-α, lymphotoxin, and heat
shock proteins [12,120–122].

1.7. Carcinoma Cells as Non-Professional APC: A Novel Role for HLA Class II Complex

As mentioned above, HLA class II is usually express only on APCs’ surface, playing a crucial
role in CD4+ T cell activation [86–88]. However, several lines of evidence showed that many type of
cancer cells can also express MHC class II complex regardless tissue origin [123–130]. So far, the role of
tumor specific MHC class II (tsMHC-II) expression remains unclear. Conflicting evidences are reported
about how tsMHC-II regulates cancer progression as well as immune checkpoint inhibitor (ICI)-based
immunotherapy response [98]. The expression of tsMHC-II has been related to longer progression
free survival (PFS) and overall survival (OS) in melanoma and Hodgkin lymphoma patients treated
with programmed death cell 1 (PD-1)/programmed death-ligand 1 (PD-L1) monoclonal antibodies
(mAbs) [123,125,126]. In contrast, a similar association was not found in melanoma patients treated
with a cytotoxic T-lymphocyte-associated protein 4 (CTLA-4) mAb [126]. Two independent studies on
breast cancer specimens, evaluating tsMHC-II expression by both immunohistochemistry (IHC) and
RNA sequencing demonstrated that tsMHC-II expression positivity correlated with longer disease free
survival (DFS) and PFS [124,131]. These results were observed also in advanced-stage serous ovarian
cancer [132]. However, further clinical trials are needed to define the role of tsMHC-II expression as a
potential biomarker for ICI-based immunotherapy in cancer patients.

2. Defects and Clinical Significance of HLA in Human Cancer

2.1. HLA Class I Molecule Defects

Aberrations in expression of HLA class I derived peptide complex have frequently been observed
in several types of cancer both in vivo and in vitro. Their frequency ranges from 0–90%. Depending on
tumor types, these defects have been associated with aggressive histopathological features as well
as poor survival [133–147]. Most of the defects are caused by genetic or epigenetic mutations as well
as by transcriptional or post-translational modifications [145,148,149]. These types of alterations can
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induce a total loss or down-regulation of HLA class I derived peptide complex as well as selective loss
of HLA class I haplotypes or alleles (Figure 1) [150–152].

Figure 1. Defects in tumor antigen processing, translocation and loading on HLA class I. Normally tumor
antigens (TAs) are degraded by proteasome/immunoproteasome into TA peptides and translocated
into the endoplasmic reticulum (ER) through ATP-dependent activation of TAP transporters. Then,
different chaperones: tapasin, calnexin (CNX), calreticulin (CRT) and ERp57 form a multimeric complex
that provides for the correct assembly of HLA class I and for peptide loading. The lack of TA presentation
during tumor development can be determined by different defective mechanisms depicted in the
cartoon. 1. Mutations in genes coding for proteasome subunits or deregulation of their expression
implicate an incorrect TA degradation and the production of modified TA peptides. 2. Mutations in
TAP genes, associated with down-regulation of their expression or to their dysfunction, reduce the
translocation of TA peptides into the ER. 3. Defects in the expression of chaperones reduce the stable
assembly of the “peptide-free” HLA class I molecule and of the HLA class I molecule-TA peptide
complexes inhibiting a correct and efficient TA peptide presentation. 4. Defects in HLA class I gene
expression involve the total loss of these genes or mechanisms that control their transcription resulting
in HLA class I molecule down-regulation.

A complete loss of HLA class I derived peptide complex requires two genetic events: a mutation
in one copy of the wild-type β2-m and loss of the other non-mutated copy. This phenomenon leads to
the loss of heterozygosity (LOH), a genetic abnormality frequently found in malignant cells [153–155].
The mutations in β2-m can range from large deletions to single nucleotide mutations. Both types of
alterations in most cases inhibit the translation of β2-m mRNA or abolish the disulfide linkage required
for the native structure of β2-m, preventing its binding to HLA class I heavy chains [138,139,153].
Although mutations in β2-m can be randomly distributed, a mutation hot spot located in the CT repeat
region of exon 1 has been identified in more than 75% of tumor cells, reflecting an increased genetic
instability of this region during malignant transformation. As a result tumor cells present total HLA
class I molecule loss since the HLA class I heavy chain-β2-m-peptide complex is not formed and
not transported to the cell membrane [156–159]. In contrast, selective HLA class I allospecificity loss
requires only one genetic event. This involves mutations of HLA class I allele(s) which inhibit HLA
class I molecule transcription or translation. The other allele remains intact and no LOH is required.
Loss of one HLA class I haplotype, e.g., HLA-A24, -B56, -Cw7, appears to be frequently caused by loss
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of segments of the short arm of chromosome 6, where HLA class I genes reside. LOH at chromosome 6
represents a frequent mechanism that contributes to selective HLA haplotype loss in tumors [160,161].

In addition, multiple types of alterations can induce down-regulation of HLA class I
molecules [150–152]. Specifically, transcriptional activity of HLA class I heavy chain genes can be
suppressed by: (i) the presence of silencer localized at the distal promoter region of HLA class I heavy
chain gene [162,163]; (ii) epigenetic mechanisms which alter chromatin structure of the HLA class I
heavy chain gene promoters; and (iii) DNA hypermethylation [162,164–166]. It is well known that
the constitutive patterns of DNA methylation in solid and hematopoietic human malignancies
are characterized by global hypomethylation with concomitant localized hypermethylation of
DNA [148,167,168]. Furthermore, an impaired function of one of the APM components can also
reduce the expression of HLA class I derived peptide complex [145]. Lastly, down-regulation of
HLA class I antigen complex can be caused by alterations in the transcription factors forming
the enhanceosome which bind SXY module on HLA class I heavy chain promoters [148,169–172].
Specifically, the expression and function of the NLRC5/CITA trans-activator can be affected by promoter
methylation, copy number loss and somatic mutations [173,174]. About 60% of somatic mutations
result in the inactivation of NLRC5/CITA [174].

2.2. Proteasome Defects

Alterations of proteasome subunits have been identified by utilizing mAbs that allow
semi-quantitative analyses of the constitutive subunits δ, Z and MB1, as well as of the
immunoproteasome subunits LMP2, LMP7 and LMP10 [25]. Down-regulation of one of these
proteins caused by mutations at coding microsatellites or single nucleotide polymorphisms have been
described in several types of tumors including colorectal, bladder, and ovarian carcinomas, as well as in
acute myeloid leukemia and melanoma [147,175–179]. As previously described, the proteasome plays
a key role in immune regulation. Consequently, inhibition or loss of function in one of the proteasomal
components inhibits antigen processing and presentation and modifies the characteristics of processed
peptides, decreasing the efficiency of epitope generation and altering tumor cell recognition by naïve T
cells [25,169,171].

2.3. Defects in TAP1, TAP2 and Other Chaperones

Among the APM components, TAP genes have been most extensively investigated. At genetic
level, mutations in TAP genes, resulting in total protein loss or expression of a non-functional protein,
have been described in breast, lung, gastric, colorectal, and cervical carcinomas. Their frequency
ranges from 10-84% in the cases analyzed [100,180–184]. TAP abnormalities reduce the translocation
of peptides into the ER, resulting in a decreased formation of stable HLA class I derived peptide
complexes or expression of “peptide-free” HLA class I molecules [171,172]. Interestingly, TAP-deficient
individuals do not succumb to viral infections, suggesting that CD8+ T-cell immunity is sufficiently
supported by an increased number of alternative TAP-independent processing pathways [171,172].
Identification of these alternative loading mechanisms into peptide-receptive HLA class I molecules
still needs further investigation. It is reported that peptides can walk on multiple different paths before
ending up in the grooves of HLA class I molecules [185]. Lastly, a substantial down-regulation in
chaperone expression have been also associated to several types of malignancies due to defects in
proper loading and assembly of HLA class I molecules, altering their maturation and stability [25,88].

2.4. HLA Class II Defects

Contrasting results have been described about the clinical significance of alterations in HLA class
II molecule expression in cancer. Defects in HLA class II pathway, as well as induction of HLA class II
molecule expression by non-immune cells have been involved in carcinogenesis [100]. In addition,
HLA class II expression by cancer cells has been associated with poor prognosis and disease progression
in melanoma and osteosarcomas [186–188]. However, an improved overall survival has been also
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associated to HLA class II expression by cancer cells in several types of cancer including melanoma,
laryngeal, breast, cervical and colorectal cancer [100,188–197]. In various type of cancer (plasmacytoma,
small cell lung cancer, and hepatocarcinoma) defects in HLA class II molecules have been associated to
CIITA defects. The latter results in a reversible detrimental HLA class II expression that can be restored
by CIITA transfection [100,198–200]. Moreover, other HLA class II presentation antigen pathway
defects have been also described in Hodgkin’s disease cancer cells [100,201].

3. Role of HLA as A Predictive Biomarker for ICI-Based Immunotherapy

3.1. Impact of HLA Class I and II on ICI-Based Immunotherapy In Vivo

As we have described above, HLA class I antigen derived peptide complex is crucial for tumor
antigen presentation to naïve T cells. Binding of HLA class I antigen derived peptide complex to
the TCR of naïve T cells allows T cell activation and consequently the recognition and the lysis of
altered tumor cells [7,15–18]. However, binding of HLA class I derived peptide complex to TCR is
not sufficient to activate naïve T cells. Naïve T cell activation requires the interaction between the
CD28 family receptors on T cell with their co-stimulatory ligands belonging to B7 family molecules on
APCs. Therefore, T cell activation is tightly controlled by co-stimulating or co-inhibiting signaling
which are triggered by the interaction between immune checkpoint molecules such as PD-1 and
CTLA-4 and their ligands PD-L1 and CD80/CD86 [202–205], expressed on naïve T cells and APCs,
respectively. Actually, the interaction between PD-1 and PD-L1 is crucial in the activation phase of T
cells as well as in their effector phase, due to PD-L1 expression also on tumor cells. Several lines of
evidence, both in vitro and in vivo, have shown that blockade of the co-inhibitory signaling, including
PD-1/PD-L1 axis, by mAbs promotes a host immune response against cancer cells by releasing T cells
activation [206]. This novel therapeutic approach, called ICI-based immunotherapy, is revolutionizing
the treatment of solid tumors [207]. Several clinical trials in various types of malignancies, such as
melanoma, head and neck, triple negative breast, lung, kidney and bladder cancer, have demonstrated
that administration of mAbs, which inhibit the interaction of immunoregulatory checkpoint molecules,
such as CTLA-4 and PD-1, with their ligands CD80, CD86, and PD-L1, can have a major and lasting
effect on their clinical course, significantly improving clinical outcomes as compared with standard
chemotherapy [208]. However, this type of therapy is effective only in a subgroup of cancer patients,
regardless of the tumor type. Therefore, there is an urgent need to identify the mechanisms of resistance
as well as predictive biomarkers which may help to select patients who may benefits from this type of
therapy [209–211]. Several molecules have been investigated as potential predictive biomarkers of
ICI-based immunotherapy [212–215]. Among the postulated escape mechanisms utilized by tumor
cells to avoid recognition and destruction by the host’s immune system, are defects in the ability
of tumor cells to process and present tumor antigens to naïve T cells [216]. This phenomenon is
mediated by defects in the expression of HLA class I antigen-tumor antigen derived peptide complexes.
Therefore, there has been an interest in investigating whether decreased or complete loss of HLA class
I and II molecules as well as defects in the APM molecules might predict the efficacy of ICI-based
immunotherapy by impairing naïve T cells activation induced by anti-checkpoint molecules. Several
lines of evidence in vivo indicate that HLA class I or II modulation play a major role in the efficacy of
ICI-based immunotherapy and various humanized mouse models that reliably reflect the complexity of
the human heterogeneous tumour and its TME, have been developed in order to evaluate the potential
role of HLA class I and II in predicting the efficacy of ICI-based immunotherapy as well as immune
adverse effects for different types of cancer [217]. In the study of Lechner MG et al., six murine solid
tumor models (CT26, 4T1, MAD109, RENCA, LLC, and B16) were used to demonstrate that MHC
class I expression on tumor cells is an excellent surrogate marker of the overall tumor immunogenicity
level as well as a predictor of response to immunotherapy. Specifically, tumor growth rate correlated
indirectly with MHC class I expression and overall immunogenicity of the tumor model, with fastest
growth in B16, LLC, and MAD109 and slowest growth in CT26, RENCA, and 4T1 [218]. Ashizawa et al.
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reported that HLA class I and class II KO NOG mice (NOG dKO) transplanted with human PBMCs and
tumor cell lines showed high anticancer effects following a PD-1 antibody treatment [219]. Gettinger et
al. functionally demonstrated that loss of HLA class I expression by CRISPR-mediated knock-out of
β2-m in an immunocompetent cancer mouse model (A/J mice transplanted with murine lung cancer
cell line UN-SCC680AJ) confers resistance to PD-1 blockade and tumour progression [220]. β2-m gene
deactivation in a mouse oncogenic TC-1 cell line derived from primary lung epithelial cells has also
been shown to lead to negative surface MHC-I expression along with reduced proliferation and tumor
rejection. Despite stimulation with IFN-γ, tumour cells were only weakly responsive to combined
immunotherapy [221]. In addition to HLA class I expression, it is important to acknowledge that HLA
haplotypes have also been shown to correlate with immunotherapy response in vivo. Rangan L et al.
described a tumor cell line generated from a naturally occurring tumor in HLA-A*0201/DRB1*0101
(A2/DR1) mouse named SARC-L1 with a very low expression of HLA-A*0201 molecules, absence of
HLA-DRB1*0101 and weak but constitutive expression of PD-L1. Histological and genes signature
analysis supported the sarcoma origin of this cell line. According to the high frequency of these HLA
alleles in the world population, this mouse model gained considerable interest in the field of tumor
immunology and it has been used as preclinical tool for the evaluation of antitumor immunotherapies.
Interestingly, both HLA-A*0201 and PD-L1 expressions increased on SARC-L1 after IFN-γ exposure
in vitro defining this tumor very sensitive to several drugs commonly used to treat sarcoma and
susceptible to anti-PD-L1 mAb therapy in vivo [222]. As we have described above, tumor cells might
also express tsHLA-II molecules [123–130]. In the majority of studies, tsHLA-II molecule expression by
cancer cells is associated with better prognosis, improved response to ICI in humans and increased
tumor rejection in mouse models of breast cancer, sarcoma, lung cancer and colon cancer [98]. However,
contrasting reports have shown that tsHLA-II or CIITA has no effect or, in some cases, accelerates
tumor growth. In a mouse model of lung cancer Mortara L et al. demonstrated that single cell clones
derived from a CIITA transduced population grew more aggressively in mice when cell surface MHC-II
was highly expressed [223]. These contrasting results are likely to reflect different variables present in
the different mouse model and cancer cells utilized, including (i) the ability of TAAs to be presented
differentially on MHC class I or II in each model system, (ii) the number of mutations and therefore
number of candidate neo-antigens expressed, (iii) the number of tumor cells injected, (iv) the injection
site of cancer cells in the mouse, and (v) the mouse strains used that are characterized by different
immunological status. An intriguing but underexplored hypothesis is that induction of HLA class I-II
molecules may lead to up-regulate immunoinhibitory molecules on tumor-infiltrating lymphocytes
(TILs), such as lymphocyte activation gene 3 (LAG-3) that binds HLA class II and negatively regulates
cellular proliferation, activation and homeostasis of T cells, in a similar fashion to CTLA-4 and PD-1.
This phenomenon has been reported to play a role in regulatory T cell (Treg) suppressive function
creating a tolerizing microenvironment for tumor growth. ICIs directed to LAG-3 have been shown
to have synergy with PD-1 inhibition in mouse models, suggesting that co-signaling blockade could
restore a favorable immune microenvironment that can respond to antigenic stimulation [224].

3.2. HLA Class I and II as Predictive Biomarker for ICI-Based Immunotherapy: Clinical Evidences

Actually, few clinical studies have been investigating the potential role of HLA class I and II
antigens in predicting the efficacy of ICI-based immunotherapy and no large clinical cohort analysis of
patient population has been performed. Rodig et al. retrospectively evaluated whether HLA proteins
confer differential sensitivity to CTLA-4 and PD-1 blockade in pre-treated metastatic melanoma
patients. Tumor biopsies were obtained from patients enrolled in two different trials: CheckMate
064 and CheckMate 069. In these trials, patients were treated with the anti-CTLA-4 monoclonal
antibody ipilimumab followed by the anti-PD-1 mAb nivolumab, nivolumab followed by ipilimumab,
ipilimumab alone, or concurrent nivolumab plus ipilimumab. In this study, Rodig et al. demonstrated
that (i) reduced tumor HLA class I molecule expression (≤ 30%) correlated with lack of response to
ipilimumab; (ii) HLA class II molecule expression (>1%) correlated with tumor response to nivolumab;
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and (iii) among nivolumab plus ipilimumab treated patients, reduced HLA class I molecule expression
was not associated with progressive disease as well as a decreased tumor response and overall
survival. As a result, HLA class I molecule expression appeared a reliable predictive biomarker of
tumor response to anti-CTLA-4 mAb ipilimumab but not to anti-PD-1 mAb nivolumab. In contrast,
HLA class II molecule expression might represent a useful predictive biomarker for nivolumab but not
ipilimumab therapy [126]. In addition, Chowell et al. retrospectively performed high-resolution HLA
class I genotyping of 1535 advanced cancer patients treated with ICI-based immunotherapy. Patients
affected by non-small cell lung cancer or melanoma were treated with anti-CTLA-4, anti-PD-1/PD-L1
or combinations of both. Results from this study demonstrated that patients carrying maximal
heterozygosity at HLA class I loci (HLA-A, HLA-B, or HLA-C) have an improved overall survival as
compared to patients who were homozygous for at least one HLA locus. Moreover, patients carrying
HLA-B44 supertype had extended survival, while those carrying HLA-B62 supertype (including
HLA-B*15:01) or somatic loss of heterozygosity at HLA class I had poor survival outcomes [225].

4. Restoring HLA Class I Expression as A Novel Therapeutic Strategy for Cancer Immunotherapy

Identification of the molecular aberrations responsible for altered tumor expression of HLA
class I derived peptide complexes is crucial for the success of cancer T cell-based immunotherapy
as well as for the rational design of novel immunotherapeutic strategies which restore an integral
expression of HLA class I derived peptide complexes. Most of the defects of HLA class I derived
peptide complex in human cancers are distinguished in “hard” or “soft” lesions [152]. “Hard” lesions
are caused by structural gene alterations that induce loss of expression of HLA class I derived peptide
complexes. They are reported in about 30–40% of human cancers [226]. LOH and β2-m gene mutations
at chromosomes 6 and 15, respectively, represent the major cause of “hard” defects. In addition,
a homologous point mutation in codon 67 of the β2-m gene also results in the total loss of HLA class I
molecule expression [227,228]. These types of alterations cannot be repaired by any signaling pathway
inhibitors as well as chemotherapeutic or immunotherapeutic agents. Del Campo et al. showed that
infection of cells carrying β2-m mutations with an adenoviral vector expressing the human β2-m
gene caused a total restoration of HLA class I molecule expression [229]. Thus, based on the type of
mutated genes, transfection with a wild type gene, such as HLA class I heavy chain or β2-m genes,
can potentially restore the expression of HLA class I derived peptide complex [152].

On the other hand, “soft” defects are caused by transcriptional or post-transcriptional modifications
of one of HLA class I APM component genes. Activation of pro-tumorigenic pathways or epigenetic
modifications which induce a reduced expression of HLA class I APM components are the major
causes of “soft” defects [230]. Activation of pro-tumorigenic pathways includes inhibition of Jak/STAT
pathway or activation of mitogen-activated protein kinase (MAPK) pathway. Epigenetic modifications
include those that cause impairment in gene regulation such as hypermethylation of the HLA-A,
B, and C heavy chains, β2m and APM component encoding gene promoter regions, or unbalanced
histone acetylation [152,227,228,231]. Lastly, post-transcriptional alterations are induced by aberrant
function of micro-RNAs (miRNAs). All these types of alterations can be restored by signaling pathway
inhibitors, chemotherapeutic or immunotherapeutic agents (Figure 2). In Table 1, we have summarized
the information available in the literature on the main molecules able to restore HLA class I expression
in cases associated with “soft” defects.
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Figure 2. Mechanisms for restoring HLA class I expression. IFN binding to IFNR triggers Jak/STAT
transduction pathway. STAT1/STAT2/IRF complex translocates to the nucleus where it binds to
ISRE motifs located in HLA promoter region, inducing HLA gene transcription. EGFR and MAPK
down-stream pathways suppress HLA class I surface expression. EGFR inhibitors, such as nimotuzumab,
cetuximab and erlotinib, BRAF inhibitors, vemurafenib and dabrafenib, and MEK inhibitor trametinib
can increase expression of both HLA class I antigens and APM components. DNMT inhibitors
(azacytidine and guadecitabine) and HDAC inhibitors (vorinostat, belinostat, panobinostat, OKI-179,
romidepsin and tubastatin A) avoid hypermethylation of HLA promoter region and histones
hypoacetylation that cause HLA genes silencing. Abbreviations: HLA, human leukocyte antigen; IFNs,
interferons; IFNR, interferon receptor; IRF, IFN regulatory factor; ISRE, IFN-sensitive response element;
EGF, epidermal growth factor; EGFR, epidermal growth factor receptor; DNMT, DNA methyltransferase;
HDAC, histone deacetylase; APM, antigen-processing machinery.

The administration of IFNs might effectively counteract HLA class I down-regulation in cancer
cells by boosting the presentation of tumor specific-associated antigens [254–257]. A phase 0 clinical
trial showed that systemic administration of IFN-γ increases not only HLA class I expression on tumor
cells, but also T-cell infiltration in cold tumors [258] IFN-mediated up-regulation of HLA class I derived
peptide complexes occurs via activation of the Jak/STAT pathway which induces the binding of IRFs to
ISRE motifs located in HLA class I promoter region [107,254]. In addition, IFN-γ-mediated HLA class
I derived peptide complex up-regulation is also associated to an increased histone demethylation and
acetylation of APM genes in the MHC locus, particularly of histone H3 in TAP1 promoter locus [259].
Down-regulation of Jak/STAT signal transduction pathway and therefore of HLA class I derived
peptide complex is strictly linked to protein kinase activation. Activation of either epithelial growth
factor receptor (EGFR) or Ras/MAPK downstream pathway directly suppresses expression of HLA
class I derived peptide complex and IFN-induced antigen presentation [232,233]. In this case the
combination of IFNs and tyrosine kinase inhibitors (TKIs) can represent a potential therapeutic strategy
for recovering HLA class I derived peptide complex expression in cancer cells. EGFR inhibitors such
as the monoclonal antibodies nimotuzumab and cetuximab and the tyrosine kinase inhibitor erlotinib
have been shown to increase membrane expression of HLA class I APM components in cells with
EGFR activation [234–236]. Im and collaborators showed that the sensitivity of lung cancer cells to
erlotinib positively correlates with the increase of expression of HLA class I derived peptide complex
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following IFN-γ treatment [235]. Moreover, the MAPK/ERK kinase (MEK) inhibitor trametinib, in
combination with IFN-γ, has been shown to enhance tumor immunogenicity by modulating HLA class
I derived peptide complex in different types of malignancies [232], including triple-negative breast
cancer [233] and head and neck squamous cell carcinoma [237]. In melanoma patients harboring the
BRAFV600E mutations, BRAF inhibitor vemurafenib strengthens the induction of HLA class I antigen
expression by both IFN-γ and IFN-α2b [238,239]. Furthermore, this effect was enhanced when BRAF
inhibition was combined with the MEK inhibitor trametinib [240].

However, it is important to mention that several tumors develop IFN-γ signaling insensitivity.
The lack of response to IFN-γ stimulation results from cellular defects on IFNγR1receptor or downstream
components of the signaling pathway such as Janus kinases (JAK) 1 and 2 [260]. In addition, the absence
of STAT1 expression and/or tyrosine-phosphorylation and epigenetic regulation of IRF1 can contribute
to the lack of HLA class I expression, restoring in vitro following IFN-γ administration [261,262]. Lastly,
given the addiction of IFN-γ-induced HLA class I and II up-regulation by NLRC5/CITA and CIITA,
respectively, genetic or functional defects on these two trans-activators abrogate the ability of IFN-γ to
boost antigen processing and presentation [106,260].

Inhibition of histone deacetylases (HDACs), enzymes that remove acetyl group from lysines on
histones, also promotes the increase of expression of HLA class I APM components. HDAC inhibitors
(HDACi) vorinostat, belinostat, and panobinostat, targeting HDAC class I, II, and IV, and romidepsin,
a specific HDAC 1 and 2 inhibitor, are currently approved for hematological malignancies [228,230].
Vorinostat, also known as SAHA, in combination with mithramycin A, a Sp1 inhibitor, reverses the
histone hypoacetylation which causes APM gene silencing in Merkel cell carcinoma [241]. In addition,
vorinostat promotes tumor cell recognition by CTLs in glioma cells [242,243]. In diffuse large B-cell
lymphoma, the HDAC class I inhibitor OKI-179 reverts down-regulation of HLA class I derived
peptide complex, a typical feature of this hematological cancer [230]. Likewise, the selective inhibition
of HDAC6 with tubastatin A improves the immunogenicity of melanoma cells by increasing HLA
class I expression [244]. Mutations in EZH2 gene, encoding for a histone-lysine N-methyltransferase,
are strictly connected to loss of expression of HLA class I derived peptide complex in large B-cell
lymphoma. Treatment with EZH2 inhibitor tazemetostat (EPZ-6438) restores the expression of HLA
class I derived peptide complex in EZH2-mutant cell lines [245]. In cases of DNA hypermethylation,
therapy with DNA methyltransferase inhibitors (DNMTi) such as azacytidine and decitabine restores
the expression of HLA class I derived peptide complex [263]. Azacytidine increased the transcription
of APM genes and HLA class I molecule expression in lung carcinoma and melanoma cells [246,247].
Guadecitabine, a novel DNMTi, significantly up-regulated both basal and IFN-γ-dependent expression
of HLA class I derived peptide complex in breast cancer cells [248]. In the case of HLA class I
APM component down-regulation mediated by aberrant miRNA function, it has been shown that
suppression of miR-9 and miR-19 expression restores the expression of HLA class I derived peptide
complex [264,265]. Lastly, several chemotherapeutic agents can promote the expression of HLA class
I derived peptide complex. In many types of cancer cell lines cisplatin alone or in combination
with vinorelbine or 5-fluorouracil [249], doxorubicin [250], the microtubule-destabilizers epothilone
B, taxol and vinblastine [251] increase the expression of HLA class I APM components. Moreover,
some other chemotherapeutic agents, such as the topoisomerase-I inhibitors topotecan and etoposide,
indirectly induce the up-regulation of HLA class I derived peptide complex by stimulating IFN-β
autocrine/paracrine signaling of tumor cells [252].

5. Conclusions

In the last decades, important progress has been made pertaining to the knowledge of the structure
and the function of HLA class I and II antigen presentation pathways. An improved knowledge
of molecular mechanisms underlying HLA class I APM defects will be crucial to better understand
the mechanisms determining carcinogenesis, tumor progression and immune escape. Moreover,
recent knowledge of the pathways leading to restored HLA expression could be utilized to conceive
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new cancer therapeutic strategies. The identification of molecular defects resulting in acquired
insensitivity to the stimulation with specific adjuvants, such as IFNs, could allow to a better selection of
cancer patients who can take advantage from this approach for HLA expression restoring. Because of
their crucial role in tumor cell recognition, additional studies are urgently needed to validate the role of
expression of HLA class I and II antigens, as well as of APM components as novel potential predictive
biomarkers in cancer immunotherapy. Moreover, where HLA class I and II gene expression is not
recoverable, the development of different immunotherapeutic approaches able to target native cell
surface antigens, and therefore independent from HLA expression, such as chimer antigen receptor
(CAR)-T cell or bi-specific T-cell engager antibodies (BiTES) should be taken in consideration.
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ACT adoptive cell-transfer
APC antigen presenting cell
APM antigen processing machinery
ATF1 activating transcriptor factor 1
ATP adenosine triphosphate
BiTES bi-specific T-cell engager antibodies
BLS bare lymphocyte disease
CAR chimeric antigen receptor
CIITA class II trans-activator
CIITA class I trans activator
CLIP class II-associated I chain peptide
CNX calnexin
CREB1 cAMP-responsive element binding protein 1
CRT calreticulin
CTL cytotoxic T lymphocyte
CTLA-4 cytotoxic T-lymphocyte antigen 4
DC dendritic cell
DNMTi DNA methyltransferase inhibitor
EGFR epithelial growth factor receptor
ER endoplasmic reticulum
HDAC histone deacetylase
HLA human leukocyte antigen
ICI immune checkpoint inhibitor
IFN interferon
IRF IFN Regulatory Factor
ISRE IFN-sensitive response element
KIR killer cell immunoglobulin-like receptor
DFS disease free survival
JAK janus kinase
LAG-3 lymphocyte activation gene 3
LMP low molecular weight protein
LOH loss of heterozygosity
mAb monoclonal antibody
MAPK mitogen-activated protein kinase
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MEK MAPK/ERK kinase
MHC major histocompatibility complex
MIIC MHC class II compartment
NF-kB nuclear factor kB
NFY nuclear transcriptor factor Y
NK natural killer
NLRC5 NOD-like receptor 5
OS overall survival
PD-1 programmed cell death 1
PD-L1 programmed cell death ligand 1
PFS progression free survival
RFX regulatory factor X
RFXANK RFX-associated ankyrin-containing protein
RFXAP RFX associated protein
TAP transporters associated with antigen processing
TCR T-cell receptor
TKI tyrosine kinase inhibitor
TNF-α tumor necrosis factor alpha
TA tumor antigen
TAA tumor associated antigen
TAM Type II tumour-associated macrophages
TIL tumor-infiltrating lymphocyte
TME tumor microenvironment
Treg regulatory T cell
TSA tumor specific antigen
tsMHC-II tumor specific MHC class II
β2-m β2-microglobulin
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Abstract: Recent investigations reported that some subtypes from the Lund or The Cancer Genome
Atlas (TCGA) classifications were most responsive to PD-L1 inhibitor treatment. However, the
association between previously reported subtypes and immune checkpoint inhibitor (ICI) therapy
responsiveness has been insufficiently explored. Despite these contributions, the ability to predict the
clinical applicability of immune checkpoint inhibitor therapy in patients remains a major challenge.
Here, we aimed to re-classify distinct subtypes focusing on ICI responsiveness using gene expression
profiling in the IMvigor 210 cohort (n = 298). Based on the hierarchical clustering analysis, we
divided advanced urothelial cancer patients into three subgroups. To confirm a prognostic impact,
we performed survival analysis and estimated the prognostic value in the IMvigor 210 and TCGA
cohort. The activation of CD8+ T effector cells was common for patients of classes 2 and 3 in the TCGA
and IMvigor 210 cohort. Survival analysis showed that patients of class 3 in the TCGA cohort had a
poor prognosis, while patients of class 3 showed considerably prolonged survival in the IMvigor 210
cohort. One of the distinct characteristics of patients in class 3 is the inactivation of the TGFβ and
YAP/TAZ pathways and activation of the cell cycle and DNA replication and DNA damage (DDR).
Based on our identified transcriptional patterns and the clinical outcomes of advanced urothelial
cancer patients, we constructed a schematic summary. When comparing clinical and transcriptome
data, patients with downregulation of the TGFβ and YAP/TAZ pathways and upregulation of the cell
cycle and DDR may be more responsive to ICI therapy.

Keywords: bladder cancer; immune checkpoint inhibitor; CD8+ T effector cells

1. Introduction

Bladder cancer is the sixth most common malignant disease. In 2019, 80,470 new cases of bladder
cancer were diagnosed, and 17,670 deaths were due to bladder cancer in the United States [1]. Bladder
cancer is generally divided into pathological subtypes: non-muscle-invasive bladder cancer (NMIBC)
and muscle-invasive bladder cancer (MIBC). Cisplatin-based chemotherapy followed by radical
cystectomy is the standard of care in previously untreated patients with MIBC. However, patients who
relapse after cisplatin-based chemotherapy experience a very poor prognosis [2]. Since cisplatin-based
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chemotherapy also has the limitation of drug resistance, it is necessary to provide a variety of treatments
such as immunotherapy. Previous investigations of immunotherapy have opened a new frontier in
the treatment of advanced urothelial cancer [3,4]. Although the response rates are moderately high, it
is promising that responsive patients experience durable disease management. Unlike conventional
cisplatin-based chemotherapy, immunotherapy enhances the patient’s own immune environment and
can be combined with conventional therapies to produce additive effects [5].

Recently, immunotherapy studies have focused on a way to improve efficacy in individual
patients. Numerous studies reported several molecular subtypes in bladder cancer, including
immunotherapy-associated subgroups, the genomically unstable (GU) subtype of the Lund classification
and the neuronal subtype in The Cancer Genome Atlas (TCGA) classification [6–10]. PD-L1 protein
expression on immune cells, tumor mutation burden (TMB), and the TGFβ pathway have been shown
to correlate with the clinical outcome of immune checkpoint inhibitor (ICI) therapy for advanced
urothelial cancer [11]. The previous molecular subtypes of advanced urothelial cancer are not a
classification system directly related to immunotherapy. In the existing classification systems, only
some patients with specific subtypes of the Lund and TCGA were identified to be responsive to
immunotherapy. Furthermore, overall immune system activities such as transcriptional activities of
CD8+ T effector (Teff) cell have not been fully elucidated in bladder cancer. To provide ICI therapy to
more patients with advanced urothelial cancer, we wanted to explore both various clinical outcomes
and a new subset related to ICI therapy that contains many limiting factors.

In this study, we identified a gene expression signature from the IMvigor 210 cohort [11] revealing
distinct three molecular subgroups showing different clinical characteristics and core biological
pathways in advanced urothelial cancer patients. To validate a signature, we applied the signature
into the TCGA and Lund cohorts and confirmed similar characteristics. By performing a survival
analysis, we confirmed that the patients who could potentially benefit from anti-PD-L1 treatment
actually represented a difference in the IMvigor 210 and TCGA cohorts.

2. Results

2.1. Discovery of Distinct Three Subtypes and Clinical Characteristics

To select patients with a high response to ICI therapy, we performed unsupervised clustering
analysis using gene expression profiling from bladder cancer patients treated with the PD-L1 inhibitor
atezolizumab (the IMvigor 210 trial [11]). Based on the hierarchical clustering analysis of the expression
patterns of 2366 genes correlated with the IMvigor 210 cohort, we then divided advanced urothelial
cancer patients into three subgroups (Figure S1). From the clustering analysis results, we chose 24 genes
associated with the three subgroups and identified a transcriptional pattern according to these genes.
In addition, we identified clinical characteristics such as PD-L1 expression on immune cells (IC PD-L1),
PD-L1 expression on tumor cells (TC PD-L1), tumor mutation burden (TMB), and Lund and TCGA
subtypes related with the three subgroups. We identified that IC PD-L1 and TC PD-L1 were increased
in classes 2 and 3. Furthermore, we identified that TMB was highest in class 3. Importantly, we
confirmed that many patients with the neuronal subtype from the TCGA classification were included
in class 3 and also a subset of patients with the GU subtype from the Lund classification was involved
in class 3 (Figure 1A).
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Figure 1. Core biological pathways associated with immune checkpoint inhibitor (ICI) therapy in the
IMvigor 210 cohort and survival analyses. (A) Heat map of immunotherapy-associated clinical and
biological features. On top, samples are ordered according to gene expression patterns. Gene signatures,
including the pan-fibroblast TGFβ response signature (pan-F-TBRS) and the T cell inflamed gene
expression profile (GEP) scores, were selected to explore the correlation between expression patterns
and other relevant biological processes. Gene expression levels and signatures such as the Pan-F-TBRS
and GEP were ordered and grouped by pathway. The coloring in the heat map reflects relatively high
(red) and low (green) expression (Z score) levels; the same representation is used for high and low gene
signatures. Teff, T effector. (B) Overall survival in the IMvigor 210 cohort (p = 0.04 by the log-rank test).
(C) Overall survival in the TCGA cohort (p = 0.001 by the log-rank test).

2.2. Biological Insight into the Newly Identified Subtypes

Next, we investigated core biological pathways that are known to play major roles in the
immune system. Immune cell infiltration is controlled by activated PPARγ/RXRα, which inhibits the
host immune response by suppressing the expression and secretion of inflammatory cytokines [12].
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The genes involved in the PPARγ/RXRα pathway (e.g., PPARG and RXRA) were upregulated in class
1. According to a recent report, urothelial cancer patients with FGFR3 mutations had lower immune
cell infiltration and lower TGFβ signals than patients without FGFR3 mutations [13]. We identified
that FGFR3 mutations were enriched in class 1 (Figure S2). On the other hand, the expression of CD8+

T effector cell-related genes (e.g., CXCL9, CXCL10, IFNG, TBX21, and GZMA) and PD-L1 (CD274) was
relatively upregulated in classes 2 and 3. In addition, the T-cell-inflamed gene expression profile (GEP),
which was correlated with a clinical benefit in a clinical study of pembrolizumab [14], was activated in
classes 2 and 3. Exceptionally, in patients with the neuronal subtype from the TCGA classification and
some of the GU subtype from the Lund classification in class 3, CD8+ T effector cell-related genes and
the GEP were relatively downregulated. The expression of immune-suppression-related genes (e.g.,
CCL2, CXCL12, IL10, IL6, and LGALS1) was also upregulated in class 2. Furthermore, TGFβ pathway
genes (e.g., TGFB1, TGFB3, and TGFBR2) and pan-fibroblast TGFβ response signature (pan-F-TBRS)
scores were upregulated in class 2 but downregulated in class 3, consistent with a previous report
that TGFβ attenuates the response to PD-L1 inhibitors [11]. Multiple cancer-associated signaling
networks engage in regulatory crosstalk with the YAP/TAZ pathway, which has been reported to
functionally interact with the TGFβ pathway [15]. The activation of YAP/TAZ-pathway-related genes
(e.g., WWTR1, CTGF, and CYR61) also supported the activation of the TGFβ pathway and immune
suppression in class 2. Notably, CTGF, a major target gene of the YAP/TAZ pathway that is associated
with angiogenesis, epithelial-mesenchymal transition and wound healing, was differentially expressed
between classes 2 and 3. Additionally, the cell cycle and DNA replication and DNA damage (DDR)
genes (e.g., CCNE1, CDK1, E2F1, FOXM1, and MCM2) were upregulated in class 3. These results
support significant differences in clinical characteristics and core biological pathways between the
three subtypes.

2.3. Prognostic Impact Based on Unsupervised Clustering Analysis

To investigate the utility of the three molecular subtypes, we performed survival analysis and
estimated the prognostic value by a log-rank test. As a result, we identified that patients with activated
CD8+ T effector cells in classes 2 and 3 showed slightly prolonged survival after treatment with the
PD-L1 inhibitor. Importantly, patients in class 3 had better survival than those in the other subgroups
(Figure 1B). Interestingly, patients in classes 2 and 3 had poorer prognoses than those in class 1 before
treatment with the PD-L1 inhibitor in the TCGA cohort (Figure S2 and Figure 1C). These results
suggest that patients with poor prognoses in class 3 exhibited prolonged survival after treatment with
a PD-L1 inhibitor.

2.4. Comparison of Clinical Outcomes in the Three Subgroups

PD-L1 protein expression on immune cells, which correlated with the activation of CD8+ T effector
cells, was present in high scores over the classes 2 and 3 (Figure 2A). The results indicated that both
PD-L1 protein expression and gene expression were largely related. When the objective response
rate (ORR) was compared among these subgroups, class 3 exhibited a higher response rate than the
other classes (Figure 2B). For a comparison with previously reported subtypes, we investigated the
distribution of the Lund and TCGA subtypes in each subgroup [6,7]. The GU subtype of the Lund
classification was mostly distributed in classes 1 and 3. When comparing the ORR of the GU subtypes
across classes, interestingly, the complete response rate was significantly higher in class 3 than in
class 1 (Figure 2C), implying that the activation of CD8+ T effector cell-related genes may play an
important role in the response to ICI therapy beyond the GU subtype. The basal/SCC-like subtype
of the Lund classification was divided into classes 2 and 3, whereas most of the patients with the
infiltrated subtype were included in class 2 (Figure 2D). We also observed that the neuronal subtype,
known as the most responsive subtype of the TCGA classification [10], was classified into class 3
(Figure 2E). These results indicate that patients who would be the most responsive to ICI therapy,
including those with the neuronal, GU, or basal/SCC-like subtypes, could be re-stratified extensively
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by our classification. In addition, TMB was also significantly higher in class 3 than in other classes
(Figure 2F). To validate the characteristics of the three subgroups, we applied our transcriptional
patterns to other muscle-invasive bladder cancer patient cohorts. Similar gene expression patterns
and TMB values were observed in the TCGA cohort (Figure S2 and Figure 2G). We also observed
consistent biological characteristics in the Lund cohort (Figure S3). The gene expression patterns from
the validation cohorts were also related to the activation of the cell cycle and the DDR and TGFβ and
YAP/TAZ pathway genes, such as FOXM1, TGFBR2, and CTGF (Figure 1A, Figure 3 and Figure S2).
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Figure 2. Clinical and biological characteristics of Figure 1A. (A) Distribution of PD-L1 protein
expression levels on immune cells in each class (p = 0.0003 by the chi-squared test). (B) Objective
response rate stratified by the three subgroups (p= 2.714× 10−5 by the chi-squared test). (C) Comparison
of the objective response rate between class 1 and class 3 in the GU subtype of the Lund classification
(p = 0.046 by the two-tailed Fisher’s exact test). PD, progressive disease; SD, stable disease; PR,
partial response; CR, complete response. (D) Distribution of subtypes of the Lund classification in
each subgroup (p < 2.2 × 10−16 by the chi-squared test). UroA, urothelial-like A; GU, genomically
unstable; Inf, infiltrated; UroB, urothelial-like B; SCCL, squamous cell carcinoma-like. (E) Distribution
of subtypes of the TCGA classification in each subgroup (p < 4.6 × 10−51 by the two-tailed Fisher’s exact
test). Lum-pap, luminal-papillary; Lum-inf, luminal-infiltrated; Lum, luminal; BS, basal squamous.
(F) Reported tumor mutation burden (TMB) classified by the three subgroups (p = 1.83 × 10−8 by the
two-sample t-test). (G) Reported TMB, classified by the three subgroups in the TCGA cohort (p =
0.012 by the two-sample t-test; class 2 vs. class 3). * p < 0.05, *** p < 0.001.Clinical and biological
characteristics of Figure 1A. (A) Distribution of PD-L1 protein expression levels on immune cells in each
class (p = 0.0003 by the chi-squared test). (B) Objective response rate stratified by the three subgroups
(p = 2.714 × 10−5 by the chi-squared test). (C) Comparison of the objective response rate between class
1 and class 3 in the GU subtype of the Lund classification (p = 0.046 by the two-tailed Fisher’s exact
test). PD, progressive disease; SD, stable disease; PR, partial response; CR, complete response. (D)
Distribution of subtypes of the Lund classification in each subgroup (p < 2.2 × 10−16 by the chi-squared
test). UroA, urothelial-like A; GU, genomically unstable; Inf, infiltrated; UroB, urothelial-like B; SCCL,
squamous cell carcinoma-like. (E) Distribution of subtypes of the TCGA classification in each subgroup
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(p < 4.6 × 10−51 by the two-tailed Fisher’s exact test). Lum-pap, luminal-papillary; Lum-inf,
luminal-infiltrated; Lum, luminal; BS, basal squamous. (F) Reported tumor mutation burden (TMB)
classified by the three subgroups (p = 1.83 × 10−8 by the two-sample t-test). (G) Reported TMB,
classified by the three subgroups in the TCGA cohort (p = 0.012 by the two-sample t-test; class 2 vs.
class 3). * p < 0.05, *** p < 0.001.
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Figure 3. Schematic diagram of the characteristics of advanced urothelial cancer. Teff, T effector; DDR,
DNA replication and DNA damage response; IC PD-L1, PD-L1 expression on immune cells; TC PD-L1,
PD-L1 expression on tumor cell; SCC, squamous cell carcinoma; GU, genomically unstable.
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2.5. Schematic Diagram of the Characteristics of Advanced Urothelial Cancer

Based on our identified transcriptional patterns and the clinical outcomes of advanced urothelial
bladder cancer patients, we constructed a schematic summary (Figure 3). In the TCGA cohort, the
overall survival rate of the class 1 patients was significantly higher than that of the patients in classes
2 and 3. In addition, the IC PD-L1 and TC PD-L1 scores were relatively low in the class 1 patients.
In contrast, for the patients in classes 2 and 3, the overall survival rate was significantly lower than that
of the class 1 patients, and the IC PD-L1 and TC PD-L1 scores were relatively high. On the other hand,
we suspect that the class 2 and class 3 patients had similar characteristics, but we observed a significant
difference in biological pathways. In particular, a relative difference in the YAP/TAZ pathway has not
yet been mentioned with other immunotherapies for advanced urothelial cancer. Taken together, these
observations suggest that the high-risk patients in class 3 are the most likely to respond favorably to
anti-PD-L1 treatment.

3. Discussion

Advanced urothelial cancer is clinically heterogeneous and exhibits poor outcomes. Using
multiple bladder cancer patient cohorts, we carried out transcriptional profiling analyses, which
identified a signature of distinct prognostic subtypes of advanced urothelial cancer. The signature
showed therapeutic relevance in that those patients with enriched CD8+ T effector cell-related genes
benefit from ICI therapy. Interestingly, among these individuals, patients with inactivation of the TGFβ
and YAP/TAZ pathways and activation of the cell cycle and DDR were more responsive to ICI therapy
than patients without these traits.

Recently, considerable effort has been devoted to elucidating the molecular characteristics of
bladder cancer [6–9]. It has been reported that the GU subtype of the Lund classification and the
neuronal subtype of the TCGA classification respond best to anti-PD-L1 treatment [10,11]. Despite these
contributions, predicting clinically relevant patients responsive to ICI therapy remains a major challenge.
We tried to directly compare the survival rates between the TCGA and the IMvigor 210 cohort. Through
the results, beyond the previously known subtypes, we also tried to contribute to precisely selecting
the patients who would be most responsive to treatment by introducing subtypes that reflect clinical
characteristics and core biological pathways.

The most interesting finding of our study was the relative difference in the enriched biological
pathways between our subtypes. In class 1, we confirmed that immune cell infiltration was controlled
by activated PPARγ/RXRα, which inhibited host immune systems [12]. In recently updated data
from TCGA, these patients showed enrichment of FGFR3 mutations. Bladder cancer patients with
FGFR3 mutations have been associated with lower immune cell infiltration and lower TGFβ signals
than patients without FGFR3 mutations [13]. Patients with FGFR mutations or fusions may be less
likely to have a response to immunotherapy than those without such alterations. The pan-FGFR
inhibitor erdafitinib had a measurable benefit in patients with advanced urothelial carcinoma with
FGFR alteration [16]. Therefore, we suggest that immunotherapy is not suitable for patients in class 1.
In class 2, we identified an enrichment of CD8+ T effector cell-related genes. One of the most distinct
characteristics was the co-activation of the TGFβ and YAP/TAZ pathways. Multiple cancer-associated
signaling networks engage in regulatory crosstalk with the YAP/TAZ pathway, which has been reported
to functionally interact with the TGFβ pathway. YAP/TAZ expression in immune cells, including T
cells, B cells, and macrophages, regulates the differentiation and functionality of immune cells, which
are important for tumor immunity [17]. Notably, CTGF, a major target gene that is associated with
immune suppression and epithelial-mesenchymal transition, was differentially expressed. In class
3, we also identified enrichment of CD8+ T effector cells. However, the patients in class 3 showed
inactivation of the TGFβ and YAP/TAZ pathways and activation of the cell cycle and the DDR. Cell
cycle and DDR regulatory genes, which are significantly associated with TMB, play an important role
in selecting patients with high response rates to ICI therapy.
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However, the unclear relationship between DDR gene alterations and expression and response
to immunotherapy remains a challenge. DDR gene alterations are independently associated with
the response to PD-1/PD-L1 inhibitors in patients with advanced urothelial cancer [18]. Future
studies using next-generation sequencing technologies will continue to uncover associations between
mutation- or expression-based changes in tumor DNA repair pathway function and response to
immunotherapy [19].

Through further analysis, we confirmed that patients with activated CD8+ T effector cells in class
2 and class 3 showed slightly prolonged survival after treatment with the PD-L1 inhibitor. In class 3, in
particular, we identified that patients showed considerably prolonged survival after treatment. These
patients also included a subset of patients with the GU subtype in the Lund classification and all the
neuronal subtypes in the TCGA classification.

In conclusion, to effectively select patients who will respond to ICI therapy, we suggest that
many aspects should be considered, including predefined subtypes, clinical characteristics, and core
biological pathways. It is clear that the combined use of multiple markers can improve the performance
of ICI therapy compared to a single marker. Our investigations will contribute to the development of
predictive markers and therapeutic options.

4. Materials and Methods

4.1. Patients and Gene Expression Data

RNA-seq datasets from 348 patients with bladder cancer were obtained from the IMvigor 210
dataset [11]. Among the 348 patients, 298 patients who had received immunotherapy were used as
the discovery cohort (The IMvigor 210 cohort, n = 298). Gene expression datasets from patients with
bladder cancer from The Cancer Genome Atlas (TCGA, n = 407) and the Lund cohort (GSE83586,
n = 307) were used as the validation cohorts [6,7]. Fragments per kilobase of transcript per million
mapped reads (FPKM) values were calculated from sequence read count data in the IMvigor 210 dataset.
All gene expression data were transformed to a log2 scale and normalized by quantile normalization.
Clinical data were obtained from the supplementary information of the corresponding literature.

4.2. Gene Expression Analysis

For the IMvigor 210 cohort, we selected 2366 genes with FPKM values that were detected with
confidence (FPKM > 1) and exhibited at least a two-fold difference relative to the median value in
greater than 30% of the samples. To classify patients into three groups, we used a by-hierarchical
clustering algorithm using the centered correlation coefficient as the measure of similarity and
centroid linkage clustering. To develop the prediction model, we used Prediction Analysis for
Microarrays (PAM) and 1659 selected genes (R-package: PAMR). To explore significantly enriched
functions, we performed gene ontology (GO) enrichment analysis using the DAVID tool (http:
//david.ncifcrf.gov) with significance criteria (FDR < 0.01). To integrate previous gene sets with our
signature, we standardized a pan-fibroblast TGFβ response signature (pan-F-TBRS) and T-cell-inflamed
GEP score [11,14]. Hierarchical clustering analysis was conducted using Gene Cluster 3.0 and visualized
using TreeViewTM.

4.3. Statistical Analysis and Data Visualization

We estimated patient prognosis using Kaplan–Meier plots and the log-rank test. The significance
of the distribution of subtypes and comparisons of objective responses were estimated using Fisher’s
exact test. The significance of the distribution of IC PD-L1 protein expression levels was estimated
using the chi-squared test. The reported tumor mutation burden (TMB) was estimated using the
two-sample t-test. All statistical analyses were performed in the R 3.6.1 language environment
(http://www.r-project.org).
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4.4. Data Availability

IMvigor 210 data and clinical information were obtained from the IMvigor210CoreBiologies
R package [11]. The Cancer Genome Atlas (TCGA) and the Lund datasets were obtained through
Cancer Browser (https://xenabrowser.net) and Gene Expression Omnibus (GEO), respectively, with the
accession number GSE83586.

5. Conclusions

We identified three molecular subtypes of advanced urothelial cancer that reflect clinical and
biological features and consider the TCGA and Lund classifications. When comparing clinical
and transcriptome data, patients with downregulation of the TGFβ and YAP/TAZ pathways and
upregulation of the cell cycle, DNA replication and DNA damage response showed significantly
prolonged survival. Because only a subset of patients benefits from immune checkpoint
inhibitor therapy, our investigations will contribute to the development of predictive markers and
therapeutic options.

Supplementary Materials: The following are available online at http://www.mdpi.com/1422-0067/21/5/1850/s1,
Figure S1: Hierarchical clustering analysis of gene expression data from the IMvigor 210 cohort. Three subgroups
of patients and four distinct subsets of genes were revealed from unsupervised clustering analysis. The genes
were grouped as G1, G2, G3, and G4. G1 was highly enriched in genes involved in the immune response and
significantly highly expressed in classes 2 and 3. G2 was highly enriched in genes involved in angiogenesis,
collagen fibril organization, and wound healing associated with the immunosuppressive reaction, and it was
recently shown that this group attenuates the immune reaction towards the tumor via the TGFβ pathway. G3 was
highly enriched in cell cycle-, histone-, or DNA repair-associated genes, implying that the high responsiveness to
PD-L1 blockade of class 3 may be mediated by these genes. G4, predominantly expressed in class 1, was enriched
in the metabolic process and FGFR3 pathway genes; Figure S2: Validation of the TCGA cohort (n=407). Heat map
of the selected gene list associated with Figure 1. Samples are ordered according to the TCGA subtypes in each
subgroup; Figure S3: Validation of the Lund cohort (n=307). Heat map of the selected gene set in the Lund cohort.
Samples are ordered according to the three subgroups associated with Figure 1.
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Abstract: Hyperglycemia, obesity and metabolic syndrome are negative prognostic factors in
breast cancer patients. Immune checkpoint inhibitors (ICIs) have revolutionized cancer treatment,
achieving unprecedented efficacy in multiple malignancies. However, ICIs are associated with
immune-related adverse events involving cardiotoxicity. We aimed to study if hyperglycemia could
affect ipilimumab-induced anticancer efficacy and enhance its cardiotoxicity. Human cardiomyocytes
and estrogen-responsive and triple-negative breast cancer cells (MCF-7 and MDA-MB-231 cell lines)
were exposed to ipilimumab under high glucose (25 mM); low glucose (5.5 mM); high glucose and
co-administration of SGLT-2 inhibitor (empagliflozin); shifting from high glucose to low glucose.
Study of cell viability and the expression of new putative biomarkers of cardiotoxicity and resistance
to ICIs (NLRP3, MyD88, cytokines) were quantified through ELISA (Cayman Chemical) methods.
Hyperglycemia during treatment with ipilimumab increased cardiotoxicity and reduced mortality of
breast cancer cells in a manner that is sensitive to NLRP3. Notably, treatment with ipilimumab and
empagliflozin under high glucose or shifting from high glucose to low glucose reduced significantly
the magnitude of the effects, increasing responsiveness to ipilimumab and reducing cardiotoxicity.
To our knowledge, this is the first evidence that hyperglycemia exacerbates ipilimumab-induced
cardiotoxicity and decreases its anticancer efficacy in MCF-7 and MDA-MB-231 cells. This study
sets the stage for further tests on other breast cancer cell lines and primary cardiomyocytes and for
preclinical trials in mice aimed to decrease glucose through nutritional interventions or administration
of gliflozines during treatment with ipilimumab.

Keywords: hyperglycemia; cardioncology; nivolumab; breast cancer; cytokines; cardiotoxicity
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1. Introduction

Immune checkpoint inhibitors (ICIs) improved overall survival in cancer patients both as
monotherapy or combined with chemotherapies for primary and metastatic cancer patients [1,2].
The family of ICIs involves anti-PD-1 (called nivolumab and pembrolizumab), anti-PD-L1 (called
atezolizumab, avelumab, and durvalumab) and anti-CTLA-4 antibodies (called ipilimumab and
tremelimumab) [1,3,4]. The combinatorial strategies of ICIs are currently under study in metastatic
cancer patients, aimed to reduce immune-resistance of cancer cells, enhancing their apoptosis and
necrosis [5]. However, ICIs showed several autoimmune or inflammatory side effects, collectively
termed immune-related adverse events, including diabetes, chronic inflammatory bowel diseases,
thyroiditis and cardiovascular diseases [6]. Cardiovascular immune-related adverse events involved
myocarditis [7]; its pathogenesis is based on lymphocytic infiltration in myocardial tissue and a
direct/indirect interaction with cardiomyocytes expressing PD-1/PDL-1 and other immune-sensitive
antigens [7,8]. The prevalence of myocarditis ranged from 0.06% to 2.4%, with a higher risk
in combination immunotherapy [8]. Other cardiovascular diseases induced by ICIs involves
pericardial disease, vasculitis, Takotsubo syndrome, destabilization of atherosclerotic lesions,
venous thromboembolism, and conduction abnormalities [9]. Patients with diabetes have increased risk
of breast, liver, bladder, pancreatic, colorectal, endometrial and prostate cancers [10,11]. Hyperglycemia
is a well-recognized prognostic factor in patients with several chronic diseases like myocardial injuries
and cancer [12,13]. Hyperglycemia increases the prevalence and mortality of cancer patients [14].
Causes of cancer risks in diabetic patients involved hyperglycemia, hyperinsulinemia, insulin resistance,
distorted insulin-like growth factor-1 (IGF-1) pathway, oxidative stress, enhanced inflammatory
processes and aberrant sex hormone production [15,16]. Joshi et al. [17] pointed out that hyperglycemia
could provide nutrients for the rapid proliferation of malignant tumor cells, thereby accelerating the
process of tumor cells. Hou et al. [18] reported that high-concentration glucose (25 mM) significantly
increased the proliferation of breast cancer cells compared to low-concentration glucose (5 mM).
Hyperglycemia accelerates the progression of tumor, increases the proliferation, migration and invasion
of cancer cells [19]. Recent findings reported that hyperglycemia could increase anticancer-induced
cardiotoxicity [20] through involvement of AMPK, mitochondrial proteins, reactive oxygen species
and pro-inflammatory cytokines involved in pro-fibrogenic and pro-apoptotic signaling [21,22].

NLRP3 is a new prognostic marker in oncology and acts as a key player in immune-related events
involving bacterial and viral infection as well as autoimmune diseases [23,24]. NLRP3 inflammasome
activation increases gene expression of IL-1 and IL-6, thereby enhancing production of hs-CRP [23].
Recently, NLRP3 inflammasome was proposed as a new biomarker of cardiovascular diseases
and predictor of hospitalization and death for myocardial injuries [25,26]. MyD88 complex
(called myddosome) is another protein regulator of death-like signals in human cells [27]; it is a
putative marker of the incidence and prognosis of cardiovascular diseases and cancer [28]. However,
to the best of our knowledge, no studies have analyzed the effects of high glucose or low glucose
on breast cancer responsiveness to ICIs and their cardiotoxicity. To date, only few studies correlated
NLRP3 and MyD88 with hyperglycemia damages, like diabetes-induced endothelial inflammation and
atherosclerosis [26]. Considering the high prevalence of breast cancer in women with diabetes [29,30],
we studied if hyperglycemia could exacerbate ipilimumab-induced cardiotoxicity and decreases its
anticancer efficacy in human breast cancer cells (estrogen responsive and triple negative cells) and
verified the involvement of NLRP3 and MyD88 in these processes. Moreover, we highlighted the
effects of the low glucose or Sodium glucose co-transporter 2 inhibitor (SGLT-2i), called empagliflozin,
on the reduction of magnitude of the pro-inflammatory effects mediated by hyperglycemia on cancer
cells and cardiomyocytes.
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2. Results

2.1. CTLA-4 Expression in Human Breast Cancer Cells

Firstly, we investigated the intracellular and surface expression of CTLA-4 in breast cancer
cell lines by Fluorescence-activated cell sorting (FACS) analysis. As expected and reported in the
literature, CTLA-4 expression in the breast cancer cell lines was detectable; the higher expression was
seen in MDA-MB-231 cells (Figure 1A) compared to MCF-7 (Figure 1B). Moreover, the intracellular
expression was generally higher than the surface expression and these data are in line with the
literature, confirming the interesting putative role of CTLA-4-related pathway in the breast cancer
cell metabolism.

Figure 1. Flow-cytometric analysis of CTLA-4 in human breast cancer cells MDA-MB-231 (A) and
MCF-7 (B). MDA-MB-231 and MCF-7 were stained on their surface or intracellularly with the designated
antibodies. IgG2a Isotype corresponds to the staining with a negative class-matched control antibody.
Results are expressed as percentage of stained cells.

2.2. Glucose Reduces Ipilimumab-Related Anticancer Activities and Increases its Cardiotoxicity

We studied how high glucose could affect the anticancer properties and cardiotoxicity induced
by ipilimumab in a co-culture of cardiomyocytes or breast cancer cells with human peripheral
blood mononuclear cells (hPBMCs) [19]. We found that sensitivity to ipilimumab was reduced by
25 mM glucose compared to 5.5 mM glucose (Figure 2A,B). Shifting from a high glucose to a low
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glucose as well as the treatment with empagliflozin ameliorated breast cancer cell responsiveness to
ipilimumab (Figure 2A,B for MCF-7 and MDA-MB-231 cells, respectively). Notably, triple negative
breast cancer cells showed more sensitivity to ipilimumab than MCF-7 cells. A different behavior was
seen in cardiomyocytes co-cultured with PBMCs (Figure 2C): hyperglicemia increased significantly
ipilimumab-induced toxicity than hypoglicemia (paired t-test p < 0.001, n = 3); administration of
empagliflozin during high glucose and shifting from high glucose to low glucose reduced the magnitude
of the effects. These results indicated that hyperglicemia significantly influenced the cytotoxicity of
ipilimumab in breast cancer cells and cardiomyocytes; low glucose and exposure to empagliflozin
under hyperglicemia increases the anticancer efficacy of the CTLA-4 blocking agent in breast cancer
cells and reduces cytotoxicity.

Figure 2. Cell viability of MCF-7 (A) and MDA-MB-231 (B) cells after 72 h of incubation with
ipilimumab under different condition (high glucose; low glucose; high glucose + empagliflozin at
500 nM; switch high glucose to low glucose); (C) Cell viability of AC16 cells after 72 h of incubation
with ipilimumab under different condition (high glucose; low glucose; high glucose + empagliflozin
at 500 nM; shifting from a high glucose to low glucose). Error bars depict means ± SD (n = 3).
Statistical analysis was performed using paired t-test.

2.3. Glucose Increases Leukotriene-Mediated Cardiotoxicity of Ipilimumab

To evaluate the effects of hyperglicemia on lipid metabolism transduction signal pathways
during ipilimumab exposure in cancer cells and cardiomyocytes, we quantified the production of
leukotrienes B4 (Figure 3). After incubation with ipilimumab under hyperglicemia, MCF-7 cells
increased production of leukotrienes compared to low-glucose (125.6 ± 7.4 vs. 43,3 ± 5.5 pg/mg
of protein, paired t-test p < 0.001, n = 3) (Figure 3A); shifting from high glucose to low glucose
(73.5 ± 6.1 vs. 125.6 ± 7.4 pg/mg of protein, paired t-test p < 0.001, n = 3), as well as the treatment with
empagliflozin under hyperglicemic conditions (53.3 ± 3.3 vs. 125.6 ± 7.4 pg/mg of protein, paired t-test
p < 0.001, n = 3) reduced significantly the production of leukotrienes indicating anti-inflammatory
effects (Figure 3A). A different picture was seen in MDA-MB-231 cells (Figure 3B); after incubation with
ipilimumab under hyperglicemia, triple negative cells increased production of leukotrienes compared
to low-glucose (154.5 ± 8.3 vs. 53,6 ± 3.4 pg/mg of protein, paired t-test p < 0.001, n = 3) (Figure 3A);

90



Int. J. Mol. Sci. 2020, 21, 7802

shifting from high glucose to low glucose (89.9 ± 8.2 vs. 154.5 ± 8.3 pg/mg of protein, paired t-test
p < 0.001, n = 3), as well as the treatment with empagliflozin under hyperglicemic condition (80.5 ± 7.6
vs. 154.5 ± 8.3 pg/mg of protein, paired t-test p < 0.001, n = 3) reduced significantly the production
of leukotrienes indicating anti-inflammatory effects (Figure 3B). Human cardiomyocytes exposed to
ipilimumab under hyperglicemic conditions (74.2 ± 7.4 vs. 27.2 ±5.4 pg/mg of protein, paired t-test
p < 0.001, n = 3) increased the production of leukotrienes and these effects were partially reduced after a
change to low-glucose (46.6 ± 6.1 pg/mg of protein) and treatment with empagliflozin (29.9 ± 3.3 pg/mg
of protein) (Figure 2B).

Figure 3. Leukotrienes type B4 production by MCF-7 (A) and MDA-MB-231 (B) cells, treated with
ipilimumab mAb for 24 h, in the presence of human peripheral blood mononuclear cells (hPBMCs) under
different condition (high glucose; low glucose; high glucose + empagliflozin at 50 nm; shifting from a
high glucose to low glucose). Untreated or treated cells with an unrelated control IgG (control) were used
as negative controls; (C) Leukotrienes type B4 production by AC-16 cells, treated with ipilimumab mAb
for 24 h, in the presence of hPBMCs under different condition (high glucose; low glucose; high glucose
+ empagliflozin at 500 nM; shifting from a high glucose to low glucose). Untreated or treated cells with
an unrelated control IgG (control) were used as negative controls. Error bars depict means ± SD (n = 3).
Statistical analysis was performed using paired t-test. *** p < 0.001.** p < 0.01.* p < 0.05.

2.4. Hyperglycemia Have Pro-Oxidative Effects during Treatment with Ipilimumab

Reactive oxygen species (ROS) overproduction induces several cellular damages and activates
pro-inflammatory pathways in myocytes and cancer cells [31,32]. In breast cancer cells, incubation with
ipilimumab increased ROS production compared to untreated cells (Figure 4A,B). Under low glucose
or after treatment with empagliflozin, surprisingly, ROS production was increased (Figure 4A,B).
A different picture was seen in cardiomyocytes (Figure 4C); in fact, treatment with ipilimumab under
low glucose or during empagliflozin partially reduced ROS production compared with myocytes grown
under hyperglicemic conditions (Figure 4C). These effects were confirmed through the quantification
of malondialdeyde (MDA) as a marker of lipid peroxidation [33] that was increased significantly in
MCF-7 (Figure 4D) and MDA-MB-231 cells (Figure 4E) and reduced in cardyomyocytes (Figure 4F)
under low glucose.
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Figure 4. Intracellular Reactive Oxygen Species (ROS) and Malondialdeyde (MDA) quantification
in MCF-7 cells (A,D) and MDA-MB-231 (B,E) cells treated with ipilimumab mAb in the presence
of hPBMCs under different condition (high glucose; low glucose; high glucose + empagliflozin at
50 nm; shifting from a high glucose to low glucose). Untreated or treated cells with an unrelated
control IgG (control) were used as negative controls; (C,F) Intracellular Reactive Oxygen Species (ROS)
and Malondialdeyde (MDA) quantification in AC-16 cells, treated with ipilimumab mAb for 24 h,
in the presence of hPBMCs under different conditions (high glucose; low glucose; high glucose +
empagliflozin at 500 nM; shifting from a high glucose to low glucose). Untreated or treated cells with
an unrelated control IgG (control) were used as negative controls. Error bars depict means ± SD (n = 3).
Statistical analysis was performed using paired t-test. *** p < 0.001. ** p < 0.01. * p < 0.05.
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2.5. p65-NF-κB is Overexpressed under Hyperglicemic Condition

As shown in Figure 5A,B, p65-NF-κB expression was increased by 2.8 and 3.4 times in MCF-7
and MDA-MB-231 cells, respectively, under high glucose and exposure to ipilimumab. This trend
was reduced by shifting high glucose to low glucose (−0.9 ± 0.13 for MCF-7 cells; −1.2 ± 0.11 for
MDA-MB-231 cells; paired t-test p < 0.001, n = 3 for both) and after administration of empagliflozin
(−1.4 ± 0.008 for MCF-7 cells; −1.6 ± 0.03 for MDA-MB-231 cells; paired t-test p < 0.001, n = 3 for both).
Additionally, cardiomyocytes exposed to ipilimumab under high glucose increased by 2.3 times the
expression of p65-NF-κB compared with untreated cells and shifting from high glucose to low glucose
reduced the magnitude of the effects (Figure 5C). These effects indicate anti-inflammatory properties of
hypoglicemia and treatment with empagliflozin during treatment with ipilimumab.

Figure 5. p65/NF-kB expression(fold of control) expression in MCF-7 (A), MDA-MB-231 (B) and
AC-16 (C) cells, treated with ipilimumab mAb in the presence of hPBMCs under different condition
(high glucose; low glucose; high glucose + empagliflozin at 500 nM; shifting from a high glucose to
low glucose). Untreated or treated cells with an unrelated control IgG (control) were used as negative
controls. Error bars depict means ± SD (n = 3). Statistical analysis was performed using paired t-test.
*** p < 0.001. ** p < 0.01. * p < 0.05.

2.6. NLRP3 and MYD88 Expression Are Key Mediators of Hyperglicemia-Mediated Effects in Human Breast
Cancer Cells and Cardiomyocytes

We investigated on NLRP3 and MyD88 as key prognostic factors of dendrimental effects of
hyperglicema in ipilimumab-induced cardiotoxicity and anticancer effects. In MCF-7 cells, NLRP3
(3.8 ± 0.3 vs. 1.65 ± 0.2, (fold of control) paired t-test p < 0.001, n = 3) (Figure 6A) and MyD88 (2.5 ± 0.3
vs. 1.3 ± 0.1, (fold of control) paired t-test p < 0.001, n = 3) (Figure 6D) were clearly overexpressed under
high glucose compared with low glucose. In MDA-MB-231 cells, NLRP3 (4.5 ± 0.14 vs. 2.4 ± 0.11,
(fold of control) paired t-test p < 0.001, n = 3) (Figure 6B) and MyD88 (3.3 ± 0.21 vs. 1.7 ± 0.12,
(fold of control) paired t-test p < 0.001, n = 3) (Figure 6E) were clearly overexpressed under high
glucose compared with low glucose. These effects were reversible by shifting from high glucose to
low glucose (Figure 6). Lower levels of NLRP3 and MyD88 protein in high glucose cells treated with
empagliflozin were also seen (Figure 6). To assess if NLRP3 controls the sensitivity of high glucose
cells to ipilimumab, MCF-7 (Figure 6G,H) and MDA-MB-231 cells (Figure 6I,L) were treated with
the anti CTLA-4 antibody in the presence (or absence) of OLT1177 (a selective NLRP3 inhibitor).
Treatment with OLT1177 significantly increased responsiveness to ipilimumab in both hyperglicemic
and hypoglicemic conditions (Figure 6). A similar behavior was seen in cardiomyocytes: hyperglycemia
increased expression of NLRP3 and MyD88 in a way that is sensitive to empagliflozin or shifting from
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high glucose to low glucose (Figure 6C,F). Selective inhibition of NLRP3 decreases significantly the
cardiotoxicity of ipilimumab under high glucose (Figure 6M,N).

Figure 6. NLRP3 (fold of control) expression in MCF-7 (A), MDA-MB-231 (B), and AC-16 cells
(C), treated with ipilimumab mAb in the presence of hPBMCs under different condition (high glucose;
low glucose; high glucose + empagliflozin at 500 nM; shifting from a high glucose to low glucose).
MyD88 (fold of control) expression in MCF-7 (D), MDA-MB-231 (E), and AC-16 cells (F), treated with
ipilimumab in the presence of hPBMCs under different condition (high glucose; low glucose; high
glucose + empagliflozin at 50 nm; shifting from a high glucose to low glucose). Cell viability of MCF-7
(G,H), MDA-MB-231 (I,L), and AC-16 cells (M,N) under high glucose (with or without empagliflozin),
low glucose, shifting from high glucose to low glucose and always exposed to ipilimumab and NLRP3
selective inhibitor OLT-1177. For all experiments, untreated or treated cells with an unrelated control
IgG (control) were used as negative controls. Error bars depict means ± SD (n = 3). Statistical analysis
was performed using paired t-test. *** p < 0.001. ** p < 0.01. * p < 0.05.
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2.7. NLRP3 Staining in Breast Cancer Cells and Cardiomyocytes

NLRP3 plays a key role in the pathogenesis of breast cancer and heart failure. Based on
the considerable changes in NLRP3 expression in MCF-7, MDA-MB-231, and AC-16 cells under
high glucose and low glucose, we analyzed cellular staining of NLRP3 through a confocal laser
scanning microscope (Figure 7). Breast cancer cells (Figure 7B,N) and cardiomyocytes (Figure 7G)
under high glucose and exposed to ipilimumab showed a considerably higher amount of NLRP3
(green signals) than the control (Figure 7A,F,M). Treatment with empagliflozin under high glucose
(Figure 7E,L,Q), shifting from high glucose to low glucose (Figure 7D,I,P) and growth in low glucose
(Figure 7C,H,O), decreased significantly NLRP3 staining in cell cytoplasm indicating anti-inflammatory
effects. These results corroborated the quantitative data described in Figure 6.

Figure 7. NLRP3 straining (green signals) in MCF-7 (A–E), AC-16 (F–I,L), and MDA-MB-231 cells
(M–Q) treated with ipilimumab under high glucose (B,G,N); low glucose (C,H,O); shifting from a high
glucose to low glucose (D,I,P), and high glucose + empagliflozin at 500 nM (E,L,Q). Untreated cells
with an unrelated control IgG (control) were used as negative controls (A,F,M). Scale bar: 50 μm.

2.8. Pro-Inflamamtory Cytokines and Growth Factors Are Overexpressed during Hyperglycemia

NLRP3 and MyD88 are primary activators of cytokine storm in human cells in response to
pro-inflammatory stimuli, as well as bacterial and viral infection [34]. We investigated cytokines and
growth factors during exposure to ipilimumab under hyperglycemia, hypoglycemia, exposure to
empagliflozin (under high glucose), and after shifting from high glucose to low glucose. Effectively,
under hyperglycemia, compared to low glucose, MCF-7 cells exposed to ipilimumab (Figure 8A)
overexpressed IL-1β (245.5 ± 11.5 vs. 156.6 ± 3.4 pg/mg of protein, paired t-test p < 0.001, n = 3),
IL-6 (173.3 ± 3.3 vs. 96.6 ± 6.7 pg/mg of protein, paired t-test p < 0.001, n = 3), PDGF (121.1 ± 8.3
vs. 72.3 ± 3.5 pg/mg of protein, paired t-test p < 0.001, n = 3), VEGF (182.5 ± 5.5 vs. 95.3 ± 3.8 pg/mg
of protein, paired t-test p < 0.001, n = 3), and TGF-β (165.5 ± 8.5 vs. 97.7 ± 5.3 pg/mg of protein,
paired t-test p < 0.001 n = 3). A slightly different picture was seen for triple negative breast cancer cells
(Figure 8B): under hyperglycemia, compared to low glucose, MDA-MB-231 cells exposed to ipilimumab
overexpressed IL-1β (321.1 ± 10.8 vs. 188.4 ± 7.6 pg/mg of protein, paired t-test p < 0.001, n = 3),
IL-6 (256.6 ± 4.5 vs. 102.8 ± 7.2 pg/mg of protein, paired t-test p < 0.001, n = 3), PDGF (168.8 ± 8.9 vs.
78.9 ± 12.2 pg/mg of protein, paired t-test p < 0.001, n = 3), VEGF (234.4 ± 10.3 vs. 112.5 ± 11.2 pg/mg
of protein, paired t-test p < 0.001, n = 3), and TGF-β (188.8 ± 5.6 vs. 121.1 ± 8.9 pg/mg of protein,
paired t-test p < 0.001 n = 3). For both, shifting from high glucose to low glucose or being treated
with empagliflozin under high glucose reduced significantly the expression of cytokines and growth
factors compared with cells exposed to high glucose (Figure 8A,B). Instead, cardiomyocytes exposed to
ipilimumab under high glucose (Figure 8C) overexpressed IL-1β (154.4 ± 6.7 vs. 106.6 ± 5.8 pg/mg of
protein, paired t-test p < 0.001, n = 3), IL-6 (112.2 ± 5.6 vs. 57.7 ± 6.7 pg/mg of protein, paired t-test
p < 0.001, n = 3), PDGF (107.7 ± 7.2 vs. 62.1 ± 5.5 pg/mg of protein, paired t-test p < 0.001, n = 3),
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VEGF (56.7 ± 7.7 vs. 28.7 ± 6.4 pg/mg of protein, paired t-test p < 0.001, n = 3), and TGF-β (72.3 ± 4.3
vs. 44.7 ± 7.8 pg/mg of protein, paired t-test p < 0.001, n = 3), compared with low glucose cells. Also in
this case, under low glucose or after treatment with empagliflozin, the increase rates of cytokines and
growth factors were significantly reduced.

Figure 8. Expression of IL-1, IL-6, PDGF, VEGF, and TGF in MCF-7 (A), MDA-MB-231 (B), and AC-16
cells (C). Cells were treated with ipilimumab mAb for 24 h, in the presence of hPBMCs under different
condition (high glucose; low glucose; shifting from a high glucose to low glucose; high glucose +
empagliflozin at 500 nm). Error bars depict means ± SD (n = 3). Statistical analysis was performed
using paired t-test. *** p < 0.001. ** p < 0.01. * p < 0.05.

3. Discussion

In this study, we demonstrated that hyperglycemia reduces ipilimumab-related anticancer
functions and enhances its cardiotoxicity in cellular models through mechanisms mediated by
MyD88 and NLRP3 signaling. More specifically, our findings provide a proof of principle that
hyperglycemia increased cytokine storm in human breast cancer cells and cardiomyocytes placing
the conditions for cardiotoxic and immune-resistance phenomena. Several studies demonstrated
that hyperglycemia or diabetes increased both incidence and recurrence of cancer (breast, liver,
prostate, brain, and pancreas) [35]. Chronic or intermittent hyperglycemia is associated with the
development of diabetic complications like cardiovascular diseases and chronic inflammatory diseases.
Several signaling pathways could be modified during high glucose, for example the increase of

96



Int. J. Mol. Sci. 2020, 21, 7802

inoxidative stress and the overproduction of advanced glycation end products (AGEs) associated
with pro-inflammatory cytokines leading to cellular death or chemo-resistance [36,37]. However,
the signaling pathways directly triggered by hyperglycemia appear to have a pivotal role in diabetic
complications due to the production of reactive oxygen species (ROS) and lipid peroxides [38]. However,
surprisingly, in co-cultures of breast cancer cells and hPBMCs, low glucose increases ROS production
(Figure 3) compared to high glucose; these effects could be explained by the production of ROS
following the cytotoxic effect of hPBMCs against cancer cells [39]; T-cell mediated cytotoxicity involves
granzyme B and other pro-apoptotic and pro-oxidizing factors. [39] However, here we have not studied
the type of cell death induced by high glucose or the amount of granzyme B secreted by hPBMCs.
Further studies on the cell death mechanism will be performed.

Hyperglycemia and Amadori products induce the overexpression of ERK/MAPK leading to the
production of ROS and pro-inflammatory and immune-modulating interleukins like interleukin-1 [40].
Interleukin 1 is a key factor in the progression of cancer, cardiovascular diseases, and mortality [41].
Recent cardiovascular outcome trials (CVOTs) demonstrated that pharmacological inhibition of
interleukin-1 by subcutaneous administration of the anti IL-1 antibody (i.e., canakimumab) reduced
the risk of adverse cardiac events and mortality [42]. Other studies showed that patients treated
with canakimumab had reduced cancer-related mortality compared with untreated patients [43].
Results of this study focus on a direct link between hyperglycemia and the pro-inflammatory
cytokines/growth factors involved in cancer survival and cardiotoxicity during the CTLA4 blocking
agent ipilimumab; these effects are reversible by shifting from high glucose to low glucose or through
concomitant treatment with an anti SGLT-2 drug (empagliflozin). Recent studies in cancer-bearing
mice demonstrated the chemo-preventive and anti-inflammatory properties of calorie-restriction [44].
In another study, low glucose was associated with higher response to tamoxifen in breast cancer
patients [19]. Clinical trials on calorie restriction or hypoglycemia and responsiveness to ICIs are
scarce: one retrospective cohort study performed in 55 cancer patients demonstrated trending
improvements in overall and progression-free survival in participants with metastatic malignant
melanoma who receive a hypoglycemic drug (metformin) in combination with ipilimumab/nivolumab
and/or pembrolizumab [45].

Another trial is currently under investigation to combine metformin with ICIs in non-small cell lung
cancer patients (NCT03048500) [46]. Other trials in non-cancer [47] and cancer [48,49] patients suggests
that natural flavonoids with hypoglycemic properties (i.e., resveratrol) improve T-cell function and
increase responsiveness to anti-cancer drugs. Clearly, there is a need for larger retrospective analyses
and multi-center prospective studies aimed to evaluate the potential benefits anti-hyperglycemic agents
or calorie restriction mimetic strategies (such as hydroxycitrate, metformin, and complementary and
alternative medicines) combined with ICIs or conventional anticancer drugs [50–52].

MyD88 is a molecular complex involved in regulation of the immune system, cardiovascular,
and cancer metabolism [27]. Patients with viral myocarditis have a high expression of MyD88,
CD3+ lymphocytes, and collagen fibers (markers of fibrosis) in myocardial tissue [27]. MyD88 is
essential for stimulating resistance to paclitaxel, doxorubicin, and tamoxifen [28]; however, its roles
in the ICI-related resistance of breast cancer cells remain unclear. Here, we hypothesize that MyD88,
directly associated with hyperglycemia, could be directly involved in the cardiotoxicity and anticancer
functions of ipilimumab. Notably, shifting from hyperglycemia to hypoglycemia, as well as the
treatment with empagliflozin, reduced the magnitude of these effects and expression of MyD88 both in
MCF7, MDA-MB-231 cells, and AC16 cells.

Inflammasomes are multiprotein complexes regulating pro-inflammatory factors including
IL-1βand IL-18. IL-18 induces programmed cell death protein 1-dependent immunosuppression
in cancer [53], and IL-1β is one of the most important pro-inflammatory mediators involved in
immune resistance [54]. The nucleotide-binding oligomerization domain-like receptors (NOD-like
receptors) family pyrin domain, containing 3 (NLRP3), is the most widely studied inflammasome.
A previous study demonstrated that activated NLRP3 increases IL-18 in patients with lymphoma [55].
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NLRP3 inflammasome could represent a novel potential target for the treatment of breast cancer [56]. In a
recent preclinical study, the pharmacological inhibition of NLRP3 through miRNA reduced the tumor
growth and the immune-resistance in breast cancer-bearing mice through ASC/IL-1/IL-18 pathways;
these data provide new clinical insights for breast cancer management [57]. Notably, NLRP3 is associated
with myocardial injuries, atherosclerosis, and diabetes mellitus [57]; high glucose stimulates NLRP3
expression thorough inhibition of its ubiquitinization in human cells [57]; therefore, we can speculate
that hyperglycemia could enhance cardiotoxicity and responsiveness to ipilimumab through the NLRP3
complex. Therefore, NLRP3 could became a predictive marker of immune-resistance and cardiotoxicity
to ipilimumab. Notably, high glucose breast cancer cells and cardiomyocytes exposed to ipilimumab
increased NLRP3 inflammasome expression. Administration of the NLRP3 selective inhibitor (OLT1177)
increased responsiveness to ipilimumab in breast cancer cells and reduced cytotoxicity in AC16 cells.
Interleukin-6 is another key player in ICI-induced cardiotoxicity; it is an independent predictor of
diabetes and cardiovascular diseases [58]. Adipocytes and macrophages are the major sources of IL-6 in
patients with metabolic syndrome and obesity [58]. Notably, IL-6 has immunosuppressive properties
in colorectal cancer cells through the recruitment of immune-suppressive cells and reduction of T cell
infiltration in cancer tissues [59]. Inhibition of IL-6 enhanced the efficacy of anti-PD-L1 antibodies in
colorectal cancer providing a novel strategy to overcome anti-PD-L1 resistance [60]. Here, we have
shown that high glucose increased IL-6 and IL-1 expression in breast cancer cells and cardiomyocytes
exposed to ipilimumab; notably, also in this case, shifting from high glucose to low glucose and the
treatment with empagliflozin reduced significantly IL-6 expression, providing new insight on the
putative protective role of low glucose in IL-6 mediated immune-suppression and cardiotoxicity.

Based on this scenario, overexpression of NLRP3/MyD88 and cytokines during hyperglycemia
in breast cancer cells and cardiomyocytes could be a key player in cardiotoxicity and resistance to
ipilimumab. There are some limitations of this study: firstly, human leukocyte antigen (HLA)-class
I molecules on tumor cells have been regarded as crucial sites where cytotoxic T lymphocytes can
recognize tumor-specific antigens. HLA mismatch could be a possible limitation of co-cultures of tumor
cells with hPMBCs, despite co-culture models often being used and recommended in preliminary
cell-lymphocytes interaction studies, as reported in the literature [61–64]. Although many immortalized
cell lines may have a reduced HLA expression [65–67], it is conceivable that some cancer cells induce
an HLA mismatch when co-incubated with hPBMCs, being from different donors. However, in line
with other similar papers published in the literature [61–64], for all tested combinations (in our
case controls and treatments with ipilimumab under high glucose and low glucose) the differences
between groups are still due to the treatment conditions. Moreover, different open discussion papers
are available about the role, for example, of HLA-E in co-cultures of cancer cells and PBMCs [68].
Interestingly, a recent study Tristan Courau et al. [68] points to another resistance mechanism used
by tumor cells that try to evade immune recognition. This is illustrated by HLA-E upregulation on
tumor cells upon spheroid infiltration, associated with NKG2A increase in infiltrating immune cells.
NKG2A-HLA-E pathway has already been described as a potential inhibitor of antitumor immune
responses. A deep study of the role of high glucose in HLA-E expression in co-cultures of breast
cancer cells and PBMCs should be also investigated. Another limitation of the study is the lack of a
deeper analysis of metabolome in breast cancer cells and cardiomyocytes under high glucose or low
glucose. Other studies will be performed during treatments with other ICIs, including anti-PD-1 and
anti PDL-1 blocking agents. Moreover, preclinical studies will be made on mice models following a
hyperglycemic/hypoglycemic diet, in order to corroborate cellular results described herein. The effects
seen herein are principally due to the effects of ipilimumab on hPBMCs and not against cancer cells or
cardiomyocytes. To date, the mechanisms and key players of ipilimumab-induced myocardial injuries
are not completely understood [69]. Immune cells uptake and infiltration in heart tissues were always
seen in human histological studies with high amounts of CD4+/CD8+ T lymphocytes and CD68+
cells [70]; this interaction involves some chemokines like Interleukin 1, 6, and 8 and chemokines that
increase the granzyme B-mediated cytotoxicity driving cardiac injury [71]. Treatment with ipilmumab
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and other ICIs increase the cancer cell recognition of lymphocytes and their release of cytotoxic
degranulation markers perforin and granzyme B [72]. According to the literature, CTLA-4 is also
expressed in a subsample of breast cancer cells and their role in cancer cell responsiveness to ICIs is
actually unknown [73]. It is possible that isolated CTLA-4 positive breast cancer cells could have a
different responsiveness to ipilimumab or hyperglycemia; further studies will be performed on isolated
CTLA-4 + breast cancer cells, studying their metabolism and their responsiveness to glucose and
growth factors.

High glucose mediates NLRP3 inflammasome activation via upregulation of E74-like transcription
factor (ELF3) expression [74]. Microtubule affinity regulating kinase 4 (MARK4) plays a crucial role in the
regulation of NLRP3 inflammasome activation, which leads to the generation of IL-1β [74]. High glucose
increases NLRP3 activation, probably involved in ICIs-induced resistance and cardiotoxicity; in fact,
recently, a mechanism was identified whereby CD8+ T cell activation in response to PD-1 blockade
induced a NLRP3 inflammasome signaling cascade that ultimately led to the recruitment of granulocytic
myeloid-derived suppressor cells (MDSCs) into tumor tissues, thereby dampening the resulting
antitumor immune response [75]. Genetic and pharmacologic inhibition of NLRP3 enhances the efficacy
of anti–PD-1 Ab immunotherapy [76]. We hypothesize that high glucose increases NLRP3 expression
thereby reducing the ipilimumab-mediated cytotoxic efficacy against MCF-7 and MDA-MB-231 cells.
To our knowledge, this is the first evidence that hyperglycemia exacerbates ipilimumab-induced
cardiotoxicity and decreases its anticancer efficacy in MCF-7 and MDA-MB-231 cells. Moreover,
to clarify whether hypoglycemia can increase responsiveness to ipilimumab against ER+ and triple
negative breast cancer and reduces cardiovascular side effects, further studies in breast cancer-bearing
mice are also required.

4. Materials and Methods

4.1. Cell Culture

AC16 human cardiomyocytes were purchased from American Type Culture Collection (ATCC®,
LGC Standards, Teddington, UK) and cultured in Gibco® Dulbecco’s modified Eagle’s medium
(Gibco, Milan, Italy): Nutrient mixture F-12 (DMEM/F12) supplemented with 10% fetal bovine serum
(FBS) (HyClone™, GE Healthcare Life Sciences, Milan, Italy) and Penicillin-Streptomycin (100 U/mL,
Gibco®, Milan, Italy). MCF-7 human breast cancer cells (ERα+, PR+, HER2-) were cultured in
Dulbecco’s modified Eagle’s medium (DMEM) supplemented with 10% fetal bovine serum (FBS),
2 mM glutamine, 100 units/mL penicillin and 100 units/mL streptomycin. Triple negative MDA-MB-231
(ATCC® HTB-26™) cells were grown in ATCC-formulated Leibovitz’s L-15 Medium supplemented
with 10% fetal bovine serum (FBS) (HyClone™, GE Healthcare Life Sciences, Milan, Italy) and Penic
illin-Streptomycin (100 U/mL, Gibco®, Milan, Italy). Cell cultures were maintained in a humidified
atmosphere of 95% air and 5% CO2 at 37 ◦C.

4.2. Co-Cultures

To test the biological effects of hyperglycemia on breast cancer and cardiac metabolism, we used
co-cultures of MCF-7 and MDA-MB-231 breast cancer cells or human cardiomyocytes (AC16) (that
do not express CTLA-4) with human peripheral blood mononuclear cells (hPBMCs). Cancer cells
and cardiomyocytes were plated in 96-well flat-bottom plates at the density of 150,000 cells/well
for 16 h. hPBMCs, a population of immune cells consisting of T cells, B cells, natural killer cells,
dendritic cells, and monocytes [77] from healthy donors, were added at effector: target ratio 5:1 in the
absence or presence of ipilimumab as described previously [78,79]; in fact, hPBMCs are conventionally
used in cellular experiments of responsiveness to PD-1, PDL-1, or CTLA-4 blocking agents [80–82].
Co-culture of MCF7 or MDA-MB-231 cells or AC16 cells with hPBMCs mimics, respectively, the
immune cell infiltration in breast cancer tissue (the immune infiltration of tumors is closely related to
clinical outcomes in breast cancer patients [83,84]), as well as in myocardial tissue (patients treated
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with CTLA-4 blocking agents developed severe/fatal myocarditis which was likely a result of the
lymphocytic infiltration of lymphocytes [85,86]).

4.3. CTLA-4 Expression in Breast Cancer Cells through Flow Cytometry

For the cell-surface marker, MDA-MB-231 and MCF-7 cells (100.000 cells/tube) were harvested and
stained with anti-human CD152 (CTLA-4) (BD Bioscience, San Diego, CA, USA) and LIVE/DEAD fixable
Aqua (Thermo Fisher, Milan, Italy, at 4 ◦C for 30 min in cell stain Buffer (BSA 0.2%) (BD Pharmingen™,
San Diego, CA, USA). Cells were then washed twice and resuspended in 200 μL of in cell stain
Buffer. To avoid non-specific anti-CTLA-4 antibody binding to the Fc portion of the receptor, the cell
suspension was pre-treated with FcR Blocking Reagent, human (130-059-901 MiltenyiBiotec, GmbH,
Bergisch Gladbach, Germany), and then stained with the anti-CTLA-4 antibody. As negative control,
we stained cells with a negative class-matched control antibody (IgG2a isotype). For intracellular
staining, cells were fixed and permeabilized using intracellular buffer set BD Cytofix/Cytoperm™
(BD Bioscience, San Jose, CA, USA) according to the manufacturer’s instructions and stained with
anti-human CD152 at ice for 30 min in permeabilization buffer. The samples were washed and
resuspended in 200 μL of cell stain Buffer (BSA0.2%) (BD Pharmingen™, San Diego, CA, USA) cells
were washed twice with permeabilization buffer. A minimum of 100.000 events for each sample were
collected by FACS ARIA III (Becton Dickinson, Mountain View, CA, USA) and data were analyzed
using FACSDiva™ 8.0 Software (BD Bioscience, San Diego, CA, USA).

4.4. Cell Viability

To test the effects of hyperglycemia on cellular mitochondrial viability, we work with co-cultures
of MCF-7 or MDA-MB-231 cells or human cardiomyocytes (AC16) with hPBMCs, the cells were plated
in 96-well flat-bottom plates at the density of 150,000 cells/well for 16 h. Human Peripheral Blood
Mononuclear Cells (hPBMCs) were added at an effector:target ratio of 5:1 in the absence or presence of
ipilimumab at 50, 100, 200 and 500 nM and incubated for 72 h at 37 ◦C, as described previously [78,79].
Controls included target cells incubated in the absence of effector cells or in the presence of anti
CTLA-4 antibody. Notably, cells in co-culture were grown in 5.5 mM glucose, corresponding to
normal fasting glucose levels in humans, or in 25 mM glucose resembling hyperglycemia in humans,
following well established protocols [19]; moreover, as a control, only during the hyperglycemic
condition, cells were co-incubated with ipilimumab (100 nM, [78]) and empagliflozin (500 nM, [87]),
an oral antidiabetic agent with cardioprotective properties. After treatments, lymphocytes were
removed and adherent cells were washed three times with PBS at pH 7.4 and incubated with 100 μL
of an MTT solution (0.5 mg/mL in cell culture medium) for 4 h at 37 ◦C. Absorbance readings were
acquired at a wavelength of 450 nm with the Tecan Infinite M200 plate-reader (Tecan Life Sciences
Home, Männedorf, Switzerland) using I-control software. Relative cell viability (%) was calculated
with the following formula: [A]test/[A]control × 100, where “[A]test” is the absorbance of the test
sample, and “[A]control” is the absorbance of the control cells incubated solely in culture medium.
After the evaluation of cell cytotoxicity, we measured the total protein content using the Pierce Micro
BCA protein assay kit (Thermo Fisher, Milan, Italy). Briefly, the cells were washed with ice-cold PBS,
and incubated for 15 min in 150 μL cell lysis buffer (0.5% v/v Triton X-100 in PBS) that included 150 μL
of the Micro BCA protein assay kit reagent (prepared according to the manufacturer’s instructions).
Absorbance at 562 nm was measured on a plate reader. Cytotoxicity measurements were normalized
by the amount of total protein content in each well.

4.5. Expression of Leukotriene B4 (LTB4)

Co-cultures of cardiomyocytes/hPBMCs and breast cancer cells/hPBMCs were untreated (control)
or treated with ipilimumab (100 nM) under high glucose, low glucose, shifting from high glucose to
low glucose, or treated with empagliflozin (500 nM) under high glucose for 12 h. After treatments,
leukotriene B4 ((5S,12R)-dihydroxy-6,14Z-8,10E-eicosatetraenoic acid) expression in cell lysates was
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determined through ELISA (Cayman Chemical, Ann Arbor, MI, USA) following the supplier’s
instructions [78]; data were expressed as pg of leukotriene B4/mg of cell proteins calculated by
QuantiPro Assay (Biorad, Milan, Italy).

4.6. Reactive Oxygen Species and Lipid Peroxidation

Lipid peroxidation is a key player in heart failure and chemo-resistance phenomena. Co-cultures
of cardiomyocytes/hPBMCs and breast cancer cells/hPBMCs were untreated (control) or treated with
ipilimumab (100 nM) for 6 h under high glucose, low glucose, shifting from high glucose to low
glucose, or treated with empagliflozin (500 nM) under high glucose. After treatments, cells were
washed three times with cold PBS, harvested with 0.25% v/v Trypsin, and centrifuged at 1000× g for
10 min. The supernatant was discarded and the cell pellet sonicated in cold PBS. After a centrifugation
step at 800× g for 5 min, we quantified malondialdehyde (MDA) by using a commercial kit with
a spectrophotometer according to the manufacturer’s protocols (Sigma Aldrich, Milan, Italy) [79].
We measured the protein content of the cell homogenates using the Micro BCA protein assay kit (Pierce,
Thermo Fisher, Milan, Italy) according to the kit instructions.

4.7. p65-NF-κB Expression

Co-cultures of cardiomyocytes/hPBMCs and breast cancer cells/hPBMCs were untreated (control)
or treated with ipilimumab (100 nM) under high glucose, low glucose, shifting from high glucose to low
glucose or treated with empagliflozin (500 nM) under high glucose for 12 h. After treatments, cells were
harvested and lysed in lyses buffer (50 mMTris-HCl, pH 7.4, 1 mM EDTA, 100 mM NaCl, 20 mM
NaF, 3 mM Na3VO4, 1 mM PMSF, and protease inhibitor cocktail). Lysates were then centrifuged,
the supernatants were collected and analyzed using the TransAM NF-κB p65 transcription factor assay
kit (Active Motif, Carlsbad, CA, USA), according to the manufacturer’s recommendations. NF-κB
complexes were captured by binding to a consensus 5′-GGGACTTTCC-3′ oligonucleotide immobilized
on a 96-well plate. Bound NF-κB was quantified by incubating with anti-p65 primary antibody
followed by horseradish peroxidase (HRP)-conjugated goat anti-rabbit IgG and spectrophotometric
detection at a wavelength of 450 nm using a microplate spectrofluorometer. Data were expressed as
the percentage of p65/NF-κB DNA binding relative to control (untreated) cells.

4.8. NLRP3 and MyD88: Key Mediators of Hyperglycemia-Induced Cardiotoxicity

Co-cultures of cardiomyocytes/hPBMCs and breast cancer cells/hPBMCs were untreated (control)
or treated with ipilimumab (100 nM) under high glucose, low glucose, shifting from high glucose to
low glucose, or treated with empagliflozin (500 nM) under high glucose for 12 h. After treatments, cells
were harvested and lysed in lyses buffer (50 mMTris-HCl, pH 7.4, 1 mM EDTA, 100 mM NaCl, 20 mM
NaF, 3mM Na3VO4, 1 mM PMSF, and protease inhibitor cocktail). Lysates were then centrifuged,
the supernatants were collected and submitted to the ELISA protocol for quantification of MyD88
(Human MyD88 ELISA Kit (ab171341), Abcam, Milan, Italy) and NLRP3 (Human NLRP3 ELISA Kit
(OKEH03368), Aviva Systems Biology, San Diego, CA, USA) [88,89]. Briefly, an antibody against
NLRP3 or MyD88 was pre-coated onto a 96-wellplate (12 × 8 Well Strips) and blocked. Standards or
test samples were added to the wells and incubated for 1h. After washing, a biotinylated detector
antibody specific to NLRP3 or MyD88 was added, incubated and followed by washing for 30 s.
Avidin-Peroxidase Conjugate was then added, incubated, and unbound conjugate was washed away.
An enzymatic reaction was produced through the addition of TMB substrate which is catalyzed by
HRP generating a blue color product that changes yellow after adding acidic stop solution. The density
of yellow coloration read by absorbance at 450 nm was quantitatively proportional to the amount of
sample NLRP3 or MYD88 captured in well. For human MyD88 ELISA, the sensitivity was <10 pg/mL
and range of detection was 156 pg/mL–10,000 pg/mL; for human NLRP3 ELISA assay, the sensitivity
was <0.078 ng/mL and range of detection was 0.156–10 ng/mL. Moreover, we utilized pharmacological
inhibitor to identify the major signaling pathway involved in hyperglicemia-related cancer sensitivity
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and the cardiotoxicity of ipilimumab. To this aim, we pre-incubated MCF-7, MDA-MB.231, and AC-16
cells with NLRP3 inhibitor (OLT1177) at 100 nM [90] during incubation with ipilimumab and performed
cell viability assay as described in paragraph 4.4.

4.9. Confocal Laser Scanning Microscope

Cardiomyocytes and human breast cancer cells cultured as described previously under standard
conditions at 37 ◦C in a humidified 5% CO2 atmosphere, were seeded in a 24-well plate (5000 cells/well)
and allowed to grow for 24 h. Cells were then untreated (control) or treated with ipilimumab
(100 nM) under high glucose, low glucose, shifting from high glucose to low glucose, or treated with
empagliflozin (500 nM) under high glucose for 12 h. Cells were then fixed with 2.5% glutaraldehyde
in PBS at room temperature for 20 min, rinsed with PBS, and permeabilzed with 0.1% Triton X-100
for 5 min. NLRP3 was stained by incubation with a primary antibody against NLRP3 (Life Span
Bio Sciences) for 1 h under gentle stirring, followed by an anti-human NLRP3 polyclonal antibody
(Life Span BioSciences, Seattle, WA, USA). The detection was performed by the addition of a Goat
Anti-Rabbit IgG H&L (FITC) (ab6717, Abcam, Milan, Italy) for 1 h, under gentle stirring. Using a
Confocal Microscope (C1 Nikon) equipped with a EZ-C1 Software for data acquisition and 60× oil
immersion objective, NLRP3 was imaged through excitation/emission at 488/515 nm.

4.9.1. Cytokines and Growth Factors Assay

The expression of IL-1β, IL-6, PDGF, FGF, VEGF, and TGF-βin cardiomyocytes and breast
cancer cells was performed through the ELISA method, as described elsewhere [78]. Co-cultures of
cardiomyocytes/hPBMCs and breast cancer cells/hPBMCs were untreated (control) or treated with
ipilimumab (100 nM) under high glucose, low glucose, shifting from high glucose to low glucose,
or treated with empagliflozin (500 nM) under high glucose for 12 h. Culture supernatants were
centrifuged to pellet any detached cells and measured using the appropriate ELISA kits according
to the manufacturer’s instructions (Sigma Aldrich, Milan, Italy). The sensitivity of this method was
below 10 (pg/mL), and the assay accurately detected cytokines in the range of 1–32,000 pg/mL.

4.9.2. Statistical Analysis

All cell-based assays were performed in triplicates (n = 3) and results are presented as
mean± Standard Deviation (SD). To compare cell culture conditions, a paired-t test was used through
the use of Sigmaplot software (Systat Software Inc., San Jose, CA, USA). p < 0.05 was considered to
indicate a statistically significant difference.

5. Conclusions

Hyperglycemia is a prognostic marker in oncology; glucose-related damages increased cancer cell
metabolism, chemo, and immune resistance [91]; in fact, integrating glycometabolism targeting (aimed
to reduce glucose in cancer cells) and immunotherapy seems to be a rational strategy for improving
overall survival in cancer patients [92]. This study reveals that hyperglycemia during treatment with
ipilimumab, a CTLA-4 blocking agent, increased cardiotoxicity and reduced mortality of MCF-7 and
MDA-MB-231 cells in a manner that is sensitive to NLRP3. Therefore, NLRP3 could became a valid
biomarker of ipilimumab-induced cardiotoxicity under hypoglycemia; pharmacological inhibition
of NLRP3, through clinically available drugs [90,93], safe in humans, currently studied for therapy
of acute gout and arthritis could be an effective therapeutic strategy aimed at improving anticancer
responsiveness to ipilimumab and reducing its cardiovascular side effects. Notably, cells treated with
ipilimumab and SGLT-2 inhibitor (empagliflozin) under high glucose or shifting from high glucose
to low glucose reduced significantly the magnitude of the effects. Further studies will be done in
other breast cancer cell lines and cardiomyocytes (i.e., primary ventricular cardiomyocytes) exposed
to CTLA-4 blocking agents as well as other immune check point inhibitors (PD-1 or PDL-1 blocking
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agents). This study set the stage to preclinical trials in mice models aimed to decrease glucose through
nutritional intervention or through treatment with gliflozines during therapy with ipilimumab.
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Abstract: N-α-acetyltransferase 10 (NAA10) is an acetyltransferase that acetylates both N-terminal
amino acid and internal lysine residues of proteins. NAA10 is a crucial player to regulate cell
proliferation, migration, differentiation, apoptosis, and autophagy. Recently, mounting evidence
presented the overexpression of NAA10 in various types of cancer, including liver, bone, lung, breast,
colon, and prostate cancers, and demonstrated a correlation of overexpressed NAA10 with vascular
invasion and metastasis, thereby affecting overall survival rates of cancer patients and recurrence
of diseases. This evidence all points NAA10 toward a promising biomarker for cancer prognosis.
Here we summarize the current knowledge regarding the biological functions of NAA10 in cancer
progression and provide the potential usage of NAA10 as a prognostic marker for cancer progression.

Keywords: acetyltransferase; biomarker; cancer prognosis; NAA10

1. Introduction

Cancer is currently the second leading cause of death worldwide following heart disease [1].
With the rapidly advancing biomedical technologies, discovery of biomarkers for early detection and
progress of cancer has been the focus of intense research [2].

N-terminal acetyltransferase (NAT) is an acetyltransferase that targets the N-terminal α-amino
group of nascent proteins. NAA10, a catalytic subunit of NatA, also functions as lysine acetyltransferase
(KAT) that acetylates internal lysine residues of proteins [3]. Accumulating evidence demonstrated
that NAA10, both via NAT and KAT activities, plays key roles in regulating tumorigenesis processes
such as cellular proliferation, apoptosis, migration, and autophagy. Evidence also demonstrated that
NAA10 is highly upregulated in various malignancies, including breast, bone, colorectal, liver, lung,
and prostate cancers, and that expression level of NAA10 is correlated with the cancer progression,
an implication for possibility of NAA10 as a cancer biomarker [4–9]. Based on above referenced studies,
this review discusses the possibility of NAA10 as a prognostic cancer biomarker and describes the
biological functions of NAA10 in cancer progression.

2. NATs

Most proteins undergo one or more types of modifications to form stable structure and/or maintain
catalytic activities. More than 200 different types of protein modification, ranging from small chemical
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modifications—acetylation and phosphorylation—to small molecule bindings—ubiquitination and
sumoylation—occur in the cell [10,11]. N-terminal acetylation (Nt-acetylation) catalyzed by NAT,
is the attachment of an acetyl group from acetyl-CoA to the α-amino group of N-terminal residues of
newly synthesized polypeptides (Figure 1A). It is a representative process of co-translational protein
modifications in eukaryotes and affects more than 80% of all human proteins [12]. Nt-acetylation of
proteins regulates various cellular events, including protein–protein interaction, subcellular localization,
aggregation and folding, and protein turnover [13–16]. Along with Nt-acetylation, acetylation of the
ε-amino group of an internal lysine residue of protein, mediated by KATs, also frequently occurs in the
cell (Figure 1B) [17].

Figure 1. N-terminal and internal lysine acetylation by NAA10. (A) NAA10 acetylates the α-amino
group of N-terminal residue of new peptides. An acetyl group (dotted rectangle) is transferred
from acetyl-CoA to a free α-amino group at the N-terminal. (B) NAA10 also acetylates the ε-amino
group of an internal lysine residue of the protein. The acetylated lysine can be deacetylated by the
lysine deacetylase (KDAC), whereas N-terminal deacetylases (NDACs) have not been reported yet.
NAT, N-terminal acetyltransferase; KAT, lysine acetyltransferase.

To date, NAT family in eukaryotes comprise eight isoforms, from NatA to NatH. NatA, B, C, and E
are composed of a unique catalytic subunit and auxiliary subunits and the others have one catalytic
subunit. Subcellular localization of NATs varies from cytosolic and ribosome-associated (NatA–NatE)
areas to Golgi membrane (NatF), organelle lumen (NatG), and cytosolic but non-ribosomal (NatH)
area [3]. The substrate specificities of NAT complexes toward different proteins are determined
by the identity of the first two amino acids. NatA, a major NAT that acetylates about 40% of the
human proteome, is composed of a catalytic subunit NAA10 and an auxiliary subunit NAA15.
NatA co-translationally acetylates the N-terminus of small amino acids (Ala, Cys, Ser, Gly, Thr, and Val)
that are exposed after methionine cleavage by a methionine aminopeptidase [3,18].

3. NAA10

NAA10 is a catalytic subunit of the NatA complex that acetylates the N-terminus of proteins
following aminopeptidase mediated methionine cleavage [19]. NAA10 is a human orthologous gene
of arrest-defective 1 (ARD1), which was first identified in Saccharomyces cerevisiae by Whiteway and
Szostak in 1985 [20]. In humans, NAA10 is located on chromosome Xq28 and composed of eight exons,
which is highly conserved across organisms from yeasts to mammals [21].

NAA10 acetylates the ε-amino group of lysine residues of the substrate proteins. The substrates
of NAA10 include androgen receptor (AR), Runt-related transcription factor 2 (Runx2), heat shock
protein 70 (Hsp70), and phosphoglycerate kinase 1 (PGK1) [22–25]. DePaolo et al. reported the function
of NAA10 in the tumorigenesis of prostate cancer. They demonstrate that NAA10 acetylates AR at
Lys618, an event that dissociates AR from AR-HSP90 complex and translocates AR into nucleus where
AR activates its target gene expressions and stimulates the androgen-dependent tumorigenesis [22].
NAA10 also regulates bone formation. Yoon et al. reported that NAA10 acetylates Lys225 residue of
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Runx2, a modification that inhibits Runx2-mediated gene transcription and regulates the differentiation
of osteoblast differentiation in the bone [23]. More recently, Seo et al. revealed a role of NAA10 in
the stress response. They unraveled that NAA10 acetylates the Lys77 residue of Hsp70 in response
to cellular stress and this modification is attributable to the maintenance of protein homeostasis and
cell survival under the stress conditions [24]. Based on the evidence reported for decades, it has been
established that NAA10 plays important roles to regulate cell proliferation, differentiation, and survival
by acetylating its target proteins.

With regard to the molecular structure, NAA10 consists of 235 amino acids and N-terminal
region of NAA10 is critical to form the NatA complex with NAA15 [26]. Acetyltransferase domain is
located between amino acids 45 and 130, containing an acetyl-CoA binding site (Figure 2). Intriguingly,
NAA10 is found both in the cytosol and in the nucleus, whereas NAA15 is localized only in the
cytosol, implying a unique function of NAA10 in the nucleus independent of NAA15 [26]. Park et al.
showed that NAA10 has a nuclear localization signal (NLS) in ATD and that NLS-deleted NAA10,
which cannot enter the nucleus, resulted in cell morphological changes and growth impairment,
demonstrating a critical role of NAA10 translocation into nucleus in cell cycle progression [27]. On the
basis of its KAT activity, NAA10 could possibly be involved in epigenetic regulation of gene expression.
Another NAT family, including NAA20, NAA30, NAA40, and NAA50, are also observed both in the
cytosol and in the nucleus, however, their translocations or cellular functions in nucleus have not yet
been investigated [28].

 
Figure 2. Domain structure of NAA10. The human NAA10 protein consists of 235 amino acids.
Acetyltransferase domain (ATD) is located between amino acids 45 and 130, containing acetyl-CoA
binding site and nuclear localization signal (NLS). N-terminal region of NAA10 is critical for the binding
with NAA15 and C-terminal region is predicted as an intrinsically disordered region (IDR). NAA10 has
several post-translational modification sites for phosphorylation, acetylation, and hydroxylation. Ac,
acetylation; OH, hydroxylation; P, phosphorylation.

In contrast to N-terminal region of NAA10, C-terminal region is predicted as a highly intrinsically
disordered region (IDR) which lacks a fixed three-dimensional structure, allowing NAA10 to interact
with different proteins with different consequences, implying that structural and functional properties
of NAA10 might be decided by diverse protein modifications and formation of protein complexes,
which is essential to conduct a proper function in a specific cell type under a certain condition [29].

Indeed, previous studies reported several post-translational modifications of NAA10 that occur
under the specific condition and regulate the enzymatic activity and cellular function of NAA10.
Autoacetylation of NAA10 at K136 residue, which is essential for enzymatic activity of NAA10, is rapidly
stimulated by anticancer drug treatment, leading to the activation of cellular stress response and the
protection of cancer cells against cell death [30]. Under glutamine deprivation or hypoxic condition,
mTOR-mediated NAA10 phosphorylation at S228 residue is downregulated, resulting in the activation
of an acetyltransferase activity of NAA10 and the promotion of protective autophagy processes in
cancer cells [25,31]. Phosphorylation also occurs at S209 residue of NAA10 by IKKβ, which induces
proteosomal degradation of NAA10 [32]. Under normoxic condition, NAA10 is hydroxylated by factor
inhibiting HIF (FIH) at W38 residue, leading to opening the gate at the catalytic pocket of NAA10 that
allows the lysine acetylation of substrate protein [33]. In addition to these sites, bioinformatics data
(Uniprot: P41227) uncovered that NAA10 has at least additional five post-translational modification
sites in C-terminal region of NAA10, including S182, S186, S205, S213, and S216 (Figure 2). Furthermore,
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NAA10 is also observed to be cleaved after anticancer drug treatment, although the biological meaning
of this event needs to be elucidated [26].

Previous studies also support the importance of interacting protein of NAA10 for its functional
properties. In vitro, purified NAA10 recombinant is prone to aggregate then easily loses its catalytic
activity, suggesting that stability and enzymatic activity of NAA10 protein rely on its interaction
with other proteins [34]. Crystal structure analysis of NAA10 revealed that binding of NAA10 to
NAA15 induces a conformational change and increases the NAT activity of NatA complex [35].
Enzymatic and physical properties of NatA complex are also regulated by the interaction with an
intrinsically disordered Huntingtin yeast two-hybrid protein K (HYPK) [36]. All these results suggest
that the physiological roles of NAA10 could be dynamically and transiently regulated by protein
modifications and interactions over time and space, which should not be overlooked to understand the
physiological roles of NAA10 in cancer.

4. Expression of NAA10 in Cancer

N-terminal acetylation occurs co-translationally over 80% of the human proteome. Due to its
essential role in protein synthesis, NAA10 is expressed in a wide range of cell types. N-terminal
acetylation of newly synthesized proteins might be especially important in rapidly dividing cells.
On the basis of this reason, it is reasonable to expect that the role of NAA10 is critical for cancer cells.
Accordingly, the expressions of NAA10 are highly upregulated in various types of cancer tissues
compared to its adjutant normal tissues.

4.1. Breast Cancer (BCa)

NAA10 has been implicated in the oncogenesis of BCa. BCa-derived tissues exhibited elevated
expressions of NAA10. Wang et al. analyzed 356 clinical breast specimens and confirmed that
the expression levels of NAA10 in cancerous tissues were upregulated compared with those in
non-cancerous tissues [4]. They also demonstrated that higher expression level of NAA10 is correlated
with the degree of cancer invasiveness and metastasis, an implication that NAA10 may be a potential
prognostic biomarker for monitoring the progress of BCa. Of note, contrary to Wang et al., Kuo et al.
reported a possible function of NAA10 as a tumor suppressor in BCa. They showed that high expression
of NAA10 was associated with better clinical outcomes for patients with BCa [37]. This issue will be
discussed further later in this review.

4.2. Lung Cancer (LCa)

Overexpression of NAA10 in LCa has been reported. Lee et al. reported upregulated expression
of NAA10 in LCa and its correlation with the cancer progression [8]. They also showed the oncogenic
effect of NAA10 in vitro. They proved that NAA10 interacts with DNA methyltransferase 1 (DNMT1)
thereby silencing E-cadherin, a tumor suppressor gene. Hua et al. reported a contradicting result
that showed downregulated expression of NAA10 in LCa, proposing tumor-suppressive effect of
NAA10 [38].

4.3. Hepatocellular Carcinoma (HCC)

HCC, the most frequent representative malignancy of the liver, is the second leading cause of
cancer-related deaths in East Asia and the third in western countries [39]. Similar to many other
malignancies, the overexpression of NAA10 has been observed in HCC. Shim et al. investigated
the role and clinical involvement of NAA10 in HCC development [7]. They measured intratumoral
NAA10 mRNA levels in patient-derived HCC tissues and found that the high transcription level of
NAA10 mRNA was closely related to HCC progression. Lee et al. added the same finding by showing
proportionally increased levels of NAA10 from low grade dysplasia to HCC and a correlation between
NAA10 expression and HCC progression [19].
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4.4. Colorectal Cancer (CRC)

CRC, a malignancy of the inner lining of the colon or rectum, is the third leading cause of
cancer-related mortality worldwide [40]. Similar to the results above, increased expressions of NAA10
have been observed in CRC. Ren et al. showed increased mRNA and protein expressions of NAA10 in
CRC tissues [41]. Jiang et al. and Yang et al. reported high expression levels of NAA10 in patients with
CRC. These results suggest the potential role of NAA10 as a prognostic biomarker for CRC [6,42].

4.5. Osteosarcoma

NAA10 is known to take part in embryogenesis and regulate bone formation. Consequently,
its dysregulation causes severe developmental defects and bone cancer [43,44]. A recent report showed
an association of the higher transcription level of NAA10 with several types of bone cancer [5].

4.6. Oral Squamous Cell Carcinoma (OSCC)

OSCC is a major malignancy in the oral capacity, comprising approximately 90% of all oral
neoplasms [45]. Few studies reported the role of NAA10 in OSCC. Zeng et al. studied the involvement
of NAA10 in the OSCC and found that NAA10 expression levels were highly increased in 98 out of 124
OSCC specimens [46].

4.7. Prostate Cancer (PCa)

PCa, one of the most common malignancies in men, gives rise to the second leading cause of
cancer-related deaths worldwide [47]. The progression of PCa is highly dependent on AR signaling, a
pathway that is essential for the development and function of the prostate gland [48]. Patients with
PCa show significantly elevated expression levels of AR. Additionally, many studies showed that AR
is causative in the pathogenesis and the progression of PCa [49]. Of a couple of post-translational
modifications that modulate the activities of AR, acetylation activates AR and AR dependent signaling
pathway ultimately leading to the development and the progression of PCa [50]. Given the function of
NAA10 in the pathogenesis of various cancers, Wang et al. showed that NAA10 expressions were
highly increased in PCa [9]. They conducted immunohistochemistry (IHC) on 64 PCa tissues and found
substantially higher levels of NAA10 in PCa tissues than in adjacent normal tissues [9]. Furthermore,
DePaolo et al. confirmed that NAA10 forms NAA10-Hsp90-AR complex and acetylates Lys618 residue
of AR. This acetylation allows AR to translocate into the nucleus and sequentially stimulates the
expression of AR target genes required for the progression of PCa [22]. These results suggest the
possible usage of NAA10 as a novel biomarker for PCa.

5. NAA10 as a Prognostic Marker

Innumerable studies have demonstrated that the expression level of NAA10 in tumor tissues is
closely correlated with disease progression and clinical outcomes of various cancers (Table 1).
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Table 1. Clinical outcome in cancer tissues overexpressing NAA10.

Prognosis Cancer Type Clinical Outcome Reference

Overall Survival Breast cancer Low Wang et al., 2011 [4]
High Kuo et al., 2010 [37]
High Zeng et al., 2014 [51]

Colon cancer Low Jiang et al., 2010 [6]
HCC Low Lee et al., 2018 [19]

Lung cancer Low Lee et al., 2010 [8]
High Hua et al., 2011 [38]

OSCC High Zeng et al., 2016 [46]
Osteosarcoma Low Chien et al., 2018 [5]

Invasiveness HCC MVI Shim et al., 2012 [7]

Metastasis Breast cancer High Wang et al., 2011 [4]
Low Kuo et al., 2010 [37]
Low Zeng et al., 2011 [51]

Lung cancer Low Hua et al., 2011 [38]
OSCC Low Zeng et al., 2016 [46]

Osteosarcoma High Chien et al., 2018 [5]

Recurrence Breast cancer High Wang et al., 2011 [4]
HCC High Lee et al., 2018 [19]
OSCC Low Zeng et al., 2016 [46]

HCC, hepatocellular carcinoma; OSCC, oral squamous carcinoma; MVI, microvascular invasion.

5.1. NAA10 and Cancer Survival

5.1.1. BCa

NAA10 appeared to be a promising biomarker for assessment of prognosis after postoperative
chemotherapy. Wang et al. showed that NAA10 was positive up to 50/82 (61.0%) at primary diagnosis
in breast invasive ductal carcinomas (IDC) specimens. Of 50 patients with positive NAA10, 29 patients
recurred and underwent a second surgery [4]. From these observations, they suggested that the
elevated NAA10 protein is associated with poor prognosis in BCa patients, and thus that NAA10 may
be utilized for the prediction of prognosis. Caution should be taken since the data are controversial.
Kuo et al. found higher levels of NAA10 transcript in BCa tissues from longer relapse-free surviving
patients compared with those from shorter relapse-free surviving patients [37]. In addition, Zeng et al.
showed that highly expressed NAA10 was associated with better survival rate in BCa patients [51].
These reports suggest that NAA10 expression in BCa correlates positively with cancer survival.

5.1.2. LCa

Lee et al. showed that NAA10 overexpression is associated with poor survival of LCa [8].
They performed IHC of NAA10 expression from 90 patients with lung adenocarcinoma and found that
48 patients with high levels of NAA10 showed poorer survival rates compared to 42 patients with low
levels of NAA10. These results indicate that NAA10 was overexpressed in more than half of 90 LCa
tissues and that NAA10 may play a role in the progression of LCa. However, as in the case of BCa,
the other study has presented an opposite result regarding the oncogenic role of NAA10. Hua et al.
reported that the higher expression of NAA10 is correlated with better survival of female patients with
adenocarcinoma, suggesting the suppressive role of NAA10 in LCa progression [38].
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5.1.3. HCC

HCC is characterized by high mortality and poor survival rate. Lee et al. showed that NAA10 is
highly upregulated in HCC tissues and that NAA10 overexpression was associated with microvascular
invasion, poor tumor differentiation, and poor survival rate [19].

5.1.4. CRC

Jiang et al. demonstrated that, of 106 patients with high expression of NAA10, 74 (69.8%) died of
cancer-related causes, as opposed to 7 (41.1%) out of 17 patients with low NAA10 [6]. They revealed a
significantly shortened overall survival in patients with NAA10 positive expressions.

5.1.5. Osteosarcoma

Osteosarcoma patients with more than average levels of NAA10 expression showed significantly
shorter overall survival, an implication that enhanced NAA10 expression is associated with poor
prognosis [5].

5.1.6. OSCC

A study that analyzed the survival of OSCC showed that patients with positive NAA10 expression
had a better overall survival rate than those with negative NAA10 expression, a statement that high
level of NAA10 in OSCC is correlated with the better prognosis [46].

5.2. Invasion and Metastasis

5.2.1. BCa

As previously mentioned, Wang et al. highlighted the correlation of NAA10 expression with
BCa progression [4]. They showed that the level of NAA10 protein in breast carcinoma patients was
distinctly related to lymph node metastasis, with 94.0% (47/50) of metastatic tumor showing increased
expression, as compared to 6.0% (3/50) of non-metastatic tumors. Conversely, other studies have
emphasized that NAA10 expression levels are negatively associated with lymph node metastasis in
BCa patients [37,51]. Kuo et al. found that NAA10 transcription levels were higher in patients with
fewer lymph node metastases than in those with more lymph node metastases [37]. Zeng et al. also
showed that NAA10 levels were higher in patients with fewer lymph node metastases [51].

5.2.2. LCa

There are no reports of whether high levels of NAA10 expression are positively correlated with
LCa invasion and metastasis. However, Hua et al. found lower expression of NAA10 in malignancies
with lymph node metastasis compared to non-lymph node metastasis [38]. They showed significantly
decreased levels of NAA10 in 13 out of 15 lung cancer patients with positive lymph node metastasis
compared with those with negative lymph node metastasis, suggesting the suppressive role of NAA10
in the tumor metastasis.

5.2.3. HCC

The high level of intratumoral NAA10 mRNA has been implicated in the process of microvascular
invasion in HCC patients. Shim et al. investigated the role and clinical involvement of NAA10 in the
development of HCC [7]. They measured intratumoral NAA10 mRNA levels in patient-derived HCC
specimens and observed that patients with higher expression level of NAA10 showed more frequent
microvascular invasions than patients with lower expression levels of NAA10.
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5.2.4. Osteosarcoma

Chien et al. observed higher expression level of NAA10 in osteosarcoma patients with metastasis
compared with those without metastasis [5]. They showed that NAA10 interacts with matrix
metalloproteinase-2 (MMP-2) via its acetyltransferase domain and in turn promotes the stabilization of
MMP-2 protein, leading to the increases in cell invasion and tumor metastasis.

5.2.5. OSCC

NAA10 was proposed as a tumor suppressor in OSCC. Higher expression levels of NAA10
negatively correlated with lymph node metastasis in OSCC [46].

5.3. Recurrence

Not sufficient studies as to the correlation between the expression level of NAA10 and cancer
recurrence have been conducted. Wang et al. reported recurrence after postoperative chemotherapy
in 29 breast cancer patients with high levels of NAA10 [4]. The expression levels of NAA10 in HCC
were positively correlated with tumor recurrence [19]. However, inverse correlations were revealed
between NAA10 expression and the recurrence of OSCS [46].

6. NAA10 in Tumorigenesis

As mentioned above, several research groups have demonstrated that the expression levels of
NAA10 in cancer tissues are considerably correlated with the progression, metastasis, and the survival.
However, the roles of NAA10 in cancer tissues seem to be very complicated because the overexpression
of NAA10 is closely associated with poor outcomes in HCC and CRC, but with better outcomes in BCa
and OSCC. Mechanistic studies have revealed diverse molecular mechanisms of NAA10 and defined
NAA10 as a double-faced player, an oncoprotein, and a tumor suppressor. As mentioned before,
NAA10 has an intrinsically disordered structure, suggesting the existence of numerous kinds of protein
complexes that are functionally different and specific for space–time context. NAA10 is reported to
have 95 kinds of physical interactions in databases (Uniprot: P41227), however, the physiological
meaning and regulation of these interactions are mostly unknown. This review introduces a part of
them based on the functional analyses by biochemical and cellular approaches (Table 2).

Table 2. The role of NAA10 and its regulatory effects on target proteins in cancer progression.

Role Target Protein Function Effect of NAA10 Activity Reference

Oncoprotein β-catenin Proliferation Acetylation Activated Lim et al., 2016 [6]
Cdc25A Proliferation Acetylation Activated Lozada et al., 2016 [52]

AR Proliferation Acetylation Activated DePaolo et al., 2016 [22]
PGK1 Autophagy Acetylation at K388 Activated Qian et al., 2017 [25]
Hsp70 Apoptosis Acetylation at K77 Activated Park et al., 2017 [53]

DNMT1 Migration Interaction Activated Lee et al., 2010 [8]
AuA Migration Acetylation at K75/K125 Activated Vo et al., 2017 [54]

MMP-2 Migration Stabilization Activated Chien et al., 2018 [5]

Tumor
suppressor

TSC2 Autophagy Acetylation Activated Kuo et al., 2010 [37]
MLCK Migration Acetylation at K608 Inactivated Shin et al., 2009 [55]

PIX Migration Interaction Inactivated Hua et al., 2011 [38]
STAT5α Migration Interaction Inactivated Zeng et al., 2014 [51]

6.1. NAA10 as an Oncoprotein

The oncogenic properties of NAA10 have been firmly established. Overexpression of NAA10 is
associated with microvascular invasion, lymph node metastasis, and lower survival rates in various
malignancies, including BCa, LCa, HCC, and osteosarcoma [17]. These findings surely imply the role
of NAA10 as an oncoprotein.

Molecular mechanistic studies have revealed that NAA10-mediated protein acetylation plays
a crucial role in regulating cellular events that are significant for cancer development, such as cell
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cycle progression, cell death, migration, and autophagy. In LCa cells, NAA10 acetylates and activates
β-catenin, an event that enhances the expression of cyclin D1 protein and then leads to the uncontrolled
cell proliferation [56]. NAA10 acetylates and stabilizes phosphatase Cdc25A [52]. The stabilized Cdc25A
dephosphorylates cyclin-Cdk complexes and consequently promotes cell proliferation. Furthermore,
NAA10 suppresses the tumor suppressor gene E-cadherin by regulating DNMT1 in LCa cells [8].
NAA10 recruited DNMT1 to the E-cadherin promoter independent of acetyltransferase activity,
suggesting acetylation-independent oncogenic potential of NAA10. Recently, Vo et al. showed that
NAA10-mediated acetylation of aurora kinase A (AuA) promotes proliferation and migration of BCa
cells, indicating the probable role of NAA10 in cancer development [54]. As for apoptosis, Park et al.
described cancer cell survival mechanisms mediated by Hsp70 acetylation under stress conditions [53].
NAA10-mediated Hsp70 acetylation inhibits cell death by preventing apoptotic protease-activating
factor-1 (Apaf-1) and apoptosis-inducing factor (AIF)-controlled apoptotic processes. For the autophagy
process involved in brain tumor progression, Qian et al. showed that NAA10 acetylates Lys388 residue
of PGK1 under glutamine deprivation [25]. Acetylated PGK1 binds to and phosphorylates Beclin1
and induces in glioblastomas. These results suggest that NAA10 could be a promising candidate for
cancer biomarker.

6.2. NAA10 as a Tumor Suppressor

As previously described, NAA10 can also act as a tumor suppressor in various malignancies,
including BCa, LCa, and OSCC [37,38,46]. In those malignancies, higher expression levels of NAA10
are correlated with better clinical outcomes; better survival, smaller tumor volume, and lower rates of
lymph node metastasis.

New insights into the molecular mechanisms of how NAA10 reduces tumor proliferation and
metastasis have been discovered. Kuo et al. identified a tumor suppressive activity of NAA10 in BCa, in
which NAA10 retarded cancer cell growth and stimulated autophagy by inhibiting mTOR signaling [37].
Regarding the cellular motility, NAA10 directly acetylates the Lys608 residue of myosin light chain
kinase (MLCK) and inhibits MLCK activity required for cell migration and expansion [55]. Hua et al.
have depicted the molecular mechanism by which NAA10 interrupts cancer cell metastasis in LCa [38].
They reported that NAA10 binds to p21-activated kinase-interacting exchange factor (PIX) to interrupt
its downstream Rac1/Cdc42 pathway. Consequently, blockade of the Rac1/Cdc42 pathway results in the
inhibition of cancer cell metastasis. This process does not appear to be related to the acetyltransferase
activity of NAA10. In BCa, NAA10 inhibits cancer cell migration by blocking the signal transducer
and activator of transcription 5α (STAT5α), regardless of acetyltransferase activity [51].

Whether NAA10 retains the opposite functions in different cancer types or under distinct conditions
requires further study. Additionally, it is worthwhile to investigate the functions of NAA10, be it as an
oncoprotein or a tumor suppressor, that could be rendered by cancer specific microenvironment.

7. Other NATs in Cancer

In addition to NAA10, other NATs play roles in cancer progression. NatB, NatC, and NatD
have been reported as essential components for cancer cell proliferation and survival. The NatB
subunits are overexpressed in HCC, and this upregulation is associated with microscopic vascular
invasion [57]. Neri et al. showed that NatB silencing blocks tumor formation and proliferation
possibly via NatB-mediated Nt-acetylation of cyclin-dependent kinase 2 and tropomyosin [57].
Overexpression of the NatC catalytic subunit NAA30 increases cancer cell viability [58]. Conversely,
knockdown of NAA30 induces p53-dependent apoptosis, disruption of mitochondrial function,
and reduction of tumorigenic features in cancer cells [59–61]. NatD catalytic subunit NAA40 is required
for the survival of human colon cancer cells and its depletion induces apoptotic cell death [62]. Ju et al.
reported that NatD is frequently upregulated in primary LCa and its expression level correlates
with enhanced invasiveness and poor clinical outcomes [63]. They indicated that NatD is a crucial
epigenetic modulator of cell invasion during LCa progression. Recently, NatH (NAA80)-mediated
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actin Nt-acetylation has been reported to regulate cytoskeleton assembly and cell motility and to act as
a potential inhibitor of cancer cell motility [64].

8. Conclusions and Perspectives

With NAT and KAT activities, NAA10 is a multifunctional protein involved in various cellular
activities required for proliferation, differentiation, autophagy, and apoptosis. NAA10 has been found
to play crucial roles in tumorigenesis and its upregulated expression has been observed in several
cancer tissues, including BCa, LCa, CRC, HCC, PCa, and osteosarcoma [4–9]. NAA10 overexpression
in these cancer tissues has been found to be significantly correlated with microvascular invasion,
lymph node metastasis, survival rate, and recurrence. These oncogenic properties of NAA10 suggest
the potential usage of NAA10 as a biomarker for cancer diagnosis and prognosis. However, contrary to
the oncogenic roles of NAA10, some studies have reported that NAA10 acts as a tumor suppressor in
LCa, BCa, and OSCC [37,38,46,51]. These reports indicate that NAA10 expression is closely associated
with improved clinical outcomes, such as longer survival times, smaller tumor size, and less lymph
node metastasis.

These contradictory effects of NAA10 may be due to the different signaling pathways in diverse
cancer types or the acetylation of different substrates under the cancer specific microenvironment
conditions. NAA10 might appear in various kinds of molecular forms in cancer tissues and its
physiological roles should be specified depending on the specific molecular form in certain cell type
and condition. Therefore, further studies are necessary to investigate the distinguishable functions
of NAA10 depending on the protein interactions and modifications specific for cellular context and
metabolic stimulation. For instance, new technology, such as single cell analysis, would be helpful to
characterize the different functions of NAA10 over space and time in heterogeneous cancer tissues.

Most of current studies for NAA10 introduced in this review measured the expression level of
NAA10 using IHC or mRNA analysis. However, one thing that should not be overlooked is that
NAA10 is an enzyme. Analysis for its gene expression or protein amount might not reflect the specific
characteristics of NAA10 as an acetyltransferase enzyme. Many previous studies support that NAT
and KAT activities of NAA10 are essential for its biological roles and that NAA10 function is stimulated
by protein modifications rather than gene expression [65]. Therefore, the development of new methods
detecting enzyme activity or different modified forms of NAA10 in cancer tissues could be helpful to
provide more accurate information.

Since the NAT and KAT activities of NAA10 stimulate cancer development, identifying the
substrates and upstream regulators of NAA10 is also important to elucidate its roles in tumor
progression. Several studies have elucidated the molecular mechanisms that regulate the expression
or catalytic activity of NAA10. Yang et al. showed that miRNA-342-5p and miR-608 inhibit CRC
tumorigenesis by targeting NAA10 mRNA for degradation [42]. In addition, phosphorylation appears
to negatively regulate the stability or enzymatic activity of NAA10. Phosphorylation of Ser209 and
Ser228 residues decreased the stability and activity of NAA10 [25,32]. In contrast to phosphorylation,
acetylation of K136 residue enhance the KAT activity of NAA10, promoting proliferation and survival
of cancer cells [24,30]. These findings may provide a clue for discovering inhibitors or activators of
NAA10 that can be useful to improve therapeutic treatments for cancer patients.

In this review, we provide evidence that NAA10 can be used as a novel target and a potential
biomarker for the development of more advanced cancer therapeutics. If used in combination with
other biomarkers, NAA10 could provide more precise and accurate therapeutic modalities for cancer
patients. Future studies should focus on clarifying the precise roles of NAA10 in tumorigenesis and
identifying a new molecular control system of NAA10. In addition, the role of NAA10 in other cancers
not mentioned in this review should be explored.
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Abbreviations

AIF Apoptosis-inducing factor
Apaf-1 Apoptotic protease-activating factor-1
AR Androgen receptor
ARD1 Arrest-defective 1
ATD Acetyltransferase domain
AuA Aurora kinase A
BCa Breast cancer
CRC Colorectal cancer
DNMT1 DNA methyltransferase 1
FIH Factor Inhibiting HIF
HCC Hepatocellular carcinoma
Hsp70 Heat shock protein 70
HYPK Huntingtin yeast two-hybrid protein K
IDC Invasive ductal carcinoma
IDR Intrinsically disordered region
IKKβ IκB kinase β

KAT Lysine acetyltransferase
KDAC Lysine deacetylase
LCa Lung cancer
MLCK Myosin light chain kinase
MMP-2 Matrix metalloproteinase-2
MVI Microvascular invasion
NAA10 N-α-acetyltransferase 10
NAT N-terminal acetyltransferase
OSCC Oral squamous cell carcinoma
PGK1 Phosphoglycerate kinase 1
PIX p21-activated kinase-interacting exchange factor
PCa Prostate cancer
Runx2 Runt-related transcription factor 2
STAT5α Signal transducer and activator of transcription 5α
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Abstract: Pheochromocytomas (PCC) and paragangliomas (PGL) are rare neuroendocrine tumors.
Head and neck paragangliomas (HNPGL) can be categorized into carotid body tumors, which are
the most common, as well as jugular, tympanic, and vagal paraganglioma. A review of the current
literature was conducted to consolidate knowledge concerning PGL mutations, familial occurrence,
and the practical application of this information. Available scientific databases were searched using
the keywords head and neck paraganglioma and genetics, and 274 articles in PubMed and 1183
in ScienceDirect were found. From these articles, those concerning genetic changes in HNPGLs
were selected. The aim of this review is to describe the known genetic changes and their practical
applications. We found that the etiology of the tumors in question is based on genetic changes in the
form of either germinal or somatic mutations. 40% of PCC and PGL have a predisposing germline
mutation (including VHL, SDHB, SDHD, RET, NF1, THEM127, MAX, SDHC, SDHA, SDHAF2, HIF2A,
HRAS, KIF1B, PHD2, and FH). Approximately 25–30% of cases are due to somatic mutations, such as
RET, VHL, NF1, MAX, and HIF2A. The tumors were divided into three main clusters by the Cancer
Genome Atlas (TCGA); namely, the pseudohypoxia group, the Wnt signaling group, and the kinase
signaling group. The review also discusses genetic syndromes, epigenetic changes, and new testing
technologies such as next-generation sequencing (NGS).

Keywords: pheochromocytoma; paraganglioma; head and neck neoplasms; head and neck tumors;
genetic syndromes; mutations

1. Introduction

Pheochromocytomas (PCC) and paragangliomas (PGL) are rare neuroendocrine tumors originating
from either adrenomedullary chromaffin cells (PCCs); sympathetic ganglia of the thorax (T-PGL);
or abdominal (A-PGL), pelvic, or parasympathetic ganglia in the head and neck (HNPGL) [1,2].
They are referred to collectively as PPGL. PCCs typically secrete one or more than one catecholamine:
epinephrine, norepinephrine, and dopamine [1], while PGLs in most cases are non-secretory [1,3–5].
PCC represent 80% to 85% of chromaffin-cell tumors, and PGL represent 15% to 20% [6]. These tumors
are characteristically well-vascularized and typically benign; nonetheless, roughly 10–15% may
metastasize to the lungs, bone, liver, and lymph nodes. They most frequently occur between the third
and sixth decades of life and present more commonly in women [7]. HNPGL can be categorized
into carotid body tumors, which are the most common, as well as jugular, tympanic, and vagal
paraganglioma. Other rare locations include the larynx, thyroid gland, parathyroid gland, nose,
paranasal sinuses, parotid gland, or orbit [8]. PGL have also been described in the urogenital system,
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in the spermatic cord in particular [9]. Clinical symptoms vary according to the location and size of the
tumor. Carotid body tumors typically produce a painless, slow-growing neck mass [10,11] that may
eventually cause dysphagia and cranial nerve disorders. In contrast, pulsatile tinnitus and conductive
hearing loss are characteristic of tympanic paraganglioma [12].

Neuroendocrine tumors show the highest degree of heritability in all neoplasms (approximately
40–50%) [13–17]. The first reports of the familial occurrence of PGL date from 1933, when carotid
paragangliomas were first described by Chase [18,19]. In recent years, it has been confirmed that
more than one-third of these tumors are genetically determined [20]. Today, the planning of further
treatment considers family history, the extent and location of the tumor, its genetic origin, and
the molecular pathways involved, especially as genetic testing becomes increasingly available and
consistently improves the efficacy of therapy [3]. When a mutation is detected in a susceptibility gene
such as VHL, SDH, or the recently discovered MDH2, a search for common co-occurring tumors is
indicated [20,21]. Mutation in the SDHB subunit is also associated with the risk for malignancy and
worse prognosis [3,10,22,23]. In 50% of patients with metastatic disease, a mutation in the SDHB gene
was found. In the remaining 50% of cases, the genetic factors of the malignancy are still unidentified [23].
With this knowledge, genetic testing of PGL and the testing of first-degree family members should be
routinely implemented to diagnose low-grade tumors [24]. Therefore, we aim to comprehend and
conclude the most recent knowledge surrounding mutations in PGL, family occurrence, and their
practical application based on the current literature and the paradigm of diagnostics.

2. Results

The outcomes are presented in the form of a literature review, structured by thematic subsections
concerning the classification of head and neck paragangliomas with regard to genetic and molecular
changes (based on 21 papers), as well as elucidation of genetic syndromes (based on 19 publications).
Moreover, the review presents new methods as they pertain to the investigation of these tumors,
such as investigation of epigenetic patterns or the application of new advanced molecular tools like
next-generation sequencing (NGS) (based on five publications).

The details concerning the content of the presented articles (materials, methods, and conclusions)
are presented in Table 1.
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2.1. Classification Based on the Genetic and Molecular Background

Germinal mutations occur in the germ line and are passed on to all cells of the developing
body [34]. A germline predisposing mutation is found in approximately 40% of PCCs and PGLs in one
of at least 12 genes (VHL, SDHB, SDHD, RET, NF1, THEM127, MAX, SDHC, SDHA, SDHAF2, HIF2A,
HRAS, KIF1B, PHD2, FH). The second type of genetic alteration is classified as somatic. These occur
later in life, affecting only a single cell of a particular tissue, and give rise to the development of a
specific neoplasm. Somatic mutations of RET, VHL, NF1, MAX, and HIF2A account for 25–30% of these
tumors [13,16,23,32,33,35,36].

PGLs are classified into three clusters by the Cancer Genome Atlas (TCGA) on the basis of
molecular, cytogenetic abnormalities, and specific single-nucleotide causative mutations, which led to
the development of PPGLs. Moreover, contributing genes are grouped according to their biological
activity—namely, the pseudohypoxia group, the Wnt signaling group, and the kinase signaling group.
This division into groups with different clinical, imaging, molecular, and biochemical features allows
for the personalization of patient care as well as the development of new screening and treatment
guidelines [14,35,37,38].

The pseudohypoxia group can be further divided into two subgroups. The first comprises
tricarboxylic acid cycle (TCA)-related factors concerning 10–15% of PPGLs. This group includes
germline mutations in succinate dehydrogenase subunits SDHA, SDHB, SDHC, SDHD or SDHAF2
(SDHx)—succinate dehydrogenase complex assembly factor 2, and FH (a second enzyme in the TCA
cycle). The second subgroup encompasses VHL/EPAS1-related genes and accounts for 15–20% of
PPGLs [14,35,37–40].

Activation of hypoxia inducible factors (HIFs) is a mutual characteristic for this cluster. HIFs are
released in physiological response to cellular hypoxia. A pseudo-hypoxic state is caused by the presence
of abnormal, mutated VHL, SDH, EGLN1, and HIF2A genes. The effect of this is constant activation
of HIF pathways in the cell despite normal oxygen levels. This condition causes epigenetic changes
in HIF target genes, which affects many processes including proliferation, angiogenesis, migration,
apoptosis, and invasion. These events may all contribute to PPGL formation [19,35,38,41–44].

The Wnt signaling cluster is another group that are, in particular, triggered by somatic mutations
in the CSDE1 gene or somatic gene fusions which affect the MAML3 gene. This results in the activation
of Wnt and Hedgehog signaling pathways. Patients with sporadic PPGLs (5–10% of all PPGLs)
are grouped here. Many developmental processes such as proliferation, cell polarity, adhesion, or
differentiation are regulated by the Wnt pathway. As a result, these tumors are considered more
aggressive, recur significantly, and are often prone to metastases [14,31,37–39,45].

The kinase signaling cluster (50–60% of PPGLs) includes germline or somatic mutations in RET,
NF1, MAX, HRAS, and TMEM127 genes [14,37]. The RAS/MAPK and PI3/AKT signaling pathways
are enabled due to RET proto-oncogene activation or NF1 tumor suppressor inactivation, resulting in
tumor formation. In contrast, TMEM127 mutations trigger the mTOR pathways. Another mechanism
includes deactivation of the MAX suppressor gene, causing an abnormally elevated expression of
cofactor MYC (proto-oncogene), resulting in the formation of PPGLs [14,38–41,43,44].

Several genetic syndromes are associated with PPGL: Multiple endocrine neoplasia type 2 (MEN2),
Neurofbromatosis type 1 (NF1), Von Hippel–Lindau (VHL) disease, and Hereditary paraganglioma
syndrome (PGL 1, PGL2, PGL3 and PGL4) [46,47].

HNPGL are very rare in NF1, MEN 2, and VHL patients. Rather, they display a predisposition
toward the development of PCCs.

2.2. Genetic Syndromes

HNPGL are a solid manifestation in hereditary paraganglioma syndromes. They are caused by
mutations in the succinate dehydrogenase (SDH) complex, which is necessary for the mitochondrial
electron transport chain and ATP generation. This compound is composed of four subunits (A-D) with
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SDHAF2 stabilizing the entire complex. Subunits B, C, and D are strongly correlated with PCCs and
PGLs [8,12,14,26,35,42,46–48].

PGL1 syndrome is an autosomal dominant disease linked to HNPGLs. It is correlated with
inactivating mutations of the SDHD gene localized on chromosome 11q23. PCCs and sympathetic PGLs
occur in 40% of cases, and bilateral or multifocal tumors are present in approximately 74% of patients.
Though these tumors are typically not malignant, they have a tendency toward recurrence [14]. SDHD
mutations are also associated with maternal genomic imprinting. Tumors are more likely to develop in
children if the father is affected or a mutation carrier himself. If the mutation is inherited from the
mother, it is inactivated but still genetically transmitted [8,12,15,35,41,47,49].

PGL4 syndrome also arises from a mutation with an autosomal dominant mode of inheritance,
is responsible for inactivating the SDHB gene located on 11p35. In this condition, the following
symptoms are reported: sympathetic extra-adrenal PGLs, PCCs, and HNPGLs. In up to 70% of all
cases of PGL4 syndrome, the tumors are malignant [13]. PGLs typically produce catecholamines
such as dopamine and norepinephrine, and only 10% of SDHB mutated tumors are biochemically
silent; however, the clinical consequences are generally the result of significant mass effect rather
than catecholamine excess. Typical tumor localizations include the abdomen and the mediastinum.
The SDHB gene mutation increases the risk of renal cell carcinoma, gastrointestinal stromal tumor
(GIST), and breast and papillary thyroid carcinoma, and while patients with metastatic disease should
be routinely tested for the presence of the predisposing SDHB mutation, there are no guidelines
regarding the screening of asymptomatic SDHx gene mutation carriers. Experts do suggest annual
biochemical screening for PCC/PGLs from between the ages of five and 10, as well as full-body MRI
screening for all associated tumor types every 2–5 years [8,12,14,35,41,47,49].

PGL3 syndrome is caused by an SDHC gene mutation located on 1q21-q23 and is inherited
in an autosomal dominant pattern. PGL3 is associated with the occurrence of benign HNPGL,
sympathetic PGL, and PCC and is typically multifocal. Metastases of these tumors is exceedingly
rare [8,25,42,47,49,50].

Mutations in the SDHAF2 gene have also been recently reported. SDHAF2 mutation results in
a rare type of familial paraganglioma syndrome that leads to HNPGL, but only in the children of a
father who is a carrier of the defective gene. This syndrome is transmitted in an autosomal dominant
manner, and usually manifests in the third decade of life. Genetic screening of SDHAF2 mutation is
crucial in patients with HNPGL with suspicious family history, young age of onset, or multiple tumors
and have already tested negative for SDHB, SDHC, and SDHD mutations [27–29,37,46,47].

2.3. Epigenetic Patterns in HNPGL

Epigenetic changes are gene modifications that do not change the DNA sequence but affect
gene activity. Most often the changes include methylation—the addition of a methyl group to the
DNA strand—which results in the switching off or silencing of the gene and subsequent altered
protein production. Other types of epigenetic modification include acetylation, phosphorylation,
ubiquitylation, and sumoylation. Some of these changes can be inherited [51]. However, the most
frequent of all epigenetic markers in DNA is cytosine methylation. This change in the human genome
is referred to as “CpG methylation” or “DNA methylation” [52]. Inactivation of tumor-suppressor
genes (TSGs) is caused by overall DNA hypomethylation and hypermethylation of CpG islands located
in the closest vicinity of the promoter. Tumorigenesis of HNPGL is not yet fully explained, and the
search for new genetic as well as epigenetic changes is ongoing.

In a study by Chen et al. [22], the methylation status of a panel of TSGs (p16, HIC1, DcR1, DcR2,
DR4, DR5, CASP8, HSP47, MGMT, and RASSF1A) has been determined and compared in HNPGLs
with and without SDH mutations. A correlation between the methylation index (MI) and the presence
of germline mutations was observed. Six out of 10 TSGs showed frequent methylation: HIC1 and those
involved in the apoptosis pathway DcR1, DcR2, DR4, DR5, and CASPS8. More frequent methylation
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in SDH-related HNPGLs compared to non-mutated analogues was observed in four analyzed TSGs
(CASPS8, HIC1, DcR1, and DcR2).

2.4. Next-Generation Sequencing (NGS)

Most of the studies conducted as of today have utilized conventional Sanger sequencing.
Next-generation sequencing (NGS), in contrast to Sanger sequencing, enables broader and more
accurate sequencing, leading to the detection of mutations in multiple genes. This technology allows
for sample multiplication and also increases capacity and effectiveness, as well as reducing costs.
Therefore, the use of NGS could provide the opportunity to test all patients at risk, rather than just a
few selected targets [36]. It may provide a better understanding of the crucial role of the mutations
acquired on various level of disease development, as well as those underlying the carcinogenesis of
HNPGLs [53]. Luchetti et al. [30] analyzed 50 “mutation hotspot” variants in PCC and PGL using NGS
in 20 patients with HNPGL and 85 patients with PPGL. The authors identified mutations in HRAS
(7.1%), and BRAF (1.2%) as well as for TP53 in 2.35% of cases. In the group of PPGL tumors with
identified hereditary mutations (21 cases), HRAS, BRAF, and TP53 genes were not mutated. It was
concluded that the occurrence of HRAS/BRAF mutations predominates in sporadic PPGL (8.9%) but is
inconsequential for inherited PPGL.

3. Materials and Methods

This study assumes a review of world scientific literature. An online search was conducted
using the scientific databases PubMed and ScienceDirect applying the key words head and neck
paraganglioma and genetics. The first resulting article in PubMed dated from 1981 and from 1996 in
ScienceDirect. Over the last 10 years, the number of articles on the subject has doubled. While this
review considers articles from the last 20 years, over 85% of them were published in the last 10 years.
Detailed data concerning the number of articles in each year are presented in Figure 1.

Figure 1. Number of publications according to key words head and neck paraganglioma and genetics.

In total, 274 articles containing the indicated keywords were found in PubMed and 1183 in
ScienceDirect. Of these, only those from the last 20 years reporting genetic changes in head and neck
paraganglioma were selected.
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4. Conclusions

The conclusions of this review are based on the entire overview of the literature and may prove
useful for the improvement of diagnostic and therapeutic schemes surrounding PCCs and PGLs.
According to the article “Recommendations for Somatic and Germline Genetic Testing of Single
Pheochromocytoma and Paraganglioma” [54], the study of germline DNA should be prioritized in
head and neck paraganglioma and thorax paraganglioma. A strong recommendation for genetic
testing—somatic as well as germline mutations, regardless of the age at diagnosis—is indicated. It is
also strongly recommended even in patients with a negative family history, especially if the lesions
occur at a young age and are multifocal [55]. Genetic testing is very effective for predicting the incidence
of metastatic tumors. Numerous authors [3,56,57] have demonstrated the variability in the SDHB
gene, which leads to metastatic disease in 40% or more of patients. An agreement in the literature on
the selection of mutations in HNPGL has been drawn, and encompasses the following genes: SDHA,
SDHB, SDHD, SDHAF2, SDHC, SDHB, VHL, FH, RET. These should be routinely determined in PGL
patients. Different combinations of these genes should be tested depending on the availability of a
tumor sample or the performance of SDHB-immunohistochemistry (SDHB-IHC).

To conclude, the diagnostic schedule in PGL should include the collection of clinical data including
epidemiology, family history concerning neoplasms, the course of the disease (e.g., tumor growth
rate), and/or its relapses. Radiological evaluation of the tumor consisting of imaging and angiography
(assessment of tumor size, vascularization, localization, position relative to other structures, presence
of metastases) should also be considered. Furthermore, in light of the expanding knowledge of the
genetic basis of this disease, genetic testing concerning causative alterations has become increasingly
important. A multidisciplinary team consisting of an ENT specialist, a radiologist, an endocrinologist, a
nuclear medicine physician, and a geneticist can qualify the patient on the grounds of such information
for further treatment and the management of follow-up.
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Abstract: Oncogenic activation of the phosphatidylinositol-3-kinase (PI3K), protein kinase B
(PKB/AKT), and mammalian target of rapamycin (mTOR) pathway is a frequent event in prostate
cancer that facilitates tumor formation, disease progression and therapeutic resistance. Recent
discoveries indicate that the complex crosstalk between the PI3K-AKT-mTOR pathway and multiple
interacting cell signaling cascades can further promote prostate cancer progression and influence the
sensitivity of prostate cancer cells to PI3K-AKT-mTOR-targeted therapies being explored in the clinic,
as well as standard treatment approaches such as androgen-deprivation therapy (ADT). However,
the full extent of the PI3K-AKT-mTOR signaling network during prostate tumorigenesis, invasive
progression and disease recurrence remains to be determined. In this review, we outline the emerging
diversity of the genetic alterations that lead to activated PI3K-AKT-mTOR signaling in prostate cancer,
and discuss new mechanistic insights into the interplay between the PI3K-AKT-mTOR pathway and
several key interacting oncogenic signaling cascades that can cooperate to facilitate prostate cancer
growth and drug-resistance, specifically the androgen receptor (AR), mitogen-activated protein kinase
(MAPK), and WNT signaling cascades. Ultimately, deepening our understanding of the broader
PI3K-AKT-mTOR signaling network is crucial to aid patient stratification for PI3K-AKT-mTOR
pathway-directed therapies, and to discover new therapeutic approaches for prostate cancer that
improve patient outcome.

Keywords: AKT; AR; castration-resistant prostate cancer (CRPC); MAPK; mTOR; PI3K; prostate
cancer; therapeutic resistance; WNT

1. Introduction

Prostate cancer is the second leading cause of cancer-related deaths in men worldwide, despite
extensive efforts to raise awareness and significant advancements in detection, screening, and treatment
approaches [1–3]. Although patients with localized prostate cancer generally have a good prognosis,
the 5-year relative survival rate is significantly reduced for patients that present with metastatic
prostate cancer at diagnosis [4]. ADT and/or radiotherapy remains the mainstay treatment for patients
that relapse post-surgery. ADT involves blocking the production of androgen in the testes via the
hypothalamus-pituitary-gonadal axis with luteinizing hormone releasing hormone (LHRH) agonists
(e.g., Leuprolide) or antagonists (e.g., Degorelix). Although prostate tumors respond initially to
ADT, the emergence of androgen-independent, castration-resistant prostate cancer (CRPC) invariably
occurs and the outcome is poor [5–8]. Treatment options for CRPC and patients with metastatic
disease at diagnosis include chemotherapy, radium-223, second generation anti-androgens (e.g., the
Cytochrome P450 17A1 (CYP17A1) inhibitor abiraterone acetate that prevents androgen biosynthesis,
or enzalutamide that targets AR directly), and clinical trials [5,6,8–10]. However, CRPC remains
incurable and new biomarkers and treatments for prostate cancer and CRPC are in high demand.

Int. J. Mol. Sci. 2020, 21, 4507; doi:10.3390/ijms21124507 www.mdpi.com/journal/ijms137



Int. J. Mol. Sci. 2020, 21, 4507

PI3K-AKT-mTOR signaling is elevated in a high proportion of prostate cancer patients, and
CRPC is associated with increased activation of the PI3K-AKT-mTOR pathway [11–13]. Accordingly,
PI3K-AKT-mTOR pathway inhibitors are currently being explored as therapeutic agents against
hormone-sensitive prostate cancer and CRPC [11–17]. PI3Ks are a large family of lipid kinase enzymes
divided into three classes termed Class I (subdivided into Class IA and IB), Class II, and Class III,
reflecting substrate specificity and subunit organization [18–20]. Class IA PI3Ks are heterodimers
containing a catalytic subunit (p110α, p110β, or p110δ, encoded by PIK3CA, PIK3CB and PIK3CD
respectively) and a regulatory subunit (p85α/p55α/p50α, p85β or p55γ, encoded by PIK3R1, PIK3R2
and PIK3R3 respectively) that controls protein localization, receptor binding, and activation [19–21].
Class IA isoforms are ubiquitously expressed, except for p110δ and p55γ that are primarily expressed
in the hematopoietic/central nervous systems and testes [19–22]. Receptor tyrosine kinases (RTKs) can
activate p110α, p110β, and p110δ catalytic isoforms, whereas the p110β isoform can be additionally
activated by G protein-coupled receptors (GPCRs) [19–22] (Figure 1). The small GTPase RAS can also
directly activate p110α and p110δ, while Rho-GTPases (e.g., RAC) are reported to activate p110β [20].
Once activated, Class IA PI3Ks initiate a wave of downstream signaling events by synthesizing the
lipid secondary messenger phosphatidylinositol 3, 4, 5 trisphosphate (PIP3) from phosphatidylinositol
4,5 bisphosphate (PIP2) to mediate cell growth, proliferation, autophagy, and apoptosis [19,21]. The
tumor suppressor, phosphatase and tensin homolog deleted on chromosome 10 (PTEN), negatively
regulates PI3K-AKT-mTOR signaling by converting PIP3 back to PIP2 [23] (Figure 1).

Figure 1. PI3K-AKT-mTOR signaling interaction with the AR, MAPK, and WNT pathways. Image
displays a model of PI3K-AKT-mTOR signaling via Class IA PI3Ks, and crosstalk with AR, RAS/MAPK,
and WNT signaling cascades. 4EBP1, eukaryotic initiation factor 4E binding protein 1; AMP, adenosine

138



Int. J. Mol. Sci. 2020, 21, 4507

monophosphate; AMPK, 5′ AMP-activated protein kinase; APC, adenomatous polyposis coli;
ARE, androgen responsive element; AXIN, axis inhibition protein; BAD, Bcl-2-associated death
promoter; c-JUN, transcription factor AP−1; CaMKKβ, Ca(2+)/calmodulin-dependent protein kinase
kinase β; CK1, casein kinase 1; DEPTOR, DEP domain-containing mTOR-interacting protein; DHT,
dihydrotestosterone; DVL, dishevelled; EIF4E, eukaryotic translation initiation factor 4E; ERBB2/3,
Erb-B2 receptor tyrosine kinase 2, that encodes human epidermal growth factor 2/3 (HER2/3); ERG1,
ETS-related gene 1; ERK, mitogen-activated protein kinase 1/3; EZH2, enhancer of zeste homolog
2; FKBP5, FK506 binding protein 5; FOXO, forkhead box protein O; FZD, frizzled family receptor;
GDP, guanosine diphosphate; GPCR, G-protein coupled receptor; GSK3β, glycogen synthase kinase
3 beta; GTP, guanosine triphosphate; HSP90, heat-shock protein 90; IRS, insulin receptor substrate;
KLK3, kallikrein related peptidase 3 (encoding prostate specific antigen, PSA); LKB1, liver kinase B1;
LRP5/6, low-density lipoprotein receptor-related proteins 5 and 6; LEF, lymphoid enhancer binding
factor 1; MAPK, mitogen-activated protein kinase; MDM2, mouse double minute 2 homolog; MEK,
mitogen-activated protein kinase kinase; mLST8, mTOR associated protein LST8 homolog; mSIN1,
mitogen-activated protein kinase associated protein 1 (MAPKAP1); mTOR, mammalian target of
rapamycin; mTORC1/2, mTOR complex 1/2; NF-κB, nuclear factor kappa light chain enhancer of
activated B cells; P, phosphorylation event; PDK1, phosphoinositide dependent kinase 1; PHLPP,
PH domain leucine-rich repeat protein phosphatase; PKCα, protein kinase C alpha; PP2A, protein
phosphatase 2A; PRAS40, proline-rich AKT substrate of 40 kDa; PROTOR1, protein observed with
Rictor-1; PROTOR2, protein observed with Rictor-2; RAF, rapidly accelerated fibrosarcoma; RAG,
recombination activating genes; RAPTOR, regulatory-associated protein of mTOR; RHEB, RAS homolog
enriched in brain; RICTOR, rapamycin-insensitive companion of mTOR; RPS6, ribosomal protein S6;
RSK, 90 kDa ribosomal S6 kinase; RTK, receptor tyrosine kinase; S6K, p70 ribosomal S6 kinase; SESN1,
sestrin 1; SGK1, serum/glucocorticoid-regulated kinase 1; SLC43A1, solute carrier family 43 member 1
(encoding l-type amino acid transporter 3, LAT3); T, testosterone; TBC1D7, Tre2-Bub2-Cdc16 domain
family member 7; TCF, T cell factor; TEL2, telomere length regulation protein (or telomere maintenance
2, TELO2); TSC1, Tuberous sclerosis complex 1; TCS2, tuberous sclerosis complex 2; TTI1, TELO2
interacting protein 1; ULK1, Unc-51 like autophagy activating kinase 1; WNT, WNT ligand. Figure
based on previous work [12,14,19–22,24,25].

Elevated PIP3 levels lead to the activation of multiple kinases, including PDK1, which
phosphorylates downstream targets such as AKT at residue Thr308 [19,21,26–28]. Activated AKT
phosphorylates numerous substrates to regulate vital cellular processes, including FOXOs, GSK3β,
NF-κB, and TSC2 [19,21,26–28]. For instance, TSC2 phosphorylation by AKT inactivates RHEB,
which potentiates mTORC1 signaling and results in the inhibition of autophagy and increases cell
growth, protein translation and ribosomal biogenesis via the subsequent phosphorylation of mTORC1
substrates such as ULK1, S6K, and 4EBP1 [27,29]. Phospho-S6K can also phosphorylate RICTOR to
regulate mTORC2 signaling [30]. mTORC2 phosphorylates multiple downstream targets to mediate
cell survival, cell cycle progression, and actin remodeling. These include AKT at residue Ser473, which
leads to AKT hyperactivation, serum/glucocorticoid-regulated kinase 1 (SGK1) and protein kinase Cα

(PKCα) [31,32].
In addition to mediating PI3K-dependent signaling, AKT, PTEN and mTORC1/2 have also

been shown to play a role in PI3K-independent signaling events (reviewed in [23,33–36]), and the
PI3K-AKT-mTOR cascade interacts with multiple cooperative signal transduction cascades via a series
of partially understood interactions and feedback loops to promote tumor growth (including MAPK,
AR and WNT signaling, Figure 1). Hence, establishing the scope of this complex signaling program is
fundamental for the identification of new and effective biomarkers and therapeutic approaches that
will benefit patients with prostate cancer.

2. Genetic Aberrations in the PI3K-AKT-mTOR Pathway in Prostate Cancer Are Diverse

Augmented phosphorylation/activation of key PI3K-AKT-mTOR pathway components (e.g.,
p-AKT and p-mTOR) has been shown to correlate with prostate cancer progression in the clinic [37–41].
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Furthermore, genomic and transcriptomic profiling has revealed that genetic alterations and deregulated
gene expression of PI3K pathway components are common in patients with prostate cancer,
occurring in as many as 42% of primary and 100% of metastatic prostate cancer samples [42–46].
Deregulation of the PI3K-AKT-mTOR pathway reflects a variety of genetic alterations, primarily
PTEN loss-of-function [42–46]. To improve our understanding of the frequency and diversity of
PI3K-AKT-mTOR pathway genetic aberrations in prostate cancer, we used the cBioPortal platform
to survey three publicly available prostate cancer genomic datasets with primary and/or metastatic
patient samples for a panel of 68 genes that encode key PI3K cascade components/effectors [47,48].
OncoPrints displaying the percentage frequency of each type of genetic aberration assessed within
each dataset (i.e., gene mutation, amplification and deep deletion) highlight that PI3K-AKT-mTOR
pathway genetic alterations are commonplace in primary and metastatic prostate cancer, and illustrate
that the wide range of genetic events observed have a tendency to co-occur (Figures S1–S3 and Tables
S1–S3, summarized in Table 1).

Table 1. Frequency of common genetic alterations in PI3K-AKT-mTOR pathway genes in prostate cancer.

Common Types of Genetic Alterations in PI3K-AKT-mTOR Pathway Genes Frequency in Prostate Cancer 1

PTEN deletion/mutation 16.4–32.0%
DEPTOR amplification 5.1–21.4%
SGK mutation/amplification 5.6–20.5% (SGK3)

0.2–2.7% (SGK1)
FOXO deletion 0.0–15.2% (FOXO1)

4.5–13.4% (FOXO3)
MAP3K7 deletion 5.9–14.8%
RRAGD deletion 6.5–14.4%
SESN1 mutation/deletion 5.4–13.6%
PIK3CA mutation/amplification 5.5–11.5%
PIK3C2B mutation/amplification 1.4–11.5%
PDPK1 amplification 0–8.1%

1 Data sourced from the Memorial Sloan Kettering Cancer Centre/Dana-Farber Cancer Institute (MSKCC/DFCI) (n =
1013) [45] and The Cancer Genome Atlas (TCGA), Firehose Legacy (n = 492) prostate adenocarcinoma datasets, and
the metastatic prostate adenocarcinoma Stand Up To Cancer & Prostate Cancer Foundation International Dream
Team (SU2C-PCF IDT) dataset (n = 444) [46] using cBioPortal [47,48] (Tables S1–S3). Only samples with mutation
and copy number alteration (CNA) data were analyzed. The percentage frequency range for each genetic alteration
listed reflects the entire patient population across all the three datasets, irrespective of the disease stage or subtype.

Common genetic alterations within the three prostate cancer datasets analyzed were observed in
PTEN, DEPTOR, SGK3, FOXO1/3, MAP3K7, RRAGD, SESN1, PIK3CA, PIK3C2B, and PDPK1 (Table 1).
In addition, a vast range of less frequent aberrations were also detected, including genes encoding
AMPK subunits (e.g., amplification of PRKAB1 and PRKAB2) and AMPK regulators (e.g., CAMKK2
and LKB1 deletion) (Figures S1–S3, Tables S1–S3), as described below.

2.1. PI3K Gain of Function

2.1.1. Class IA PI3Ks

Gain-of-function mutations in PIK3CA (encoding p110α) that activate the PI3K cascade are
highly prevalent in a number of malignancies, including up to 40% of breast cancer patients [49]
and as many as 53% of endometrial cancer patients [50]. In the prostate cancer datasets analyzed,
PIK3CA mutation and high-level gene amplification occur in up to 4% and 9% of cases respectively
(Tables S1–S3), although high-level amplification has been observed previously in as many as 29% of
cases [13]. Our recent work identified that PIK3CA genetic alterations significantly correlate with poor
prostate cancer prognosis, and that Pik3ca oncogenic mutation at a clinically relevant hotspot (H1047R)
in mouse prostate epithelium can cause locally invasive prostate adenocarcinoma, demonstrating
Pik3ca activation is a genetic driver of prostate cancer in vivo [13]. Although less common, PIK3CB
mutation and amplification have also been detected in clinical prostate tumor specimens (0.6–1.8% and
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1.8–3.1% respectively, Tables S1–S3), and activation of p110β (encoded by PIK3CB) predisposes prostate
intra-epithelial neoplasia in mice [51]. Previous work has shown that p110α isoform-specific PI3K
inhibitors can suppress Pik3ca mutant prostate cancer, whereas a p110β/δ inhibitor, or combined p110α/β
blockade improves therapeutic outcome in Pten-deficient (p110β-dependent) prostate cancers [13,52,53].
Consequently, these findings have identified that selected p110 isoform-specific inhibitors may prove
to hold efficacy against PIK3CA mutant and PTEN-deleted prostate cancer in the clinic.

Unlike the ubiquitous p110α and p110β PI3K catalytic isoforms, p110δ is predominantly expressed
in cells of hematopoietic lineage and sensory neurons [54–56], and p110δ isoform-specific inhibitors
are currently being explored in the clinic for B-cell malignancies and some autoimmune diseases [57].
However, several epithelial malignancies have also been shown to express p110δ [58], and 3% of patients
with head and neck, germ cell, or colorectal cancer are reported to carry a PIK3CD mutation [59]. In
patients with prostate cancer, PIK3CD mutation and amplification are infrequent events (≤1.1%, Tables
S1–S3). However, a PIK3CD splice variant missing exon 20 (PIK3CD-S) has been identified in African
American prostate cancer patients that can promote proliferation and AKT-mTOR signaling [60], and
several CRPC cell lines have been shown to express p110δ at high levels, comparable to that detected
in leukocytes [58]. In this study, inactivation of p110δ in p110δ-high CRPC cells suppressed PI3K-AKT
signaling and inhibited cell proliferation, suggesting p110δ inhibitors may prove to hold therapeutic
efficacy against p110δ-high prostate cancer [58].

The p85 regulatory subunit of PI3K is often present in a monomeric free form, and at a higher ratio
relative to the p110 catalytic subunit, which suppresses p110 activity in the absence of stimuli [20,61,62].
Both free p85 monomers and p85–p110 heterodimers have been shown to bind to insulin receptor
substrate (IRS), a cytoplasmic adaptor protein for the RTK insulin growth factor 1 (IGF-1) receptor,
in addition to directly binding with activated RTKs [20,61]. Nonetheless PI3K-AKT-mTOR signaling
activation is considered to require p85–p110 heterodimerization [20,61]. Interestingly, constitutive
heterozygous deletion of PIK3R1 (that encodes p85α and splice variants p55α/p50α) has been shown
to lower blood glucose, enhance insulin sensitivity, potentiate insulin–stimulated glucose transport in
skeletal muscle and adipocytes, and can stimulate insulin-dependent AKT phosphorylation in mouse
liver [63,64]. Furthermore, liver-specific deletion of Pik3r1 in mice is reported to not only enhance
insulin and growth factor signaling, but causes development of aggressive hepatocellular carcinomas
with pulmonary metastases associated with AKT activation and decreased PTEN expression [65].
PIK3R1 shRNA-mediated knockdown in human breast cancer cell lines can also augment AKT signaling
and anchorage-independent growth, illustrating a tumor suppressive role for p85α in breast cancer [66].
While p85α is generally viewed as a tumor suppressor, evidence in the literature also points toward an
oncogenic role, similarly to p85β and p55γ [67–71].

In prostate cancer, PIK3R1 is rarely mutated (0.4–1.6% of cases) yet deep deletions occur in 1–6%
of patients (Tables S1–S3), which could potentially promote PI3K-AKT-mTOR signaling. Genetic
alterations in PIK3R2 (percentage incidence: mutation < 1.1%, amplification < 2.9%, deletion < 0.23%,
Tables S1–S3) and PIK3R3 (percentage incidence: mutation < 0.7%, amplification < 0.5%, deletion <
1%, Tables S1–S3) are also infrequent, yet the functional significance of these events remains unclear.
Interestingly, down-regulation of PIK3R1 in prostate cancer has been linked to reciprocal negative
feedback between the AR and PI3K signaling cascades [72], and PIK3R3 upregulation has been linked to
prostate hyperplasia [73]. Furthermore, PIK3R2 upregulation in prostate cancer specimens has recently
been shown to inversely correlate with miR-126 expression [74]. Song and colleagues identified PIK3R2
as a direct target of miR-126 in prostate cancer cell lines, and reported that enforced miR-126 expression
in prostate cancer cell lines reduces PIK3R2 mRNA expression and suppresses cell proliferation,
migration, and invasion [74].

2.1.2. Class IB PI3Ks

The smaller Class IB PI3K family is comprised of the catalytic subunit p110γ and two regulatory
subunits, p101 and p87 (also known as p84), which are encoded by PIK3CG, PIK3R5, and PIK3R6
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respectively. Like Class IA, Class IB PI3Ks generate PIP3 from PIP2 to stimulate downstream
effectors [19]. Class IB PI3Ks transmit Gβγ-GPCR and RAS signals to coordinate immune, inflammatory
and allergic responses, predominantly within hematopoietic cells [18–20,22]. However, Brazzatti and
colleagues have shown that knockdown of p110γ or p101 in 4t1.2 and MDA-MB-231 triple-negative
breast cancer cell lines reduces migration in vitro and metastatic potential in xenograft mouse models,
whereas p87/p84 knockdown had the opposite effect [75]. PIK3CG mutation and amplification are
frequent in multiple malignancies, including 9–11% of melanomas and uterine, stomach and squamous
cell lung cancers, while genetic alterations in PIK3R5 and PIK3R6 are prevalent in uterine cancer and
melanoma, occurring in 4–8% of cases [50,76–79]. In prostate cancer, Class IB PI3K genetic aberrations
are less common, and include PIK3CG mutation and amplification (1.4–1.8% and 0.6–3.6% incidence
respectively) as well as PIK3R5 and PIK3R6 deep deletions (0–3.3% incidence) that are indicative of a
homozygous deletion (Tables S1–S3).

2.1.3. Class II PI3Ks

In comparison to Class I PI3Ks, the Class II family of PI3Ks (PI3KC2α, β and γ, encoded
by PIK3C2A, PIK3C2B, and PIK3C2G respectively) is less well-characterized. Class II PI3Ks are
generally considered to catalyze the production of lipid secondary messengers phosphatidylinositol
3-phosphate (PtdIns3P or PI(3)P) and phosphatidylinositol 3,4-bisphosphate (PI(3,4)P2) to mediate
cell migration, channel regulation, endocytosis, and exocytosis [18,80]. The frequency of PIK3C2A,
PIK3C2B and PIK3C2G mutation is generally low (0.2–1.4% incidence, Tables S1–S3), however PIK3C2B
amplification has been observed in as many as 10% of cases (Table S3). Although the role of PIK3C2B
amplification in prostate cancer is not clear, a recent study identified that PI3KC2β is highly expressed
in PTEN-negative PC3 and LNCaP prostate cell lines compared to PTEN-positive DU145 prostate
cancer cells (PTEN+/−), and PNT2 immortalized “normal” prostate epithelial cells (PTEN+/+) [81]. This
study also reported that PI3KC2β regulates MAPK signaling to mediate prostate cancer cell invasion,
thus the PI3KC2β-MEK-ERK signaling axis may present a novel therapeutic target for invasive prostate
cancer [81].

2.1.4. Class III PI3Ks

The Class III PI3K subfamily is comprised of the catalytic subunit vacuolar protein sorting 34
(VPS34) encoded by PIK3C3, and the regulatory subunit vacuolar protein sorting 15 (VPS15, or p150)
encoded by PIK3R4. VPS34 catalyzes the phosphorylation of phosphatidylinositol (PI) to produce
PI(3)P, which plays a central role in the regulation of intracellular trafficking [82]. To regulate the fusion
and maturation of endosomes, VPS34 binds to VPS15 and Beclin-1 to form either VPS34 Complex I or
VPS34 Complex II that differ by binding to Autophagy Related 14 (ATG14) or UV radiation resistance
associated protein (UVRAG) respectively [83]. The Class III PI3K family has also been shown to
mediate autophagy, endosome–lysosome maturation, membrane trafficking, and AMPK-dependent
insulin sensitivity [82,84–89].

PIK3C3 mutations are most frequently observed in uterine and gastric cancer patients (7% and
3.5% respectively), and PIK3R4 gene mutation or amplification occur in up to 10% of squamous cell
lung cancer and uterine cancer patients [50,76,77]. Although PIK3C3/PIK3R4 mutation and PIK3C3
gene amplification are infrequent events in prostate cancer (<1% of cases), PIK3R4 high-level gene
amplification is observed in up to 6.5% of cases and could potentially facilitate prostate cancer growth
(Tables S1–S3).

Taken together, these data highlight the emerging diversity of genetic alterations within the
PI3K family in prostate cancer, and emphasize the need for future work to gain further insight into
the functional importance of these different genetic alterations during prostate cancer formation,
progression, and recurrence. This is particularly important, as determining their non-redundant roles
may present novel therapeutic targets and could aid patient stratification for future clinical trials.
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2.2. Loss of Function of Phosphoinositide Phosphatases

Phosphoinositide phosphatases are a family of enzymes that dephosphorylate phosphoinositides
to diminish phosphoinositide signals and regulate cellular functions [90]. The PI3K-AKT-mTOR
pathway is regulated by multiple phosphoinositide phosphatases, including the tumor suppressor
PTEN that dephosphorylates PIP3 into PIP2 to reduce PI3K-AKT-mTOR pathway activity (Figure 1).
Genetic alterations in phosphoinositide phosphatases are strongly associated with human malignancies,
and PTEN is one of the most frequently deleted genes in prostate cancer [91–95]. Here we review
the frequency of genetic alterations in prostate cancer for genes encoding key phosphoinisitide
phosphatases known to regulate the PI3K-AKT-mTOR cascade.

2.2.1. Loss or Inactivation of PTEN

PTEN is a lipid/protein phosphatase that has been shown to negatively regulate the
PI3K-AKT-mTOR pathway by dephosphorylating phosphatidylinositol (3,4,5)-trisphosphates (PIP3)
back to phosphatidylinositol 4,5-bisphosphates (PIP2) (Figure 1) [23,96,97]. PTEN genetic alterations,
primarily homozygous deletion, are common in advanced prostate cancer and significantly correlate
with poor outcome and elevated PI3K-AKT-mTOR signaling [13,14,37,39,98,99]. The functional
consequence of PTEN loss has been studied in vivo using a number of genetically engineered mice,
which have demonstrated PTEN loss is a genetic driver of invasive prostate cancer [24,100–104].
Homozygous Pten deletion within the murine prostate epithelium leads to aggressive, locally invasive
prostate carcinoma that has an inherent ability to acquire castration-resistant disease [13,24,100–102,105].
However, metastatic disease is rare in these models, possibly owing to the primary tumor reaching
ethical limits before disseminated cells can colonize distant sites, differences in genetic background,
and/or PTEN loss-induced p21/p53-dependent senescence [102–104,106,107].

In primary prostate adenocarcinoma, PTEN mutation and deep deletion occur in 2% and 18%
of cases respectively (Table S1), and the frequency appears to increase in metastatic disease (6% and
26% respectively, Table S3). Although the majority of PTEN mutations identified in prostate cancer are
truncating mutations, missense mutations are also observed, which could differentially impact PTEN
lipid and/or protein phosphatase function [108]. Thus, determining how each PTEN genetic alteration
impacts PTEN function may inform clinical trial design.

PTEN heterozygous deletion and epigenetic silencing can also deplete PTEN
expression/function [92,98,106,109]. Importantly, mono-allelic deletion of PTEN has been reported
in up to 68% of prostate cancer surgical specimens and PTEN immunohistochemistry (IHC) and/or
fluorescent in situ hybridization analysis has revealed PTEN loss may occur in as many as 60%
of advanced/CRPC cases [92]. A subset of patients with prostate cancer have also been found to
harbor intratumoral heterogeneous PTEN loss [92], which could have significant implications for
therapeutic strategies.

2.2.2. Deregulation of Phosphoinositide Phosphatase Enzymes (other than PTEN)

In addition to PTEN, several other phosphatidylinositol phosphate phosphatase enzymes are
also deregulated in human cancers that have the potential to facilitate malignant growth [90,91,110].
These phosphatases include; (a) proline-rich inositol polyphosphate 5-phosphatase (PIPP) encoded
by polyphosphate-5-phosphatase J (INPP5J), (b) Src homology 2 (SH2) domain-containing inositol
5′-phosphatase 1 (SHIP1) encoded by inositol polyphosphate-5-phosphatase D (INPP5D), (c) Src
homology 2 (SH2) domain-containing inositol 5′-phosphatase 2 (SHIP2) encoded by inositol
polyphosphate phosphatase like 1 (INPPL1), and (d) inositol polyphosphate 4-phosphatase type II
(INPP4B) encoded by INPP4B. While PTEN converts PIP3 to PIP2, PIPP and SHIP1/2 dephosphorylate
PIP3 to phosphatidylinositol (3,4)-bisphosphate PI(3,4)P2, which is further hydrolyzed by INPP4B
to form PI(3)P [90,111]. INPP5D deep deletion is observed in as many as 3.8% of patients with
prostate cancer whereas INPPL1 and INPP4B are amplified in up to 2.9% of cases (Tables S1–S3).
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INPP5D/INPPL1/INPP5J/INPP4B mutation, INPP5J amplification and INPPL1/INPP4B/INPP5J deep
deletion events are rare (≤1.2%, Tables S1–S3). Relative to PTEN, the frequency of genetic alterations in
these phosphoinositide phosphatases is much lower, however they are gaining increasing attention in
the literature [111]. Interestingly, PIPP deletion is reported to increase tumor growth in the mouse
mammary tumor virus-polyoma middle tumor-antigen (MMTV-PyMT) breast cancer model, and is
accompanied with elevated proliferation, plasma membrane PIP3 levels, and AKT activation [110].
However, PIPP deletion also significantly reduced the incidence of lung metastasis in this setting,
suggesting PIPP mediates a critical metastatic process [110,112]. Furthermore, INPP4B can compensate
for PTEN loss by acting as a “back-up” phosphatase, and is regarded as a tumor suppressor in several
epithelial tissues including the prostate, breast, ovary, and thyroid [112–116]. Notably, Inpp4B loss and
Pten heterozygous deletion can cooperate in mice to facilitate metastatic thyroid cancer by increasing
PIP3 levels and AKT signaling relative to single mutants [115], and enforced INPP4B overexpression in
PC3 (PTEN−/−) and DU145 (PTEN+/−) prostate cancer cells can suppress prostate cancer cell migration
and invasion, both in vitro and in vivo [117]. Immunostaining to detect INPP4B in prostate carcinoma
clinical samples has also identified INPP4B loss as an independent prognostic marker, correlating
with reduced biochemical (PSA) relapse-free survival [118]. In contrast, SHIP2 is reported to play an
oncogenic role. Unlike PTEN that catalyzes PIP3 into PIP2, SHIP2 converts PIP3 into PI(3,4)P2 to
further potentiate AKT activity [119,120]. Moreover, increased SHIP2 expression directly correlates
with poor survival in patients with colorectal cancer [120]. Consequently, genetic aberrations in
phosphoinositide phosphatase enzymes could prove to differentially influence therapeutic responses
to PI3K pathway-directed therapies.

2.3. AKT Gain of Function

AKT isoforms 1, 2, and 3 (encoded by AKT1, AKT2, and AKT3 respectively) form a subfamily of
serine/threonine protein kinases that possess both overlapping and distinct cellular functions to regulate
a variety of cellular processes during normal tissue homeostasis and cell transformation [121,122]. PI3K
activity elevates PIP3 levels to recruit AKT to the plasma membrane where is it activated (Figure 1).
AKT is activated by multiple kinases, including PDK1 and mTORC2 that phosphorylate AKT at residues
Thr308 and Ser473 respectively, triggering a wave of phosphorylation through multiple downstream
targets that stimulate cell survival, proliferation, metabolism and differentiation to promote tumor
growth [19,20,32,123,124]. AKT downstream targets include PRAS40 (a component of mTORC1), BAD,
FOXOs, and MDM2 (reviewed in [31]). AKT signaling is negatively regulated by several protein
phosphatases that dephosphorylate and inactivate AKT, including protein phosphatase 2 (PP2A), and
PH domain and leucine-rich repeat protein phosphatase-1 and -2 (PHLPP1 and PHLPP2) [125,126].
Below, we outline the various genetic alterations within the AKT isoforms and their regulators that have
been detected in prostate cancer, and discuss their potential to activate AKT signaling and promote
prostate tumor growth.

2.3.1. AKT Mutation and Amplification

AKT genetic aberrations that increase AKT activity have been detected in multiple malignancies
and are especially common in breast cancer, where AKT3 amplification and AKT1 E17K oncogenic
mutation have been reported in up to 24% and 1–8% of cases respectively [127–129]. AKT1, AKT2,
and AKT3 activating mutations are rare in prostate cancer (≤0.9%, predominantly in AKT1 at E17K),
whereas AKT1, AKT2, and AKT3 high-level gene amplification that can increase AKT activity is more
common, particularly in advanced disease (up to 4.5%, 2%, and 4.7% incidence respectively, Tables
S1–S3). Moreover, AKT activation in prostate cancer has been shown to positively correlate with
Gleason score and invasive progression [37,130], and over-expression of myristoylated AKT (which
causes constitutive AKT activation) causes prostate neoplasia in mice [131]. In support of an oncogenic
role in prostate cancer and therapeutic resistance, conditional activation of AKT in either the LNCaP
human prostate cancer cells or a transgenic mouse results in increased cell proliferation and inhibits cell
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death to promote tumor growth and castration-resistance in vivo [132]. Chen and colleagues have also
demonstrated a requirement for AKT in PTEN-deficient prostate cancer, as Akt1 haplodeficiency was
found to suppress high-grade prostate intraepithelial neoplasia development within Pten heterozygous
mice [133]. AKT inhibitors are being widely explored in the clinic to treat prostate cancer and have
shown promise in PTEN-deficient patients [16,134].

2.3.2. Genetic Alteration of AKT Regulators

A number of genetic alterations in genes that encode AKT regulators have been linked to prostate
cancer, including kinases (e.g., PDK1), binding proteins (e.g., FKBP5), and phosphatases (e.g., PHLPP1,
PHLPP2, and PP2A) [42–46]. PDK1 (encoded by PDPK1) is recruited to the membrane by PIP3
to phosphorylate and activate multiple targets, including AKT at residue T308 (Figure 1). PDPK1
amplification and PDK1 over-expression are observed in several human cancers, including breast
cancer [135]. In prostate cancer, PDPK1 mutations are rare (≤0.2%), yet PDPK1 amplification occurs
in up to 8.1% of patients (Tables S1–S3). Interestingly, PDK1 RNAi-mediated knockdown does not
impair Pten-deleted prostate cancer growth in mice, possibly reflecting mTORC2-mediated activation
of AKT, and/or compensatory augmentation of the MAPK cascade [136]. These findings suggest that
PDK1 inhibitors are not likely to be efficacious against PTEN-deficient prostate cancer in the clinic as a
single agent.

FKBP5 (also known as FKBP51) is an AR target gene that plays a key role in mediating the
cellular distribution of steroid hormone receptors and has been shown to negatively regulate AKT
signaling by stabilizing PHLPP1/2 (Figure 1) [11,24,137]. During androgen/AR-directed therapy,
FKBP5-PHLPP1/2-AKT signaling forms a negative feedback loop between the AR and PI3K-AKT-mTOR
pathways to facilitate ADT resistance [11,24,137], discussed in Section 3.2. Mutation and deep deletion of
FKBP5 are fairly infrequent in prostate cancer (≤1.22%, Tables S1–S3), however FKBP5 down-regulation
has been linked to CRPC and increased AKT signaling [11].

PHLPP1 and PHLLP2 (encoded by PHLPP1 and PHLPP2) are protein phosphatases that
dephosphorylate and inactivate AKT. PHLPP1 and PHLPP2 deep deletion occurs in up to 3.9%
and 6.5% of patients with prostate cancer respectively (Tables S1–S3), which could potentially sustain
AKT-signaling. Interestingly, Chen and colleagues reported a strong tendency for PTEN, PHLPP1,
PHLPP2, and TP53 co-deletion in metastatic prostate cancer and that low PHLPP1 expression correlates
with reduced patient survival and relapse after surgery [138]. Additionally, the tumor suppressive
function of PHLPP1 has been demonstrated in vivo, as Phlpp1 loss causes prostate neoplasia in mice
and promotes invasive carcinoma progression in Pten+/− transgenic mice [138]. In contrast, Phlpp2
loss impairs Pten/p53-deleted prostate tumor growth in mice [139], indicating PHLPP1 and PHLPP2
mediate differential AKT-independent functions. Indeed, PHLPP2 can dephosphorylate MYC at
residue Thr58 to prevent MYC degradation and promote tumor progression [139]. Consequently, in
PHLPP2-positive MYC-driven advanced prostate cancer, it has been suggested that PHLPP2 may
present a valuable therapeutic target [139].

In addition, genetic alterations in PPP2CA (protein phosphatase 2 catalytic subunit alpha) that
encodes the negative AKT regulator PP2A have also been observed in prostate cancer [42–46], and
PP2A loss has been linked to prostate cancer progression and metastatic potential in the clinic [140].
PPP2CA mutation and deep deletion events occur in 0.4–1.4% of patients with prostate cancer (Tables
S1–S3), further highlighting the diversity of genetic aberrations in AKT regulators that could promote
oncogenic PI3K signaling.

2.4. SGK Deregulation

The serum/glucocorticoid-regulated kinase isoforms SGK1, SGK2, and SGK3 belong to a subgroup
of the AGC (cAMP-dependent, cGMP-dependent, and protein kinase C) family of protein kinases that
play a role in multiple cellular processes including cell growth, proliferation, metabolism, intracellular
trafficking and survival [141–143]. SGK1 and 3 are considered to be ubiquitously expressed, while
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SGK2 expression is prominent in the liver, kidney, pancreas, and brain [144]. SGKs share structural
similarities, upstream regulators, substrates and functions with the AKT isoforms (reviewed in [142]).
For instance, all SGKs are phosphorylated and activated by PDK1, and SGK1 is a downstream
target of mTORC2 [26,143,145–148] (Figure 1). SGKs are also activated by PI3K/PDK1-independent
mechanisms, for example SGK1 is regulated by big mitogen-activated protein kinase-1 (BMK-1) and p38
mitogen-activated protein kinase in response to epidermal growth factor (EGF) and interleukin-6 (IL6)
respectively [149,150]. Although the role of SGKs during prostate cancer is currently unclear, SGK1
over-expression has been shown to facilitate CRPC transition in a prostate cancer xenograft model,
indicating that SGK1 can promote ADT-resistance [151]. Furthermore, the SGK1 inhibitor GSK650394
has been shown to induce autophagy and apoptosis in PC3, LNCaP, DU145, and CWR22RV1 prostate
cancer cells in vitro [152]. Interestingly, SGK1 and SGK3 have also been linked to PI3K/AKT-targeted
therapy resistance in breast cancer [145,148]. Gasser and colleagues have also shown that INPP4B
over-expression leads to enhanced SGK3 activation in ZR-75-1 breast cancer cells, triggering a switch
from AKT- to SGK-dependent signaling downstream of PDK1 [153].

Mutation of the SGK isoforms is a rare event in human cancers, however gene amplification is
commonly detected [154]. In keeping with this, SGK1, SGK2, and SGK3 are rarely mutated in prostate
cancer (≤0.41%), whereas amplification occurs in up to 2.5%, 2.0%, and 20.3% of cases respectively
(Tables S1–S3). Of note, the frequency of SGK3 gene amplification is particularly high in the SUC2/PCF
IDT metastatic prostate adenocarcinoma dataset (Table S3), underlining the need for future studies to
establish how SGKs contribute to prostate cancer and metastatic progression.

2.5. Loss of FOXO Transcription Factors

The mammalian forkhead box O (FOXO) family consists of four transcription factors (FOXO1, 3, 4,
and 6) that are highly similar in structure and function [155]. In response to insulin and growth factors,
FOXOs modulate the transcription of several target genes to mediate key cellular processes including
proliferation, apoptosis, autophagy, inflammation, metabolism and stress resistance, and they form
an important regulatory circuit within the AKT and mTOR signaling cascades [156–158] (Figure 1).
FOXOs are regulated by several kinases, including AKT and SGK isoforms, which phosphorylate and
inactivate FOXO-mediated gene transcription by inhibiting FOXO DNA binding and triggering FOXO
nuclear-to-cytoplasm translocation [157–159]. FOXOs are generally regarded as tumor suppressors,
and are reported to inhibit mTORC1 via sestrins, however a number of oncogenic functions are
emerging in the literature [156–158]. For instance, FOXO-mediated transcription of the mTORC2
component RICTOR in response to physiological stress is reported to promote mTORC2 signaling [156].
FOXOs also provide a reciprocal negative feedback loop between PI3K-AKT-mTOR pathway and AR
signaling [12] (discussed in Section 3.2).

In prostate cancer, FOXO mutations are rare (<0.5% incidence), however FOXO1 and FOXO3
deep deletion is a frequent event, occurring in up to 15.2% and 13.4% of patients respectively (Tables
S1–S3). FOXO3 lies within the 6q21 locus that is frequently lost in prostate cancer [160], and reduced
FOXO3 (also FOXO3a) activity via peptide driven inhibition is reported to accelerate prostate cancer
progression in the transgenic adenocarcinoma mouse prostate (TRAMP) neuroendocrine prostate
cancer model [161]. FOXO1 has also been shown to bind and inhibit the transcriptional activity
of E26 transformation-specific (ETS) transcription factor ERG, which is over-expressed in 50% of
prostate cancers owing to TMPRSS2-ERG (transmembrane protease, serine 2: ERG fusion) gene
rearrangements [162]. Furthermore, Foxo1 bi-allelic deletion and ERG overexpression can cooperate
to cause prostate neoplasia in mice [162]. Together, these findings suggest FOXO1/3 act as tumor
suppressors during prostate cancer.

FOXO4 gene amplification occurs in up to 8.8% of patients with metastatic prostate cancer (Table
S3), however the functional importance of this genetic alteration remains to be clarified. Although
FOXO4 down-regulation is reported to correlate with reduced prostate cancer metastasis-free survival,
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conversely FOXO4 knockdown in LNCaP cells can increase metastatic potential [163]. Thus, future
work addressing the role of FOXO4 during prostate cancer progression is warranted.

2.6. TSC1-TSC2-TBC1D7 Complex and RHEB Deregulation

To regulate mTORC1 signaling, TSC1, TSC2, and TBC1D7 form a complex to suppress RHEB
GTPase, an upstream activator mTORC1 [164] (Figure 1). Activated AKT directly phosphorylates
TSC2 at multiple residues to inhibit the TSC1:TSC2 complex, activate RHEB GTPase, and subsequently
stimulate mTORC1 signaling [165,166]. TSC2 is also regulated by MAPK, WNT, and energy signals
through coordinated phosphorylation by ERK, GSK3, and AMPK respectively, thus limiting mTORC1
activation and cell growth in response to poor growth conditions, and illustrating TSC2 as a central
node for PI3K-AKT-mTOR crosstalk with multiple signaling cascades [164,166–168].

TSC1 and TSC2 are frequently mutated/deleted in a variety of solid tumors, including lung (22%)
and liver (16%) cancers, leading to deregulated PI3K-AKT-mTOR signaling [169,170]. In prostate cancer,
the frequency of TSC1 and TBC1D7 mutation or deep deletion is low (≤0.8% incidence, Tables S1–S3),
whereas TSC2 mutation and deep deletion are more frequent (1–1.8% and up to 4.2% of cases respectively,
Tables S1–S3). Interestingly an inactivating splice variant of TSC2 unique to African American patients
with prostate cancer has also recently been linked to aggressive prostate cancer and therapeutic
resistance [60]. In mice, Tsc1 conditional deletion in murine prostate epithelium is reported to cause
prostate neoplasia associated with elevated mTORC1 signaling [171], and combined Tsc2 and Pten
heterozygosity has been shown to promote invasive prostate carcinoma relative to single mutants [172].
In lung cancer, TSC1 and TBC1D7 have been shown to function as oncoproteins [173], possibly reflecting
mTORC1-independent functions such as TSC1-mediated activation of TGFβ-SMAD2/3 signaling [174].
Remarkably, up to 3%, 4%, and 7% of patients with prostate cancer also display TBC1D7, TSC1,
and TSC2 high-level amplification respectively (Tables S1–S3), yet the functional consequence is
currently unclear.

RHEB GTPase has also been shown to act as a proto-oncogene in prostate cancer and up to 4% of
patients with prostate cancer carry RHEB gene amplification, however RHEB oncogenic mutations are
rare (≤0.1% incidence, Tables S1–S3). RHEB GTPase is over expressed in several prostate cancer cell
lines and transgenic mice over-expressing Rheb specifically within the prostate epithelium develop
low-grade prostatic intraepithelial neoplasia lesions by 10 months of age, accompanied with increased
mTORC1 activity [175]. Rheb over-expression can also cooperate with Pten haploinsufficiency to
promote prostate tumorigenesis [175], indicating RHEB amplification is likely to be a genetic driver of
prostate tumorigenesis in the clinic.

2.7. Amplification of mTORC1 and mTORC2 Complex Components

The mTORC1 and mTORC2 protein complexes are functionally and structurally distinct, originally
distinguished by their sensitivity to the mTOR inhibitor rapamycin [176–178]. Both mTORC1 and
mTORC2 complexes contain mTOR, MLST8 (also known as G-protein beta-subunit like, GβL),
TEL2, TTI1, and the negative regulator DEPTOR [179,180]. RAPTOR and PRAS40 (encoded by
AKT1S1) are additional members of mTORC1 complex, whereas RICTOR, mSIN1, and PROTOR1/2
form the mTORC2 complex [180] (Figure 1). mTORC1 and mTORC2 are downstream effectors
and regulators of PI3K/AKT signaling that mediate key cellular processes in response to growth
factors and hormones [179,181–183]. mTORC1 is sensitive to rapamycin treatment and functions
to regulate cell growth, autophagy, protein translation machinery, and cell-cycle progression by
phosphorylating substrates such as ULK1, S6K and 4EBP1 [179,183–185]. The mTORC2 complex
plays a critical role in PI3K/AKT signaling by increasing the activity of AKT, SGK1 and PKCα to
regulate cell survival, metabolism and cytoskeletal dynamics [184] (Figure 1). mTORC2 is generally
insensitive to rapamycin [179], however chronic exposure to the drug has been shown to impair
mTORC2 assembly [185]. Crucially, mTORC1 and mTORC2 can also regulate each other via multiple
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mechanisms, including AKT regulation of PRAS40 to block suppression of mTORC1 activity and S6K
regulation of mSIN1 to modulate mTORC2 activity [186].

In general, the frequency of genetic alterations in mTORC1 and mTORC2 components is low
in prostate cancer. Genomic profiling data have shown that mTOR mutation occurs in 0.6–1.6% of
cases, and the frequency of mutation or deep deletion in the other components of mTORC1/2 is
≤1% (Tables S1–S3). However, DEPTOR gene amplification is comparatively frequent, occurring in
5.1–21.4% of cases, with the highest incidence observed in the SUC2/PCF-IDT metastatic prostate
adenocarcinoma dataset (Tables S1–S3). In addition, DEPTOR amplification directly correlates with
worse disease/progression-free survival in the TCGA Firehose Legacy prostate adenocarcinoma dataset
(Figure S4), indicating DEPTOR amplification may provide a valuable predictive biomarker in the
clinic. DEPTOR is an endogenous suppressor of mTOR kinase activity, yet DEPTOR upregulation
can reduce S6K1 activation, thus relieving feedback inhibition from mTORC1 to PI3K and mTORC2
signaling that results in increased AKT activation [187]. Nevertheless, DEPTOR knockdown in
colorectal cancer cells reduced cell proliferation and induced differentiation [188], raising the possibility
that DEPTOR can promote tumorigenesis in other epithelial cancers. DEPTOR has also been shown
to exert mTORC1/2-independent functions in the nucleus as a transcriptional regulator in multiple
myeloma cells [189] and is a transcriptional target of WNT/β-catenin/MYC signaling in colorectal
cancer cells [188], adding further complexity to PI3K-AKT-mTOR and WNT pathway crosstalk.

In addition to DEPTOR, a number of other genes encoding mTOR components were also distinctly
amplified in the SUC2/PCF-IDT metastatic prostate cancer dataset (AKT1S1, 2.7%; MLST8, 7.7%;
MAPKAP1, 4.5%; RPTOR, 7%; RICTOR, 5%; TELO2, 6.5%; TTI1, 2.5%, Table S3), which could
potentially facilitate tumor progression. However, none of these genetic alterations correlate with
disease/progression-free survival (determined by cBioPortal analysis of the TCGA Firehose Legacy
prostate adenocarcinoma dataset, n = 492, data not shown) [47,48]. Significantly, bi-allelic deletion of
Rictor in mouse prostate epithelium has revealed RICTOR is not required for normal tissue homeostasis,
yet RICTOR loss can suppress Pten-deleted prostate tumorigenesis in mice [190]. These findings
indicate that mTORC2 signaling can contribute to PTEN-deleted prostate cancer growth, and that
mTORC2 inhibition may be efficacious in the clinic against prostate cancers with PTEN loss [190].

Intracellular amino acids can also activate mTORC1 signaling by stimulating vacuolar H+-ATPase
(v-ATPase) to activate Ragulator, a guanine exchange factor that converts RAGA/B·GDP to RAGA/B·GTP,
enabling formation of the active RAG complex where RAGA·GTP or RAGB·GTP form heterodimers
with either RAGC·GDP or RAGD·GDP [36,191–195]. Similarly to RAGA/RAGB, RAGC/RAGD are
functionally redundant and are 80–90% homologous [195]. When amino acids are sufficient, mTORC1
is recruited to the lysosome where it binds to the active RAG complex via RAPTOR, followed by its
localization to RHEB that leads to mTORC1 activation [36,191,195] (Figure 1). Recent evidence also
suggests that amino acids such as glutamine can activate mTORC1 in a RAG-complex independent
manner, for example via the GTPase adenosine ribosylation factor 1 (ARF1) [196], highlighting the
complex nature of mTORC1 regulation.

In prostate cancer, genetic alterations in RRAGA and RRAGC genes that encode RAGA and RAGC
respectively are uncommon, however RRAGB (encoding RAGB) is amplified in up to 7.7% of cases and
RRAGD (encoding RAGD) deep deletion occurs in 6.5–14.4% of cases (Tables S1–S3). Interestingly,
RRAGD deep deletion in prostate adenocarcinoma strongly correlates with FOXO3 deletion (one-sided
Fisher’s Exact test, p-value < 0.001; data sourced from the cBioPortal platform, TCGA Firehose Legacy
prostate adenocarcinoma dataset, n = 492), however the functional consequence of RRAGD/FOXO3
co-deletion and RAGB amplification during prostate cancer growth and therapeutic resistance is
currently unknown and merits further investigation.

2.8. Aberrant AMPK Signaling

The metabolic sensor AMPK functions to maintain an adenosine triphosphate (ATP) equilibrium,
influencing cell growth, lipid and glucose metabolism, autophagy and cell polarity [197]. AMPK
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is composed of a catalytic subunit (α1/α2, encoded by PRKAA1/PRKAA2), a β structural
subunit (β1/β2, encoded by PRKAB1/PRKAB2) and a regulatory γ subunit (γ1/γ2/γ3, encoded by
PRKAG1/PRKAG2/PRKAG3) [198]. AMPK activation plays a tumor suppressive role by inhibiting
mTORC1 through the phosphorylation of TSC2 and RAPTOR in response to energy stress [199]
(Figure 1), and by negatively regulating lipogenesis [200–202]. AMPK can also play an oncogenic role
during stress (including hypoxia, oxidative stress, and glucose deprivation) to activate AKT, yet the
molecular mechanisms involved remain to be fully elucidated [200]. Mutation and deep deletion of
the AMPK subunits are uncommon in human malignancies [203], including prostate cancer (<1.2%
incidence, Tables S1–S3). Instead, gene amplification of the AMPK subunits is more common [43,45,204].
In prostate cancer, high-level amplification of PRKAB1, PRKAB2, PRKAG2, and PRKAG3 occurs in up
to 6.3%, 6.8%, 4.1%, and 2% of cases respectively (Tables S1–S3). Whether AMPK amplification equates
to increased activity remains to be determined, however AMPK phosphorylation/activation is reported
to positively correlate with Gleason score and disease progression [205,206].

Interestingly, androgen-mediated activation of AMPK has been shown to increase the
growth of prostate cancer cells, associated with elevated intracellular ATP levels and peroxisome
proliferator-activated receptor gamma coactivator 1-alpha (PGC-1α)-mediated mitochondrial
biogenesis [206]. Thus, AR-mediated AMPK activation could potentially function to avoid energy
crisis and promote tumor growth. Upstream activators of AMPK include Ca2+/calmodulin-dependent
protein kinase kinase β (CAMKKβ), liver kinase B1 (LKB1), sestrins, and potentially mitogen-activated
protein kinase kinase kinase 7 (MAP3K7) [207–209]. Below we explore several potential mechanisms
underpinning deregulation of the AMPK-AKT/mTOR signaling axis in prostate cancer.

2.8.1. CAMKKβ Amplification

CAMKKβ is encoded by CAMKK2 and phosphorylates AMPK in response to Ca2+ signaling. In
prostate cancer, CAMKK2 is amplified in up to 6.3% of patients (Tables S1–S3), however it is currently
unknown if CAMKK2 amplification promotes AMPK activity in the clinic. In a Pten-deleted prostate
cancer mouse model, Camkk2 deletion or CAMKKβ pharmacological inhibition has been shown to
suppress prostate tumorigenesis and reduce de novo lipogenesis, whereas Prkab1 (AMPK-β1) and
Pten co-deletion accelerates tumor progression [210]. These findings indicate that CAMKKβ plays an
oncogenic role in this setting and that CAMKKβ and AMPK-β1 play opposing roles in Pten-deficient
prostate cancer, possibly reflecting their differential regulation of lipogenesis [210]. CAMKKβ has also
been shown to activate AMPK in response to androgen signaling, and AMPK can subsequently inhibit
AR function to form a negative feedback loop [210]. However, the impact on the PI3K-AKT-mTOR
signaling cascade remains unclear. Interestingly, a recent report has shown that CAMKKβ can directly
phosphorylate AKT at residue Thr308 in ovarian cancer cells [211], indicating CAMKKβ may regulate
AKT/mTOR signaling both directly and indirectly via AMPK.

2.8.2. LKB1 Loss

LKB1 (encoded by serine/threonine kinase 11, STK11) is a multifaceted enzyme that plays a
tumor suppressive role by phosphorylating multiple substrates (e.g., AMPK and PTEN) to regulate
crucial cellular processes including cell metabolism, polarity, differentiation, and proliferation [212,213]
(Figure 1). While STK11 deletion or inactivating mutations are frequent in lung cancer (occurring
in up to 50% of patients) [208], STK11 mutations are rare in prostate cancer (0.2% incidence, Tables
S1–S3) and the frequency of STK11 deep deletion is also comparatively low (0–3.4% incidence, Tables
S1–S3). We have previously shown that LKB1 exerts a tumor suppressive function in the prostate, as
Lkb1 homozygous deletion in murine prostate epithelial cells causes prostate intra-epithelial neoplasia
(PIN), associated with elevated PI3K/AKT signaling [214]. The relatively mild effects of LKB1 loss are
greatly enhanced when combined with Pten heterozygosity in the mouse prostate, which causes lethal
metastatic prostate cancer [215]. Interestingly, the expression of either wild-type LKB1, or a kinase-dead
form of LKB1 (LKB1K78I) is sufficient to reduce tumor burden and impair metastatic potential of DU145
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prostate cancer cells that lack LKB1, indicating LKB1 may also elicit a kinase-independent tumor
suppressive function [215]. These in vivo findings indicate that deregulation of the LKB1-AMPK
signaling axis is a potential mechanism whereby AKT/mTOR signaling is potentiated to facilitate
prostate tumor formation and/or progression. Furthermore, a recent study has shown that LKB1 protein
levels are reduced in immortalized prostate cancer cell lines relative to normal prostate epithelial cells,
and siRNA-mediated STK11 knockdown correlated with elevated hedgehog signaling and increased
proliferation and invasion of prostate cancer cells in vitro, however PI3K-AKT-mTOR signaling was
not assessed [216].

2.8.3. Sestrin Deletion

Sestrins are a family of stress inducible antioxidant proteins comprising of SESN1, SESN2, and
SESN3, which play a key role in regulating autophagy, mitophagy, metabolic homeostasis, inflammation,
hypoxia and oxidative stress [217–219]. SESN1 and SESN2 are p53 target genes that are induced upon
DNA damage and oxidative stress [217]. SESN1 and SESN2 can directly bind to both the TSC1:TSC2
complex and AMPK, which leads to AMPK activation/autophosphorylation in a p53-dependent
manner and stimulates AMPK-mediated phosphorylation of TSC2 to negatively regulate mTORC1
signaling [217]. In addition, sestrins are reported to negatively regulate mTORC1 signaling via
GATOR2/RAG, indicating that sestrins can also mediate PI3K-AKT-mTOR signaling in response to
energy stress (e.g., nutrient starvation) [220,221].

Genetic alterations in the genes encoding sestrins have been linked to non-small cell lung carcinoma
(NSCLC) and colorectal cancer, and recent evidence in the literature has indicated sestrins play a tumor
suppressive role [221,222]. Although sestrin mutations are rare (≤0.8%), SESN1 deep deletion is a
frequent event in prostate cancer occurring in 4.7–13.4% of cases (Tables S1–S3), potentially leading to
increased mTORC1 signaling through alleviation of SESN1-mediated negative regulation of mTORC1.
Interestingly, similarly to FOXO3, SESN1 is located within the 6q21 locus that is commonly lost in
prostate cancer [160]. SESN1 is also reported to be transcriptionally repressed by AR [223], whereas
p53 and FOXOs are known to mediate SESN1 transcription [156,217]. Thus, future work exploring the
functional significance and predictive value of SESN1 depletion in prostate cancer could identify new
therapeutic avenues or biomarkers to aid patient care.

2.8.4. MAP3K7 Deletion

MAP3K7 (also known as transforming growth factor (TGF) β-activated kinase 1, TAK1)
is a serine/threonine protein kinase that mediates cell survival via NF-κB-dependent and
NF-κB-independent signaling in response to TGFβ and cytokines [224]. Recent evidence in the
literature has indicated that MAP3K7 may also mediate AMPK-AKT-mTOR signaling, as MAP3K7/TAK1
inactivation is associated with AMPK activation and reduced p-mTOR levels in skeletal muscle [209].
However, MAP3K7 is reported to mediate mTOR signaling independently of AMPK in hepatocellular
carcinoma, possibly via p38 activation [225].

In prostate cancer, MAP3K7 is a putative tumor suppressor gene and MAP3K7 deletion has been
shown to directly correlate with prostate cancer progression, lymph node metastasis, and biochemical
recurrence [226,227]. MAP3K7 deep deletion is a frequent event in prostate cancer, occurring in
up to 14.8% of patients (Tables S1–S3). Furthermore, loss of Map3k7 in mice has been shown to
promote prostate tumorigenesis [227], suggesting MAP3K7 plays a tumor-suppressive function in the
prostate. However, in an AML xenograft model MAP3K7 inhibition was found to attenuate leukemia
development [228], indicating that MAP3K7 plays a dual role as a tumor suppressor and an oncogene
depending on the malignancy.
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3. The PI3K-AKT-mTOR Pathway Intersects with Multiple Oncogenic Signaling Cascades to
Facilitate Prostate Cancer Growth

The PI3K-AKT-mTOR signaling cascade is one of the most frequently upregulated pathways
in prostate cancer, which potentiates multiple downstream signaling events to mediate a plethora
of cellular processes that promote tumor growth and therapeutic resistance to current treatment
regimens. Targeting the PI3K-AKT-mTOR pathway using small molecules, such as pan-PI3K,
PI3K-isoform specific, AKT, mTOR and dual PI3K/mTOR inhibitors has been challenging owing
to their limited efficacy and poor tolerability (reviewed in [14–17,134,229,230]). Many clinical trials
involving PI3K-AKT-mTOR-directed therapies have failed owing to incomplete inhibition of the
pathway, reflecting the multiple modes of pathway redundancy and numerous positive/negative
feedback loops that exist both within the PI3K-AKT-mTOR cascade and via crosstalk with other
signaling pathways [15,231–236] (Figure 1). Here, we review PI3K-AKT-mTOR interactions with
the RAS/MAPK, AR, and WNT signaling pathways, illustrating the need to improve our molecular
understanding of the broader PI3K-AKT-mTOR signaling network. Delineating the complexity of the
PI3K-AKT-mTOR pathway interactions with other signaling cascades during normal tissue homeostasis,
tumorigenesis and therapeutic resistance is crucial for the discovery of new, efficacious personalized
treatment approaches that overcome PI3K-AKT-mTOR inhibitor resistance.

3.1. PI3K-AKT-mTOR and RAS/MAPK Signaling Crosstalk

The RAS/MAPK cascade transduces extracellular growth signals via transmembrane receptors
(e.g., RTKs and GPCRs) and a series of intracellular protein kinases to regulate gene expression
in the nucleus, and to mediate a range of cellular functions including cell proliferation, migration,
differentiation, senescence, and survival [25,237,238]. Growth factors bind to the extracellular surface
of RTKs (e.g., epidermal growth factor receptor, EGFR, and fibroblast growth factor receptor, FGFR)
leading to a conformational change that enables RTK dimerization and autophosphorylation of several
tyrosine residues within the RTK cytoplasmic tail. This creates docking sites for adaptor proteins that
stimulate downstream effector cascades, such as growth factor receptor-bound protein 2 (GRB2) that
recruits Son of Sevenless (SOS) and the GTPase RAS to activate the MAPK cascade (RAF-MEK-ERK
signaling) and drive transcription of RAS/MAPK target genes [237,238] (Figure 1).

The RAS/MAPK cascade is frequently deregulated in human cancers, including prostate
cancer [238]. Activating genetic alterations (i.e., mutation/amplification) in RAS (HRAS, NRAS,
or KRAS) and BRAF have been reported in primary and metastatic prostate cancer (1–8% incidence),
and augmented MAPK signaling is reported to correlate with castration-resistance and metastatic
progression [43,45,46,101,239]. The PI3K-AKT-mTOR and RAS/MAPK pathways are interconnected
at multiple levels (Figure 1), predominantly owing to (a) shared upstream regulation mechanisms
through RTKs/GPCRs and their associated adaptors, (b) the ability of respective cytosolic signaling
components to interact and cross-regulate, and (c) the regulation of joint downstream targets (e.g., BAD
and RPS6), reviewed in [25,240]. At the level of the receptor for example, the GRB2-SOS complex that is
recruited to activated RTKs can bind to the scaffolding protein GAB1 (GRB2-associated binder-1), which
interacts with RasGAP, SHP2, PI3K, and PIP3 to augment both RAS/MAPK and PI3K-AKT-mTOR
signaling [25]. In addition, mTORC1 signaling can negatively regulate RTK signaling to reduce both
PI3K-AKT-mTOR and RAS/MAPK activity, including mTORC1-S6K-mediated suppression of the
insulin receptor substrate protein IRS1; a major IGF-1 receptor substrate and adaptor protein that can
promote both PI3K and RAS activation by binding to p85 and GRB2 respectively [25,241]. S6K can also
phosphorylate RICTOR to reduce mTORC2 signaling [25,242].

At the membrane, RAS-GTP can also bind to the RAS-binding domain (RBD) of p110α, p110δ,
and p110γ to directly activate several Class I PI3K catalytic subunit isoforms [20,243]. Intracellular
components of both cascades also interact to form multiple feedforward and feedback loops that enable
PI3K-AKT-mTOR and RAS/MAPK pathway cross-regulation (Figure 1) [25,232,240]. For instance,
RAS/MAPK activation has been shown to stimulate mTORC1 signaling through ERK, which can
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directly phosphorylate TSC2, RAPTOR and 90 kDa ribosomal S6 kinase (RSK) to inactivate/dissociate
the TSC1:TSC2 complex and regulate the recruitment of mTORC1 substrates [244–246]. ERK-RSK
signaling can also phosphorylate serum response factor (SRF), cAMP response element-binding
protein (CREB) and RPS6, thus promoting cap-dependent translation independently of mTORC1-S6K
signaling [247,248]. In addition, AKT is also reported to directly phosphorylate and negatively regulate
RAF to suppress the MAPK cascade [249,250], and activated RAS has recently been shown to directly
interact with mSIN1 to stimulate mTORC2 signaling in cancer cells (including prostate cancer cell
lines) [251].

3.1.1. RAS/MAPK-PI3K-AKT-mTOR Interactions Promote Resistance to PI3K-AKT-mTOR
Pathway-Directed Therapies

Clinical trials exploring the efficacy of inhibitors targeting the PI3K-AKT-mTOR pathway in
prostate cancer have been extensively reviewed previously [14–17]. Despite promising results in
early preclinical studies [252,253], allosteric mTORC1 inhibitors (e.g., rapamycin and rapamycin
analogs/rapalogs such as Everolimus and Temsirolimus) have been ineffective in patients with prostate
cancer, owing to their inability to suppress AKT activity and a number of adverse side effects [17,254].
Evidence in the literature has revealed several mechanisms of resistance, including activation of
the RAS/MAPK pathway [235,255–257]. Both normal and transformed prostate epithelial cells
have been shown to augment RAS/MAPK signaling in response to mTORC1 inhibition [235,255],
and administration of Everolimus (RAD001) has been shown to induce MAPK signaling in a
Pten-deleted mouse model of prostate cancer [235,255]. Although the mechanisms underpinning
resistance to mTORC1 inhibitors are not completely understood, several signaling events that involve
PI3K/AKT/PI3K and RAS/MAPK crosstalk have been identified. For instance, mTORC1 inhibition is
reported to promote AKT and RAS/MAPK signaling by blocking mTORC1-S6K-mediated negative
regulation of IRS1 and mTORC2 signaling [258,259] (Figure 2A). Inhibition of mTORC1 has also been
shown to prevent mTORC1 stabilization of growth factor receptor bound protein 10 (GRB10), an RTK
adaptor protein that negatively regulates RTK signaling [260].

Resistance to AKT inhibitors (e.g., capivasertib and ipatasertib) has also been linked to elevated
RAS/MAPK signaling and mTORC2 activity [14,261]. AKT inhibition can lead to the nuclear
accumulation of active FOXO1, resulting in increased transcription of FOXO1-regulated genes, such as
ERBB2/3 that encode human epidermal growth factor 2/3 (HER2/3) RTKs [25,237,262–264] (Figure 2B).
PI3K inhibition with either pan-PI3K inhibitors (GDC0941 and XL-147) or a dual PI3K/mTOR inhibitor
(BEZ235) has also been found to increase HER2/3 expression in breast cancer, resulting in increased
RAS/MAPK signaling [265,266]. Furthermore, FOXO-dependent transcription is associated with p110α
and PDK1 co-inhibition [145].

Additionally, the mTORC2 substrate SGK1 can replace AKT in response to PI3K/AKT inhibition,
leading to the activation of shared AKT substrates that mediate oncogenic cellular processes such
as cell growth, survival metabolism, and migration [145,267] (Figure 2B). In PIK3CA mutant breast
cancer cells, PDK1-SGK1 signaling has been shown to sustain AKT-independent mTORC1 activation to
promote resistance to the p110α-isoform-specific PI3K inhibitor BLY719, and PDK1 or SGK1 blockade
can restore BYL719 sensitivity [145]. Furthermore, elevated SGK1 can predict for AKT inhibitor
resistance in breast cancer cells [267]. Interestingly, Class I PI3K and AKT inhibition has also been
shown to increase PI3K Class III hVsp34-SGK3 signaling in breast cancer cells, which can substitute for
AKT by phosphorylating TSC2 to activate mTORC1 [148]. Whether SGK1/3 shares AKT’s ability to
phosphorylate and activate RAF is currently unknown.

152



Int. J. Mol. Sci. 2020, 21, 4507

Figure 2. PI3K-AKT-mTOR and RAS/MAPK pathway crosstalk can contribute to mTORC1 and AKT
inhibitor resistance. Model schematics illustrating reported mechanisms of therapeutic resistance to
(A) mTORC1 inhibition and (B) AKT inhibition. mTORC1 and AKT blockade potentiates a series of
feedback/feedforward loops between the PI3K-AKT-mTOR and RAS/MAPK signaling pathways, leading
to augmented RAS/MAPK signaling and incomplete suppression of the PI3K-AKT-mTOR cascade that
can promote drug-resistant tumor growth. AKTi, AKT inhibitor; mTORC1i, mTORC1 inhibitor.

3.1.2. Co-targeting RAS/MAPK and PI3K-AKT-mTOR Signaling in Prostate Cancer

Co-activation of the RAS/MAPK and PI3K-AKT-mTOR signaling pathways occurs frequently
in human malignancies including prostate cancer, thus considerable research has been devoted to
establishing how these two oncogenic cascades interact [101,256,257,268–270]. Nearly all metastatic
prostate cancer patients are reported to show deregulation of both cascades [43]. To model this in vivo,
genetically engineered mouse models of prostate cancer with prostate specific Pten homozygous
deletion harboring either a KRasG12D activating mutation or oncogenic BRaf V600E with NK3 Homeobox
1 (Nkx3.1) depletion, promotes rapid tumor growth and metastatic progression relative to the single
mutants [101,268,269]. To our knowledge, these tumor models were the first immunocompetent
transgenic mouse models of prostate adenocarcinoma to display reproducible metastatic disease.

Taken together, these findings indicate that PI3K-AKT-mTOR and RAS/MAPK signaling synergize
to promote prostate cancer growth and metastatic progression, and given the frequency of co-activation
of these cascades in the clinic, this provides a clear justification for exploring the combination of
PI3K-AKT-mTOR and RAS/MAPK pathway inhibitors in patients with advanced prostate cancer. This
notion is further supported by the fact that MEK inhibition is associated with elevated PI3K-AKT-mTOR
signaling in mammalian cancer cells, including prostate cancer cells [271,272]. Preclinical studies have
also shown that co-inhibition of MEK and mTORC1 can significantly reduce tumor burden relative to
monotherapy in a mouse model of prostate cancer driven by simultaneous heterozygous deletion of
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Nkx3.1 and Pten [256], and can inhibit cell growth and increase cytotoxicity in the castration-resistant
CWR22Rv1 human prostate cancer cell line [272]. However, MEK inhibition alone is reported to
be sufficient to suppress the metastatic spread of Pten-deleted and KRas activated stem/progenitor
murine prostate cancer cells orthotopically transplanted in vivo, similarly to combined mTORC1 and
MEK inhibition [101]. This highlights the need to improve our molecular understanding of how these
cascades interact during disease progression and in the presence of different genetic drivers to aid the
stratification of patients that will benefit from (a) PI3K-AKT-mTOR inhibition, (b) MEK inhibition or (c)
combined PI3K-AKT-mTOR and RAS/MAPK blockade.

Several prostate cancer clinical trials have been designed to investigate the therapeutic efficacy
of targeting MEK (e.g.,MEK1/2 inhibitor trametinib, ClinicalTrials.gov identifiers: NCT02881242 and
NCT01990196) or the PI3K-AKT-mTOR cascade (e.g., pan-AKT inhibitors including ipatasertib
and capivasertib, ClinicalTrials.gov identifiers: NCT01485861/NCT03673787 and NCT02525068/
NCT02121639 respectively) [134,273]. Metformin (an oral type 2 anti-diabetic drug) is also currently
being investigated in prostate cancer within the STAMPEDE trial [274]. Metformin targets the
mitochondrial respiratory chain complex I, leading to reduced mitochondrial ATP production that causes
cellular energy crisis with subsequent AMPK activation and mTORC1 inhibition [275]. Metformin has
also been shown to inhibit MEK/ERK in response to growth factors, contrasting mTORC1 inhibitor
treatment with rapamycin that increases MAPK signaling [276].

Although not currently specific to patients with prostate cancer, clinical trials exploring
co-inhibition of the PI3K-AKT-mTOR and MAPK cascades to treat various advanced solid cancers
have also been developed (e.g., ClinicalTrials.gov identifiers: NCT01390818, NCT01347866, and
NCT02583542), although response rates appear to be low and are linked to RAS and RAF mutations [277].
For example, a recent Phase Ib study of combination therapy with the MEK1/2 inhibitor binimetinib
(Mektovi) and the pan-PI3K inhibitor Buparlisib (BKM120) in advanced solid tumors reported
promising efficacy in patients with advanced ovarian cancer with RAS/RAF genetic alterations,
however continuous dosing resulted in intolerable toxicities and an intermittent schedule is suggested
for future trials [278]. Additionally, the MATCH screening trial (targeted therapy directed by genetic
testing in treating patients with advanced refractory solid tumors, lymphomas, or multiple myeloma,
ClinicalTrials.gov identifier: NCT02465060) will investigate the efficacy of MEK and PI3K inhibitors
as monotherapies in patients with progressive disease that carries a genetic alteration in either the
RAS/MAPK or the PI3K-AKT-mTOR pathways respectively.

3.2. PI3K-AKT-mTOR and AR Signaling Crosstalk

AR signaling regulates cell growth, differentiation, migration and survival, and plays a critical
role as a transcriptional regulator during prostate development, normal prostate tissue homeostasis,
and prostate cancer [279–281]. AR is a steroid nuclear receptor that transmits androgen signals such as
testosterone (T), or its more potent metabolite dihydrotestosterone (DHT), to regulate gene expression
and coordinate cellular responses. T is derived from cholesterol through a cascade of biochemical
reactions involving four enzymes: cytochrome P450 side-chain cleavage enzyme (P450scc), cytochrome
P450 17α-hydroxylase/17,20-lyase (CYP17A1), 3β-hydroxysteroid dehydrogenase (3β-HSD) and
17β-hydroxysteroid dehydrogenase (17β-HSD) [282]. The conversion of cholesterol to pregnenolone
is catalyzed by P450scc, and its subsequent conversion to progesterone is catalyzed by 3β-HSD.
Pregnenolone and progesterone can be converted by CYP17A1 to 17-OH-pregnenolone and
17-OH-progesterone and subsequently to dehydroepiandrosterone (DHEA) and androstenedione
(AD or A4). DHEA and AD may then be converted to androstenediol and T by 17β-HSD [282]. T
synthesis and secretion predominantly occurs in the Leydig cells of the testes, and is stimulated by
pituitary-derived luteinizing hormone (LH), which is secreted in response to hypothalamus-derived
LHRH, (also known as gonadotrophin-releasing hormone, GnRH) [281,283]. In the prostate,
5-alpha-reductase converts T to DHT [281,283]. In addition, androgens can also be produced by
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the adrenal glands and in some instances by prostate tumor cells [284], which may contribute to
prostate cancer growth post-orchiectomy [285].

In the absence of androgens, AR forms a cytoplasmic complex with chaperones (e.g., HSP90
and HSP70). Androgen binding displaces the chaperones and triggers a conformational change
in AR, which enables AR homodimerization and nuclear translocation (Figure 1) [279,281,286].
Nuclear AR homodimers regulate the transcription of androgen-regulated genes (e.g., SLC43A1,
FKBP5, CAMKK2, NKX3.1 and KLK3) by directly binding to an androgen responsive element (ARE)
in the promotor/enhancer region of target genes [279,286]. However, growth factors (e.g., EGF
and IGF-1), cytokines (e.g., IL6) and intracellular signaling kinases (e.g., AKT and SRC) can also
independently stimulate AR dependent transcriptional activity when androgen levels are low, which
can facilitate therapeutic resistance to androgen/AR blockade [12,281,287]. In addition to regulating
gene transcription, AR can also mediate a number of intracellular signaling pathways through direct
protein–protein interactions within the cytoplasm (known as non-genomic AR signaling) [12,281]. For
instance, AR is reported to activate SRC family kinases, PKC, RAS, ERK, PI3K, and AKT [12,288].

Aberrant AR signaling is a common feature of prostate cancer [289], with up to 56% of
primary cases and 100% of metastatic cases reported to carry genetic alterations within key AR
pathway components [43]. While the majority of men with prostate cancer initially respond to
androgen/AR-directed therapy, they inevitably develop castration-resistant prostate cancer (CRPC),
as malignant cells develop therapeutic resistance [5,290]. Several inherent and acquired resistance
mechanisms have been identified, including AR genetic alterations (e.g., activating mutations, gene
amplification, androgen-independent constitutively active splice variants, AR loss), augmented
androgen biosynthesis, adrenal androgens, AR-bypass signaling (e.g., glucocorticoid receptor (GR)
regulation of shared AR target genes), trans-differentiation to neuroendocrine prostate cancer
and ligand-independent activation via crosstalk with another signaling cascade, such as the
PI3K-AKT-mTOR pathway [12,283].

The PI3K/AKT/mTOR and AR pathways have been shown to cross-regulate through several
reciprocal inhibitory loops [11,12,24] (Figure 3). Consequently, the PI3K-AKT-mTOR pathway can be
inadvertently activated in response to androgen/AR-directed therapies, and vice versa PI3K-AKT-mTOR
pathway inhibition can augment AR signaling, leading to therapeutic resistance. Human patient
samples (both primary tumor and bone metastases), human prostate cancer cell lines and transgenic
mouse models of prostate cancer have consistently demonstrated that AKT-mTOR signaling is
increased in response to androgen/AR-directed blockade [11,13,24,291–293]. Mechanistically, it is
reported that inhibiting AR signaling reduces expression of the AR target gene FK506-binding protein-5
(FKBP5), which leads to PHLPP destabilization and reduced PHLPP-mediated dephosphorylation of
AKT at Ser473 to promote AKT signaling [11,24] (Figure 3A). Thus, compensatory activation of the
PI3K-AKT-mTOR pathway in response to androgen/AR pathway inhibition can facilitate CRPC growth.

Conversely, PI3K-AKT-mTOR pathway inhibition is associated with augmented AR signaling
that can contribute to drug resistance and promote prostate cancer progression [11,293–295]. Carver
and colleagues showed that PI3K/mTOR inhibition activates AR signaling in human xenograft and
transgenic mouse models of prostate cancer, and that co-treatment with the PI3K/mTOR inhibitor
BEZ235 and the antiandrogen MDV3100 (enzalutamide) significantly reduced tumor burden relative to
monotherapy [11]. In corroboration, resistance to the AKT inhibitor capivasertib (AZD5363) in LNCaP
prostate cancer xenografts is also associated with elevated AR signaling, and combining AZD5363
treatment with the antiandrogen bicalutamide prolonged disease stabilization [295]. Furthermore,
mTOR and EGFR co-inhibition with everolimus and gefitinib has shown limited sensitivity in patients
owing to enhanced AR activity and PSA levels [293], providing further rationale for combining AR
and PI3K-AKT-mTOR blockade to treat prostate cancer.
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Figure 3. PI3K-AKT-mTOR and AR signaling crosstalk facilitates resistance to androgen/AR and
AKT-directed monotherapy. Schematics depict reported model mechanisms for therapeutic resistance
to (A) androgen/AR-directed therapy, which leads to increased AKT activation, and (B) AKT inhibition.
AD, androstenedione; CYP17A1, cytochrome P450 17A1; DHEA, dehydroepiandrosterone; Ub,
ubiquitination event.

Several distinct molecular mechanisms have been identified that underpin AR reactivation upon
AKT inhibition. Notably, AKT inhibition can prevent AKT-mediated nuclear exclusion of FOXOs,
which can lead to augmented transcription of FOXO-target genes such as RTKs (e.g., ERBB2/3 encoding
HER2/3) (Figure 3B) [11,262,296]. HER2/3 activity has been shown to promote AR signaling by
protecting AR from ubiquitination and proteasomal degradation, and by enhancing AR binding to
ARE target sequences and stimulating AR transcriptional activity [297–299] (Figure 3B). Nonetheless,
the role of FOXO-dependent signaling in PI3K-AKT-mTOR and AR pathway crosstalk is complex.
Although FOXO transcription factors upregulate the expression of RTKs [262] causing a subsequent
increase in AR signaling [298], the ectopic expression of FOXO1 conversely dampens AR activity,
which is further exacerbated when FOXO1 is co-transfected with the AR coregulator HDAC3 [300].

PTEN loss has also been shown to downregulate AR signaling via the upregulation of several
factors that inhibit AR signaling through histone modification mechanisms such as early growth
response 1 (EGR1), transcription factor AP-1 (c-JUN), and the catalytic subunit of polycomb repressive
complex 2 enhance of zeste homolog 2 (EZH2) (Figure 1) [24]. PTEN protein-phosphatase activity has
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also been shown to protect the tumor suppressor NK3 homeobox 1 (NKX3.1) from degradation, which
can derail the AR transcriptional network [301]. Of note, NKX3.1 and AR can cross-regulate [302], and
enforced NKX3.1 expression can suppress Pten-deleted prostate tumorigenesis in transgenic mice [303].

Despite the antagonistic crosstalk between AR and AKT (Figure 3), AR signaling can boost mTORC1
activation through an AR-dependent increase in amino acid transport during tumorigenesis [304]. AR
mediates expression of L-type amino acid transporters (e.g., LAT3 encoded by SLC43A1) to maintain
sufficient levels of leucine needed for mTORC1 signaling and cell growth (Figures 1 and 3) [304].
Moreover, LAT1 and LAT3 transport inhibition is sufficient to decrease cell growth and mTORC1
signaling in prostate cancer cells in vitro [304]. Recent in vitro data have also revealed that mTOR
can directly interact with AR in the nucleus of prostate cancer cells to promote metabolic rewiring,
and high levels of nuclear mTOR correlate with poor prognosis in patients with prostate cancer [293].
Additionally, AKT has been shown to directly bind and phosphorylate AR when T levels are low,
although the functional significance of this event remains to be determined [16,305,306].

The reciprocal feedback loop between AR and PI3K-AKT-mTOR signaling may also be perturbed
by Speckle-type BTB/POZ protein (SPOP) loss of function mutations that lead to the stabilization of
the SPOP substrate SRC3 (e.g., p.F133V), which consequentially increases PI3K activity [307]. SPOP
is an adaptor protein of the Cullin 3 family E3 ligases that can target SRC3 for ubiquitin-mediated
degradation and a known tumor suppressor [12,308–310]. In prostate cancer, SPOP is frequently
mutated (9–11% incidence) [45,46]. Remarkably, SPOP mutation can also stabilize AR and potentiate
AR signaling whilst the PI3K-AKT-mTOR signaling pathway is activated, allowing coordinated and
cooperative signaling that drives tumorigenic growth [307]. Conversely, wildtype SPOP can trigger E3
ligase mediated degradation of AR via hinge domain binding when androgens levels are low [311].
Furthermore, AR has been shown to positively regulate the PI3K-AKT-mTOR pathway via a direct
interaction with the SH2 domain of the Class IA PI3K regulatory subunit p85α, which has been shown
to activate the PI3K-AKT-mTOR cascade [312], further highlighting the complexity of the interactions
between these two cascades.

Taken together, these findings support the rationale for combining pharmacological inhibition
of the AR and PI3K-AKT-mTOR cascades to treat prostate cancer in the clinic, and highlight the
need for further work to delineate the molecular mechanisms underpinning crosstalk between these
two oncogenic cascades. Importantly, clinical trials exploring co-targeting AR and PI3K-AKT-mTOR
signaling are beginning to show promise. A randomized Phase Ib/II study combining the pan-AKT
inhibitor ipatasertib with abiraterone in mCRPC patients has reported ipatasertib + abiraterone
prolongs radiographic progression-free survival (rPFS), improves overall survival and extends
time to PSA progression compared to abiraterone alone, particularly in patients with PTEN loss
(ClinicalTrials.gov identifier: NCT01485861) [134]. This study also reports that the adverse effects
common to PI3K-AKT-mTOR blockade (e.g., hyperglycemia) were generally clinically manageable [134].
A Phase I dose escalation study combining enzalutamide and capivasertib to treat mCRPC has also
recently reported 3/16 patients responded (ClinicalTrials.gov identifier: NCT02525068) [313]. In
this study, patients who met the response criteria had PTEN loss or AKT activating mutations,
low/absent AR-V7 protein levels and elevated p-ERK [313]. Nevertheless, several additional clinical
trials investigating the combination of AR and PI3K-AKT-mTOR blockade in men with mCRPC did
not demonstrate a therapeutic benefit and were associated with poor tolerability (ClinicalTrials.gov
identifiers: NCT01385293, NCT01634061 and NCT01717898) [314–316]. Interestingly, D’Abronzo and
colleagues also recently showed that eIF4E phosphorylation at residue Ser209 in human CRPC cell
lines pre-treated with the antiandrogen bicalutamide underpins resistance to subsequent combination
therapy with bicalutamide + rapamycin treatment. Remarkably, suppression of eIF4E phosphorylation
by MNK1/2 (MAP kinase interacting serine/threonine kinase1/2) or ERK1/2 inhibition was shown to
sensitize bicalutamide pre-treated CRPC cells to combined anti-androgen and mTORC1 blockade [317],
presenting a novel avenue for overcoming therapeutic resistance. Thus, despite some promising
results, it is evident that further investigation into the molecular mechanisms underpinning AR and
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PI3K-AKT-mTOR pathway crosstalk in prostate cancer is required to improve patient stratification
and to discover new therapeutic approaches and predictive biomarkers that can inform future clinical
trial design.

3.3. PI3K-AKT-mTOR and WNT Signaling Interactions

The WNT family is an evolutionarily conserved group of proteins essential for growth control,
organ development, tissue homeostasis and stem cell renewal in multiple organs, and is crucial for
normal prostate development [318,319]. WNT signaling is potentiated by secreted WNT ligands (a
family of 19 lipoglycoproteins) that bind extracellularly to transmembrane frizzled receptors (FZD1-10)
and their co-receptors, such as low-density lipoprotein receptors (e.g., LRP5 and LRP6), tyrosine
protein-kinases (e.g., receptor tyrosine kinase–like orphan receptor-1 and -2, ROR1/2), and tyrosine
kinase-related receptors (e.g., receptor-like tyrosine kinase, RYK, protein tyrosine kinase 7, PTK7,
and muscle specific kinase, MuSK) [318–320]. The WNT signal is transduced intracellularly via
dishevelled (DVL), which subsequently activates either β-catenin-dependent/canonical WNT signaling
or β-catenin-independent/non-canonical WNT signaling [318–320]. In the absence of a canonical WNT
ligand, cytosolic β-catenin levels are maintained at a low level via the β-catenin destruction complex
that contains the scaffold protein AXIN, the tumor suppressor adenomatous polyposis coli (APC),
GSK3β and casein kinase 1 (CK1). The β-catenin destruction complex phosphorylates β-catenin,
leading to its ubiquitylation and proteasomal degradation [321]. Canonical WNT signals disrupt
the β-catenin destruction complex, resulting in β-catenin stabilization and accumulation, nuclear
translocation and interaction with TCF/LEF transcription factors to upregulate WNT target genes such
as MYC and AXIN2 [321] (Figure 1). Non-canonical WNT signaling involves WNT-mediated activation
of RhoA/ROCK and RAC/JNK/NFAT signaling (planar cell polarity pathway), or phospholipase C
(PLC) activation and the accumulation of intracellular Ca2+ that stimulates calmodulin-dependent
kinase II (CamKII), calcineurin and protein kinase C (PKC) signaling (WNT/Ca2+ pathway) [320].

Activation of both the canonical and non-canonical WNT cascades has been reported in
localized and advanced prostate cancer, and oncogenic deregulation of core WNT pathway
components frequently occurs in primary and metastatic prostate cancer (up to 6% and 19% incidence
respectively [45]), primarily via APC deep deletion/truncating mutations and CTNNB1/β-catenin
activating mutations [45,46,320,322,323]. Furthermore, the WNT/β-catenin pathway is strongly linked
to androgen/AR-directed therapy and chemotherapy resistance [324–327], thus WNT signaling presents
an attractive therapeutic target for advanced prostate cancer. In addition, AR is in fact a WNT/β-catenin
target gene, and AR and β-catenin can directly interact and co-localize in the nucleus to mediate
transcriptional activity of AR-regulated genes [328–330] (Figure 1). WNT and AR signaling cascades
have also been shown to reciprocally inhibit each other in murine prostate cancer [331].

Mouse models have been instrumental in determining the role of WNT signaling in prostate
cancer, and we and others have shown that constitutive activation of β-catenin or Apc bi-allelic deletion
predisposes to prostate adenocarcinoma in mice [269,331–333]. Moreover, β-catenin activation can
cooperate with Pten heterozygous or homozygous deletion to promote prostate cancer progression,
CRPC transition and metastatic potential [269,331–333], indicating a synergistic relationship exists
between the PI3K-AKT-mTOR and WNT cascades.

Several molecular mechanisms that permit cross-regulation of the PI3K-AKT-mTOR and WNT
signaling cascades have emerged in the literature, which could influence prostate cancer growth
and resistance to anti-androgens and/or PI3K-AKT-mTOR pathway inhibitors [320,322,323,334,335]
(Figure 4). While canonical WNT signaling mediates cellular β-catenin levels, the level of active
β-catenin (unphosphorylated at residues Ser37 and Thr41) in melanoma, breast and prostate cancer
cells is reported to be regulated by the PI3K-AKT-mTOR cascade, in a process that is dependent on
PP2A activity [335]. PP2A is known to negatively regulate AKT, however it is currently speculated that
this phosphatase may also directly dephosphorylate and activate β-catenin [335]. Additionally, the
PI3K-AKT-mTOR pathway has also been shown to mediate β-catenin localization [335], and several
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transcription factors that directly interact with β-catenin are co-regulated by the PI3K-AKT-mTOR
pathway, such as FOXO3a [336] and SOX4 [337]. In prostate cancer cells, FOXO3a has been shown
to suppress β-catenin transcriptional activity and can be inhibited by AKT [336], whereas SOX4 is a
positive regulator of canonical WNT and is stimulated by AKT [338] (Figure 4).

Figure 4. PI3K-AKT-mTOR and WNT signaling crosstalk. Upon ligand binding (WNT ON), the
destruction complex is recruited to the plasma membrane leading to β-catenin accumulation in both
the cytoplasm and nucleus, where it activates gene expression through TCF binding. Insert illustrates
WNT signaling in the absence of WNT ligand (WNT OFF). The interplay between PI3K-AKT-mTOR
and WNT may occur through shared pathway components (e.g., GSK3β, PTEN, PP2A) and/or the joint
regulation of transcription factors such as MYC, FOXO3a, SOX4 or YAP/TAZ. CDK4, cyclin-dependent
kinase 4; LATS1/2, l-type amino acid transporter 1/2; LDHA, l-lactate dehydrogenase A chain; SLC2A3,
solute carrier family 2, facilitated glucose transporter member 3 (encoding GLUT3, glucose transporter
3); TAZ, transcriptional co-activator with PDZ-binding motif; TEAD, transcriptional enhanced associate
domain transcription factor; YAP, Yes-associated protein.

In addition to transmitting canonical WNT signals, β-catenin also form adherens junctions
with α-catenin and E-cadherin at cell–cell junctions to maintain tissue architecture and facilitate
cell–cell signaling (Figure 4). PTEN has also been shown to modulate β-catenin nuclear localization
and transcriptional activity through caveolin-1 (CAV1)-dependent dissociation of β-catenin from
E-cadherin at the membrane independently of PI3K-AKT-GSK3β signaling, leading to increased tumor
formation and metastatic progression in melanoma [339].

Crosstalk between the PI3K-AKT-mTOR and WNT/β-catenin signaling pathways is also mediated
via GSK3β and the TSC1:TSC2 complex [167] (Figure 4). GSK3β play a critical role in both cascades,
serving as a core member of the β-catenin destruction complex that helps to maintain low level of
cytosolic/nuclear β-catenin in the absence of WNT signal [340], and as a direct substrate of AKT [167].
AKT inactivates GSK3β by phosphorylating residue Ser9 [167]. GSK3β can also phosphorylate
and activate TSC2 resulting in inhibition of mTOR activity [167], and can restrict cellular growth
by suppressing glucose uptake via TSC2 and mTOR [341]. Active WNT signaling inhibits GSK3β,
abrogates the suppression of mTOR and stimulates phosphorylation of S6K, S6, and eukaryotic
translation initiation factor 4E binding protein 1 (4EBP1) [167]. Interestingly, in the absence of TSC1 or
TSC2, S6K has also been shown to inactivate GSK3β by directly phosphorylating residue Ser9 and
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active GSK3β has also been shown to phosphorylate/activate S6K, adding further complexity to GSK3β
signaling between the WNT and PI3K-AKT-mTOR cascades [342]. However, previous work has also
indicated that GSK3β does not mediate crosstalk between the PI3K-AKT-mTOR and WNT/β-catenin
pathways [343,344], raising the possibility that GSK3β function is context/tissue dependent. Of note,
WNT ligands can also activate mTOR through MYC-dependent suppression of TSC2 [345].

PI3K-AKT-mTOR and WNT signaling may also interact through Hippo signaling. Hippo signaling
is tightly intertwined with cell size regulation and nutrient sensing through LKB1-AMPK, TSC1:TSC2
and mTOR [346,347], and the Hippo pathway signaling proteins yes-associated protein (YAP) and
transcriptional co-activator with PDZ-binding motif (TAZ) are integral parts of both canonical and
non-canonical WNT signaling [348,349]. YAP and TAZ are members of the β-catenin destruction
complex, and in the presence of WNT signals, they dissociate from the complex and translocate to
the nucleus to activate downstream targets [348] (Figure 4). AMPK activation has also been shown to
negatively regulate YAP/TAZ activity [347].

Non-canonical WNT signaling has also been shown to activate the PI3K-AKT-mTOR pathway.
For example, WNT/FZD7-dependent dissociation of Gβγ from Gαi enhances PI3K-AKT signaling and
increases tumor cell invasive potential [350]. ROR1 can also activate PI3K-AKT signaling in response
to trans-phosphorylation by tyrosine kinases, such as MET and SRC [351]. In addition, WNT receptor
Frizzled2 (FZD2) can drive epithelial-to-mesenchymal transition (EMT) and cell migration through
activation of Fyn [352], and activated Fyn kinase activity has been shown to suppress the AMPK-LKB1
signaling axis by blocking LKB1 redistribution into the cytoplasm [353].

Interestingly, the PI3K-AKT-mTOR, WNT, MAPK and AR signaling cascades all converge
to regulate the transcription factor MYC, which is frequently amplified in prostate
cancer/mCRPC [44,45,354]. While MYC is a WNT/β-catenin target gene [355], PI3K-AKT-mTOR
signaling can mediate MYC mRNA stability, translation and protein stability [356–360]. AR signaling
has also been shown to stimulate MYC in AR-driven prostate cancer, while in normal prostate tissue AR
silences MYC to maintain normal homeostasis [361,362]. However, MYC is also reported to antagonize
AR transcriptional activity in prostate cancer [363]. MYC upregulation is frequently observed in
prostate cancer, and although targeting MYC remains a clinical challenge, preclinical studies have
emphasized the potential efficacy of MYC blockade for patients with late-stage prostate cancer [364].

WNT inhibitors are beginning to enter clinical trials, including small-molecule inhibitors to
the enzyme porcupine that block WNT ligand secretion, such as WNT974 (LGK974) [320,322].
Preliminary data from a WNT974 phase 1 clinical trial (NCT01351103) for a small range of human
malignancies (excluding prostate cancer) report a manageable safety profile and suppression of
canonical WNT/β-catenin target gene AXIN2 [320], and recent preclinical studies have indicated that
WNT974 treatment is efficacious against prostate cancer [331,365]. β-catenin has also been reported to
facilitate resistance to PI3K and AKT inhibition in colon cancer [334]. Thus, further work exploring the
therapeutic benefit of targeting the WNT pathway in prostate cancer is warranted.

4. Conclusions

In summary, the PI3K-AKT-mTOR cascade is frequently activated in prostate cancer, and genomic
profiling has revealed that oncogenic genetic alterations occur within a diverse array of PI3K-AKT-mTOR
pathway components. Significant research efforts have been devoted to delineating the mode of
action of several of these aberrations (e.g., PTEN deletion and PIK3CA activating mutation), however
our molecular understanding of how these events differentially mediate cell signaling programs is
limited, and several genetic alterations remain to be studied functionally. Future work to gain novel
insight into the functional consequence of these genetic alterations in prostate cancer is necessary
to (a) identify passenger vs. driver alterations, (b) establish the ability of individual aberrations
to synergize with additional oncogenic events, and (c) discover their mode of action during tumor
growth, metastasis and therapeutic resistance. In conjunction with genomic and transcriptomic
data, establishing the frequency and impact of post-transcriptional modifications and epigenetic
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events within core PI3K-AKT-mTOR pathway components during prostate tumorigenesis and disease
progression/recurrence is also crucial, as these components are regulated at multiple levels and
genomic/transcriptomic data do not consistently equate with protein activity.

Targeting the PI3K-AKT-mTOR pathway in prostate cancer remains a key clinical challenge.
Therapeutic resistance emerges owing to various feedback/feedforward loops and redundancy
mechanisms that prevent complete suppression of the pathway and cause compensatory augmentation
of interacting signaling pathways, thus rationalizing the exploration of combination therapies.
Encouragingly, clinical trials are beginning to report therapeutic efficacy when combining
PI3K-AKT-mTOR and androgen/AR-directed therapies, particularly in patients with mCRPC that
display PTEN loss. However, the mechanism of resistance to PI3K-AKT-mTOR pathway-targeted
therapies is likely to vary dramatically between patients and within individual tumors owing to
several factors. These include the activity status of the pathway components, the extent of intratumoral
heterogeneity, the mode and concentration of upstream stimuli, the genetic alterations present and
the composition of the tumor microenvironment. Furthermore, our ability to successfully translate
preclinical findings to the clinic is currently hampered by the limited number of prostate cancer
preclinical models available, which do not fully cover the broad range of prostate cancer subtypes
or disease heterogeneity seen in the clinic. Accordingly, to discover newtherapeutic approaches that
increase patient response rates and overall survival, further delineation of the complex signaling
network that exists within the PI3K-AKT-mTOR pathway and the interacting MAPK, AR, and WNT
pathways is needed, together with the development of a wider range of preclinical models that better
recapitulate the clinic and a deeper understanding of the molecular biology underpinning prostate
cancer disease subtypes and tissue heterogeneity.
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Abbreviations

3β-HSD 3β hydroxysteroid dehydrogenase
4E-BP1 Eukaryotic translation initiation factor 4E binding protein 1
ADT Androgen deprivation therapy
AD Androstenedione
AGC cAMP-dependent, cGMP-dependent and protein kinase C
AKTi AKT inhibitor
AMP Adenosine monophosphate
AMPK 5′ AMP-activated protein kinase
APC Adenomatous polyposis coli
AR Androgen receptor
ARE Androgen responsive element
ARF1 Adenosine ribosylation factor 1
ATG14 Autophagy related 14 homolog
ATP Adenosine triphosphate
AXIN Axis inhibitor protein
BAD Bcl-2-associated death promoter
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BMK-1 Big mitogen-activated protein kinase-1
CaMKII Calmodulin-dependent kinase 2
CAMKKβ Ca(2+)/calmodulin-dependent protein kinase kinase β

CAV1 Caveolin-1
CDK4 Cyclin-dependent kinase 4
c-JUN Transcription factor AP-1
CK1 Casein kinase 1
CAN Copy number alteration
CREB cAMP response element-binding protein
CRPC Castrate resistant prostate cancer
CYP17A1 Cytochrome P450 17A1
DEPTOR Dishevelled, EGL-10 and pleckstrin (DEP) domain-containing mTOR-interacting protein
DFCI Dana-Farber Cancer Institute
DHEA Dehydroepiandrosterone
DHTDVL DihydrotestosteroneDisheveled
EIF4E Eukaryotic translation initiation factor 4E
EGF Epidermal growth factor
EGFR Epidermal growth factor receptor
EGR1 Early growth response 1
EMT Epithelial-to-mesenchymal transition
ERG1 ETS-related Gene 1
ERK1 Mitogen-activated protein kinase 3
ERK2 Mitogen-activated protein kinase 1
EZH2 Enhancer of zeste homolog 2
FKBP5 FK506 binding protein 5
FOXO Forkhead box protein O
FGFR Fibroblast growth factor receptor
FZD Frizzled family receptor
GAB1 GRB2-associated binder-1
GDP Guanosine diphosphate
GLUT3 Glucose transporter 3
GnRH Gonadotrophin-releasing hormone
GPCR G-protein coupled receptor
GR Glucocorticoid receptor
GRB2 Growth factor receptor-bound protein 2
GRB10 Growth factor binding protein 10
GSK3β Glycogen synthase kinase 3 beta
GTP Guanosine triphosphate
HDAC3 Histone deacetylase 3
HER2/3 Human epidermal growth factor receptor 2/3
HSD3B/17B3 Hydroxysteroid dehydrogenase 3B/17B3
HSP70/90 Heat shock protein 70/90
IGF Insulin growth factor
IGF-1 Insulin growth factor 1
IHC Immunohistochemistry
IL6 Interleukin 6
INPP4B Inositol polyphosphate 4-phosphatase type II
INPP5D Inositol polyphosphate-5-phosphatase D
INPP5J Inositol polyphosphate-5-phosphatase J
INPPL1 Inositol polyphosphate phosphatase like 1
IRS Insulin receptor substrate
IRS1 Insulin receptor substrate protein 1
KLK3 Kallikrein related peptidase 3
LAT1/2/3 L-type amino acid transporter 1/2/3
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LDHA L-lactate dehydrogenase A chain
LEF Lymphoid enhancer binding factor
LH Luteinizing hormone
LHRH Luteinizing hormone-releasing hormone
LKB1 Liver kinase B1
LRP5/6 Low-density lipoprotein receptor-related proteins 5 and 6
MAPK Mitogen-activated protein kinase
MAP3K7 Mitogen-activated protein kinase kinase kinase 7
mCRPC Metastatic castrate resistant prostate cancer
MDM2 Mouse double minute 2 homolog
MEK Mitogen-activated protein kinase kinase
MSKCC Memorial Sloan Kettering Cancer Centre
mLST8 MTOR associated protein LST8 homolog
MMTV-PyMT Mouse mammary tumor virus-polyoma middle tumor-antigen
MNK1 MAP kinase interacting serine/threonine kinase 1
MNK2 MAP kinase interacting serine/threonine kinase 2
mSIN1 Mitogen-activated protein kinase associated protein 1 (MAPKAP1)
mTOR Mammalian target of rapamycin
mTORC1 Mammalian target of rapamycin complex 1
mTORC1i mTORC1 inhibitor
mTORC2 Mammalian target of rapamycin complex 2
MuSK Muscle specific kinase
NF-κB Nuclear factor kappa light chain enhancer of activated B cells
NKX3.1 NK3 Homeobox 1
NSCLC Non-small-cell lung carcinoma
P Phosphorylation event
PDK1 Phosphoinositide-dependent kinase 1
PGC-1α Peroxisome proliferator-activated receptor gamma coactivator 1-alpha
PHLPP PH domain leucine-rich repeat protein phosphatase
PHLPP1 PH domain and leucine rich repeat protein phosphatase 1
PHLPP2 PH domain and leucine rich repeat protein phosphatase 2
PI Phosphatidylinositol
PI3K Phosphoinositide 3-kinase
PI(3)P Phosphatidylinositol 3-phosphate
PI(3,4)P2 Phosphatidylinositol 3,4-bisphosphate
PIN Prostate intra-epithelial neoplasia
PIP2 Phosphatidylinositol 4,5-bisphosphate
PIP3 Phosphatidylinositol 3,4,5-trisphosphate
PIPP Proline-rich inositol polyphosphate 5-phosphatase
PKB Protein kinase B, AKT
PKC Protein kinase
PKCα Protein kinase C alpha
PLC Phospholipase C
PP2A Protein phosphatase 2A
PPP2CA Protein phosphatase 2 catalytic subunit Alpha
PRAS40 Proline-rich AKT substrate of 40 kDa
PROTOR1 Protein observed with Rictor-1
PROTOR2 Protein observed with Rictor-2
PSA Prostate specific antigen
PTEN Phosphatase and tensin homologue deleted on chromosome 10
PTK7 Protein tyrosine kinase 7
RAF Rapidly accelerated fibrosarcoma
RAG Recombination activating genes
RAPTOR Regulatory-associated protein of mTOR
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RBD Ras-binding domain
RHEB Ras homolog enriched in brain
RICTOR Rapamycin-insensitive companion of mTOR
ROR1/2 Receptor tyrosine kinase–like orphan receptor-1 and -2
RPS6 Ribosomal protein S6
rPFS Radiographic progression-free survival
RSK 90 kDa Ribosomal S6 kinase
RTK Tyrosine kinase receptor
RYK Receptor-like tyrosine kinase
S6K Ribosomal protein S6 kinase/p70 ribosomal S6 kinase
SESN1 Sestrin 1
SGK1 Serum and glucocorticoid regulated kinase 1
SGK2 Serum and glucocorticoid regulated kinase 2
SGK3 Serum and glucocorticoid regulated kinase 3
SH2 Src homology 2
SHIP1 SH2 domain-containing inositol 5′-phosphatase 1
SHIP2 SH2 domain-containing inositol 5′-Phosphatase 2
SLC2A3 Solute carrier family 2, facilitated glucose transporter member 3
SLC43A1 Solute carrier family 43 member 1
SOS Son of Sevenless
SPOP Speckle type BTB/POZ protein
SRC-3 Steroid receptor co-activator 3
SRF Serum response factor
SU2C-PCF IDT Stand Up To Cancer & Prostate Cancer Foundation International Dream Team
T Testosterone
TAK1 TGFβ-activated kinase 1
TAZ Transcriptional coactivator with PDZ binding motif
TBC1D7 TBC1 Domain Family Member 7
TCF T cell Factor
TCGA The Cancer Genome Atlas
TEAD Transcriptional enhanced associate domain
TEL2 Telomere length regulation protein
TGF Transforming growth factor
TMPRSS2-ERG Transmembrane protease, serine 2: ETS Transcription Factor fusion
TRAMP Transgenic adenocarcinoma mouse prostate
TSC1 Tuberous Sclerosis complex 1
TSC2 Tuberous Sclerosis complex 2
TTI1 TELO2 interacting protein 1
Ub Ubiquitination event
ULK1 Unc-51 Like Autophagy Activating Kinase 1
UVRAG UV radiation resistance-associated gene; v-ATPase, Vacuolar (H+)-ATPase
VPS15 Vacuolar protein sorting 15
V-ATPase Vacuolar H+-ATPase
WNT WNT ligand
YAP Yes-associated protein
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Abstract: Selenoproteins are proteins that contain selenium within selenocysteine residues. To date,
twenty-five mammalian selenoproteins have been identified; however, the functions of nearly half of
these selenoproteins are unknown. Although alterations in selenoprotein expression and function
have been suggested to play a role in cancer development and progression, few detailed studies have
been carried out in this field. Network analyses and data mining of publicly available datasets on gene
expression levels in different cancers, and the correlations with patient outcome, represent important
tools to study the correlation between selenoproteins and other proteins present in the human
interactome, and to determine whether altered selenoprotein expression is cancer type-specific, and/or
correlated with cancer patient prognosis. Therefore, in the present study, we used bioinformatics
approaches to (i) build up the network of interactions between twenty-five selenoproteins and identify
the most inter-correlated proteins/genes, which are named HUB nodes; and (ii) analyze the correlation
between selenoprotein gene expression and patient outcome in ten solid tumors. Then, considering the
need to confirm by experimental approaches the correlations suggested by the bioinformatics analyses,
we decided to evaluate the gene expression levels of the twenty-five selenoproteins and six HUB nodes
in androgen receptor-positive (22RV1 and LNCaP) and androgen receptor–negative (DU145 and PC3)
cell lines, compared to human nontransformed, and differentiated, prostate epithelial cells (EPN) by
RT-qPCR analysis. This analysis confirmed that the combined evaluation of some selenoproteins and
HUB nodes could have prognostic value and may improve patient outcome predictions.

Keywords: selenoproteins; cancer; HUB nodes; prostate cancer

1. Introduction

Selenoproteins are a class of proteins that contain selenium atoms inside selenocysteine (Sec)
residues. Sec has been identified as the 21st amino acid, and is an analog of cysteine in which
a selenol group replaces the sulfur-containing thiol group. It is encoded by the UGA codon that
directs the translational decoding of UGA codons, rather than being used as a translational terminator.
The corresponding mRNA includes a SEC Insertion Sequence (SECIS), which is present in eukaryotes
in the 3′-untranslated region (UTR) of RNA [1].

Today, twenty-five selenoproteins have been identified in humans and twenty-four have
been identified in mice. Mammalian selenoproteins can be classified mainly into two groups
according to the Sec location. One group of selenoproteins possesses Sec at a site very close to
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the protein C terminus, and consists of three thioredoxin reductases (TXNRDs) and six additional
proteins (methionine-R-sulfoxidereductase 1 (MSRB1), SELENOI, SELENOK, SELENOO, SELENOP,
and SELENOS). The other group has Sec in the N-terminal part, and includes five glutathione
peroxidases (GPX1, 2, 3, 4 and 6), three iodothyronine deiodinases (DIOs), and eight additional proteins
(SELENOF, SELENOH, SELENOM, SELENON, SELENOT, SELENOV, SELENOW, and SEPHS2).
These proteins are located in different sub-cellular compartments (nucleus, mitochondria, cytoskeleton,
cytoplasm, endoplasmic reticulum (ER), Golgi apparatus and endosome). Some selenoproteins
are secreted in the blood, such as SELENOP and GPX3 [2]. In addition, thioredoxin reductase
1 (TXRND1), a cytoplasmic and nuclear selenoprotein, can be secreted, and its serum levels are
associated with poor prognosis in non-small cell lung cancer [3]. The majority of selenoproteins are
involved in anti-oxidative activities associated with defending cells in different compartments against
oxidative stress [4]. Some selenoproteins are located in the ER, and implicated in protein degradation,
ER stress, and redox metabolism regulation [5]. These proteins are also involved in additional
physiological functions, such as thyroid hormone metabolism, selenium transportation and storage,
selenocysteine synthesis, protein folding, cell maintenance, calcium homeostasis, immune responses,
and senescence [6]. Altered expression levels of selenoproteins have been associated with different
disorders, such as type 2 diabetes, neuronal degenerative and cardiovascular diseases, and cancer [7,8].

Altered redox homeostasis can be involved in cancer initiation and progression because the
oxidative insult can lead to genomic instability, DNA mutation, and carcinogenesis. Selenoprotein
alteration has been reported to induce cancer initiation when associated with a low intake of selenium,
thus increasing redox alterations. Indeed, several studies reported an inverse relationship between
selenium levels and cancer risk. Recently, Lubiński et al. (2018) highlighted that in laryngeal
cancer patients, the selenium level at the time of diagnosis was associated with the outcome [9];
similarly selenium supplementation in women undergoing treatment for breast cancer can favorably
influence the patients’ outcomes [10]. Recently, two reviews highlighted the association between
single selenoproteins and either colorectal or prostate cancer initiation and progression, as well as
patient outcome, suggesting that these proteins could represent potential biomarkers or therapeutic
targets [11,12]. Several additional reports also demonstrated the role of specific selenoproteins in other
cancer types. High levels of SELENOM were associated with poor prognosis of renal cell carcinoma
(RCC), and preclinical evidence demonstrated that SELENOM silencing was able to block cancer
proliferation, invasion, migration, and tumorigenesis, via PI3K/AKt/mTOR pathway inhibition and
reduced metalloproteinases (MMP) 2 and 9 expression [13]. SELENOK was found to have a crucial
role in the proliferation and activation of immune cells and the promotion of calcium flux that induces
melanoma progression [14]. SELENOS was found to be highly expressed in insulinoma cells, and its
silencing is able to induce apoptosis by decreasing Bcl-xL in β-cells and to block the cell cycle by
downregulating the transcription factor E2F1 and increasing cyclin dependent kinase inhibitor p27
expression [15].

Our group previously reported for the first time an increase of SELENOM and GPX4 expression in
HCC liver tissues, and that their expression was associated with the malignancy grade [16,17]. Based on
a transcriptomic and interactomic approach, a list of dysregulated selenoproteins was observed in two
human HCC cell lines, HepG2 and Huh7, compared to normal human hepatocytes [18]. Moreover, we
identified human miR-544a as able to modulate SELENOK expression in the two HepG2 and Huh7 cell
lines [19], and also analyzed the selenoproteins’ transcriptomes in MCF-7 and MDA-MB231 human
breast cancer cell lines, compared to MCF10A normal epithelial breast cells [20]. Recently, we reported
that elevated tumor tissue expression of the selenoprotein SEPHS2 in triple-negative breast cancer
(TNBC) patients was correlated with the malignancy grade [21].

Despite all the evidence reported above, the mechanism and the specific role of single or
associated selenoproteins in cancer initiation and progression is still not clear. In silico approaches,
such as bioinformatics, have been used to investigate signaling pathways as well as protein and gene
interactions, in order to obtain a better understanding of the molecular mechanisms of diseases [22,23].
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In detail, the construction of a gene/protein interaction network, and the application of a scoring
algorithm based on the calculation of the quality, and the quantification, of interactions, followed by
cluster analysis, might allow: (i) the selection of a list of genes/proteins putatively important in a
given disease/cancer, according to the confidence and number of interactions derived from available
databanks from experimental data; and (ii) the identification of “leader” genes/proteins that can be
assumed to play important functional roles, because they present the highest number of interactions
with the other genes/proteins within the network, thus being considered as HUB nodes in the interaction
map [24–27]. It is noteworthy that the interaction networks comprise physical or functional correlations
between all the genes/proteins involved in specific diseases/cancer types, indicated as direct or indirect
interactions, respectively, and can be used to suggest the functional significance of the experimental
results and clinical data that should be further confirmed in new targeted “wet” experiments. In this
context, it can be useful to use bioinformatics approaches to identify associations between selenoprotein
genes and proteins, and different cancer types.

Therefore, in the present study, publicly available datasets and different bioinformatics tools were
used to, (i) analyze the protein–protein interactome of the twenty-five mammalian selenoproteins,
and determine the most inter-correlated proteins, defined as HUB nodes; and (ii) correlate the gene
expression, of the selenoproteins and the identified HUB nodes, in ten solid tumors, with patient outcomes.

Moreover, experimental approaches were used to confirm some of the correlations suggested by
the bioinformatics analyses, based on a study on human prostate cancer cell lines. Indeed, within
the last year, our group has focused on searching for new markers to predict prostate cancer
initiation/progression [28,29] and improve the early definition of prostate cancer patient outcomes [30].
In detail, we evaluated the gene expression level of the twenty-five selenoproteins and the identified
HUB nodes in prostate cancer cells, compared to normal epithelial prostate cells, by RT-qPCR analysis.

2. Results

2.1. Network Analysis

To better understand the relationships between selenoproteins and cancer, we conducted an
interaction network analysis to define whether these proteins were inter-correlated, or correlated with
other key proteins involved in cancer.

Therefore, based on the human molecular interactome, we created an interaction network, in which
the twenty-five known selenoproteins were the nodes, and the relationships between them were the
edges. As shown in Figure 1, seventeen selenoproteins in the same network were correlated through
different nodes, indicating functional redundancy and/or cooperation between different selenoproteins.
To understand the positions and roles of the protein nodes, and identify the HUB nodes, which are
the nodes with the strongest role in coordinating the network, the network was analyzed in terms of
centrality and topological measures (node degree distribution, clustering coefficient, stress centrality,
closeness centrality, betweenness centrality, clustering coefficient, network centralization, characteristic
path length, average number of neighbors, network density, and network heterogeneity), as reported
in the methods section. In detail, these statistical analyses showed that the obtained network had a
network centralization value of 0.364, indicating that the network had good centralization, with the
presence of nodes with a high degree. The portion of the potential connections into the network,
expressed by the network density value, was equal to 0.023, whereas the higher network heterogeneity
value was 1.825, suggesting a tendency of the network to contain HUB nodes. Moreover, Figure S1
shows the decreasing plots of the node degree distribution, clustering coefficient, stress centrality,
closeness centrality, and betweenness centrality, which all together confirmed the scale-free property of
the obtained network and its tendency to contain HUB nodes. These analyses identified the presence
of the six following HUB nodes in the network: ABL1, EP300, FYN, MYC, PSMB2, and SRPK2.
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Figure 1. Network of the selenoproteins mapped on the human interactome. In detail, the selenoproteins
are shown in cyan, HUB nodes are shown in red, whereas the other nodes are shown in blue.

The HUB nodes include the well-known oncogene MYC, which is amplified in various types of cancer,
such as breast, colorectal, endometrial, ovarian, and prostate cancer, and controls the expression of genes
and noncoding RNAs by regulating cell growth, cell cycle progression, apoptosis, and differentiation,
as well as angiogenic switch, cellular metabolism, and drug resistance mechanisms [31,32]. Its expression
has been correlated with prognostic/clinic-pathological outcomes in breast cancer [33], and occurs in the
early stages of colorectal cancer [34].

EP300 has dual activities as a transcriptional factor and a histone acetyltransferase [35], and it
is involved in different biological functions, such as proliferation, cell cycle regulation, apoptosis,
differentiation, and DNA damage response [36]. EP300 gene has often been found to be mutated/truncated
in lymphomas and different solid tumors, such as gastric, colorectal, breast, and pancreatic cancers,
and over-expressed and correlated to poor prognosis in liver, nasopharyngeal, and small and non-small
cell lung cancer [37].

FYN was reported to be correlated with cell motility and proliferation and over-expressed in
chronic myeloid leukemia, breast cancer, squamous head and neck carcinoma, and melanoma [38].
In TNBC cells, FYN was shown to induce epithelial-mesenchymal transition (EMT), and its depletion
reduced cell migration and invasion [39].

SRPK2 is part of a family of kinases that phosphorylate serine/arginine-rich (SR) proteins and
regulate the conformation, subcellular localization, and/or interaction of SR enzymes, to regulate
posttranscriptional mRNA processing [40]. In a colon cancer model, this protein was demonstrated to
promote cell growth and migration, and control the expression of lipogenic enzymes [41].
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ABL1 is a tyrosine kinase involved in different cellular signaling processes, controlling proliferation,
survival, migration, and invasion of cells [42]. It was initially identified as a tumor suppressor but,
since then, its oncogenic functions have been well-established [42]. However, data in solid tumors
suggest that ABL1 can have tumor suppressive or oncogenic roles, depending on the cellular context.

PSMB2 is a component of the proteasome complex involved in the degradation of intracellular
proteins, playing a role in maintaining protein homeostasis [43]. It was significantly associated with
chronic leukemia [44], and its suppression was able to inhibit liver cancer proliferation [45]. Moreover,
in our previous paper, PSMB2 was a HUB node in the bladder cancer network [46].

Overall, our network analysis can represent a starting point for planning targeted experiments,
for verifying the correlations among selenoproteins (in terms of gene expression levels and/or functions),
and with these HUB nodes, in different types of cancer via experimental approaches.

2.2. Correlation between Selenoproteins/HUB Nodes and Cancer Patient Overall Survival

To highlight eventual specific relationships between selenoproteins and cancers, we evaluated the
correlation between the gene expression of the twenty-five selenoproteins and the overall survival
(OS) of patients, for the ten most common solid tumor types, using different public datasets and the
PROGgeneV2 online tool (http://genomics.jefferson.edu/proggene/index.php) [47].

This analysis demonstrated that (i) no correlation occurred between single selenoprotein expression
and poor OS in the case of prostate cancer patients; (ii) no correlation occurred between ten
selenoproteins (DIO1, DIO2, DIO3, MSRB1, SELENOF, SELENOH, SELENON, SELENOV, SELENOW,
and TXNRD3) and poor OS in any of the ten analyzed cancer types; and iii) a statistically significant
correlation occurred between the expression levels of the fifteen selenoproteins with poor OS in
at least one cancer type (Figures 2 and 3).The largest number of selenoproteins with altered gene
expression, either upregulation or downregulation, in tumor tissues compared with normal tissues,
and correlations with poor OS, were found in kidney (eight), pancreas (six), and breast (five), cancers.
The expression of some selenoproteins was altered in more than one cancer type; however, in the
majority of cases, different patterns of selenoprotein gene expression were observed among the cancers
examined. The only exceptions were (i) GPX2, whose high expression levels correlated with OS in
breast and head and neck cancers; and (ii) TXNRD1, whose high expression levels correlated with poor
OS in head and neck, kidney, liver, and pancreas cancers.

To analyze in more detail the correlation between the identified HUB nodes and the selenoproteins
in ten examined cancers, we evaluated the correlation between HUB node expression and OS, in
patients with these ten cancers. As shown in Figure 2 and Figure S2, all six HUB nodes correlated
with at least one cancer type, and FYN and PSMB2 correlated with poor OS in patients with five
different cancers. In particular, lower expression levels of FYN correlated with poor OS in patients with
melanoma, head and neck, liver, lung, and pancreas cancers. On the other hand, higher expression
levels of PSMB2 were correlated with poor OS in patients with kidney, liver, and prostate cancers,
whereas lower levels of PSMB2 were correlated with poor OS in patients with bladder and lung cancers.
Hence, in the case of prostate cancer, we did not observe a correlation between single selenoprotein
expression and patient OS, and a significant correlation was only observed between the HUB node
PSMB2 and poor OS.
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Figure 2. Heat map related to the statistically significant correlations (with p-values < 0.05) between
overall survival (OS) in solid tumor patients and selenoprotein/HUB node expression. In detail,
we report significant p-values in red or in green, if the high or low expression of selenoproteins,
was correlated with poor overall survival, respectively. White boxes indicate no significant correlations.
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Figure 3. Cont.
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Figure 3. Kaplan-Mayer curves showing the overall survival (expressed in percentage) in solid cancer
patients using the PROGgeneV2 online tool, in the case of high and low expression of selenoproteins,
which are indicated by red and green curves, respectively.

2.3. Gene Expression Levels of Twenty-Five Selenoproteins in Prostate Cancer Cells Compared to Normal
Prostate Cells

Next, to experimentally evaluate the data suggested by the bioinformatics analyses, and better
define the selenoprotein alterations in prostate cancer as well as the correlation between them and the
HUB nodes, we conducted a preliminary study on gene expression in five cell lines. In detail, the gene
expression profiles for all twenty-five selenoproteins, in two androgen receptor-positive cell lines
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(22RV1 and LNCaP), and two androgen receptor-negative cell lines (DU145 and PC3), were compared to
human nontransformed, and differentiated, prostate epithelial cells (EPN), based on a RT-qPCR assay.

The results revealed, for the two androgen receptor-positive cell lines (Figure 4A), (i) a statistically
significant increase (with log2 2−ΔΔCt > 1) of the expression levels of DIO1, DIO2, GPX2, SELENOS,
TXNRD1, and TXNRD2; and ii) a statistically significant decrease (with log2 2−ΔΔCt < 1) of the expression
levels of SELENOF and SELENOI. Compared to EPN cells, LNCaP cells showed higher DIO3 and
SELENOT levels, but lower MSRB1, SELENOH, SELENON, and SELENOV levels. Compared to EPN
cells, 22RV1 cells showed higher expression levels of GPX4, SELENOK, and SEPHS2, and lower levels
of GPX1, GPX6, SELENOM, SELENOP, and SELENOT.

Figure 4. Fold change of gene expression level for each selenoprotein (indicated as the relative
expression) in (A) two androgen receptor-positive (LNCaP and 22RV1) and (B) two androgen
receptor-negative (DU145 and PC3) prostate cancer line cells, compared to the non-cancerous epithelial
cells (EPN) cells, as evaluated by the 2−ΔΔCq method, and reported on the log2 scale. We considered
values higher and lower than +1 and −1 to be statistically significant, respectively. The statistically
significant p-values at <0.05 are indicated by *.

193



Int. J. Mol. Sci. 2020, 21, 6694

As shown in Figure 4B, the two androgen receptor-negative cell lines showed: (i) a
statistically significant increase (with log2 2-ΔΔCt > 1) of the expression levels of DIO1, DIO2, GPX2,
SELENOK, SELENON, SELENOS, SEPHS2, and TXNRD1; and (ii) a statistically significant decrease
(with log2 2-ΔΔCt < 1) of the expression levels of SELENOF and SELENOI. Moreover, compared to
EPN cells, DU145 cells showed higher levels of TXNRD3 and lower levels of GPX1, GPX4, SELENOO,
and SELENOP, whereas PC3 cells showed higher levels of MSRB1, SELENOM, and SELENOP, and lower
levels of GPX6 and TXNRD3.

2.4. Gene Expression Levels of HUB Nodes in Prostate Cancer Cells, and Their Correlation with
Selenoprotein Expression

Then, we evaluated the gene expression profiles for the six HUB nodes (ABL1, EP300, FYN, MYC,
PSMB2, and SRPK2) in all the prostate cancer cells, compared to normal prostate EPN cells (Figure 5A).

These analyses showed that (i) ABL1 had lower statistically significant levels (with log2 2−ΔΔCt < −1)
in both androgen receptor-positive cell lines (22RV1 and LNCaP), but higher levels in the two androgen
receptor-negative cell lines, although these values were not statistically significant; (ii) the EP300, FYN,
MYC, PSMB2, and SRPK2 levels increased in all four prostate cancer cell lines, although the EP300 and
FYN levels were not statistically significant. In both androgen receptor-negative cells, the MYC levels
were not significant in the LNCaP cells, the PSMB2 levels were not significant in the DU145 cells, and the
SRPK2 levels were not significant in the PC3 cells.

To determine whether a correlation occurred between the gene expression levels of all HUB nodes
and the selenoproteins evaluated, we performed a Pearson correlation matrix analysis. Figure 5B shows
that (i) MYC and SELENOK were very correlated with each other and with DIO1, DIO2, and SELENOS;
(ii) ABL1 showed a slight correlation with MSRB1; and (iii) EP300, FYN, SRPK2, and PSMB2 were
correlated with GPX2.

Therefore, these data confirmed the correlation between selenoproteins and HUB nodes in prostate
cancer cells, and suggested the need to conduct more detailed studies to analyze the putative role of
these proteins as combined markers of progression or response to therapeutic approaches in prostate
cancer. In this regard, we preliminarily evaluated whether significant correlations occurred between
the combined gene expression of selenoproteins and HUB nodes (based on clustering in the matrix
analysis shown in Figure 5B), and the OS of prostate cancer patients; this analysis was performed using
the PROGgeneV2 online tool (http://genomics.jefferson.edu/proggene/index.php) [47]. Furthermore,
this analysis highlighted a statistically significant correlation (with p-value = 0.0091) between the
combined gene expression of GPX2, EP300, and PSMB2 (Figure 6), and the OS of prostate cancer
patients, thus confirming that the combined evaluation of some selenoproteins and HUB nodes,
could represent a new strategy to predict patient outcomes.
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Figure 5. Evaluation of the gene expression levels of HUB nodes in five prostate cell lines and their
correlation with the gene expression profiles of the selenoproteins. (A) Fold change of gene expression
levels for each HUB node, in two androgen receptor-positive (LNCaP and 22RV1), and in two androgen
receptor-negative (DU145 and PC3) prostate cancer line cells, compared to the non-cancerous EPN cells,
as evaluated by the 2−ΔΔCq method and reported as the log2 scale. We considered values higher and
lower than +1 and −1 to be statistically significant, respectively. The statistically significant p-values at
<0.05 are indicated by *. (B) Pearson correlation matrix evaluated on the gene expression profiles of the
selenoproteins and HUB nodes, evaluated for EPN and prostate cancer cells. Color scale, from red
to green color, indicates from good to poor correlations between the gene expression levels of the
analyzed proteins.
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Figure 6. Kaplan-Mayer curves showing the correlations between overall survival (expressed in
percentage) and the combined gene expression of GPX2, EP300, and PSMB2 in prostate cancer patients,
which was based on the PROGgeneV2 online tool. High and low expression of selenoproteins are
reported by the red and green curves, respectively.

3. Discussion

The selenoprotein family has a well-established function in regulating oxidative cell balance [48],
and is involved in tumorigenesis and cancer progression [6]. Still, identifying tumor type-specific
selenoprotein profiles, and determining whether these proteins can predict prognosis or could serve as
therapeutic anticancer targets in cancer patients, represent critical challenges. In this study, we created
an interaction network of the twenty-five known selenoproteins and highlighted the presence of six
HUB nodes (ABL1, EP300, FYN, MYC, PSMB2, and SRPK2) that play the strongest role in coordinating
the obtained network. Then, we evaluated the correlation between the gene expression of the
twenty-five selenoproteins and HUB nodes, and the OS of patients with the ten most common solid
tumor types, with the results demonstrating that (i) ten selenoproteins were not correlated with poor
OS of cancer patients; (ii) more correlations between selenoprotein gene expression and patient OS
were only observed for kidney, pancreas, and breast cancers; (iii) single selenoprotein expression and
OS of prostate cancer patients was not observed; and (iv) all HUB nodes were correlated with poor OS
for at least one cancer type.

To our knowledge, few selenoproteins have been studied in prostate cancer, and never altogether.
For example, GPX1, SELENOF, and SELENOP levels were significantly reduced in prostate cancer
models [49–51], whereas GPX2 was significantly increased [52]. Increased nuclear TXNRD1 levels
were found in high-grade, versus low-grade, human prostate cancers [53], and correlated with
prostate cancer progression and androgen-deprived castration-resistant prostate cancer (CRPC) cells,
suggesting that CRPC possesses an enhanced dependency on TXNRD1 [54]. Hence, our study aimed
to confirm, by experimental approaches, some of the correlations suggested by bioinformatics analyses,
and, thus, represented the first systematic evaluation of the expression levels of all twenty-five
selenoproteins in androgen receptor-positive and -negative prostate cancer cells. Through our analysis,
we confirmed higher levels of GPX2 and TXNRD1, and lower levels of GPX1, SELENOF, and SELENOP
in the cancer cell lines compared to normal epithelial cells, which has already been observed and
reported in the literature. We also observed higher levels of DIO1, DIO2, and SELENOS, and lower
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levels of SELENOI in all the prostate cancer cell lines. The differences observed between androgen
receptor-negative or androgen receptor-positive cell lines can also be correlated with their different
molecular features [55–57]. Although the number of tested cell lines was small, the differences between
the androgen receptor-positive and androgen receptor-negative cell lines were not highlighted in
detail; rather, we only suggested that our analyses showed a different expression pattern for some
selenoproteins in prostate cancer compared to normal prostate epithelium. This observation should
be functionally evaluated and eventually expanded to a greater number of prostate cancer lines and
prostate tumor tissues; however, this task is beyond the scope of the current study.

Still, an interesting point of discussion is represented by the finding of lower levels of SELENOI in
prostate cancer cells vs. EPN. SELENOI, also known as ethanolphosphotransferase 1 (EPT1), is an
enzyme responsible for the final step in the Kennedy pathway that transfers phosphoethanolamine from
cytidine diphosphate ethanolamine to lipid acceptors, to produce ethanolamine glycerophospholipids,
such as phosphatidylethanolamine (PE). Hence, it plays an important role in maintaining the
normal homeostasis of ether-linked phospholipids in humans [58]. Interestingly, an analysis of
the concentrations of plasma phospholipids in prostate cancer patients showed that the levels of
phosphatidylethanolamine, and total phospholipids in these patients, were decreased, and correlated
with an increased pathologic grade and Gleason score [59]. We can then speculate that the lower levels
of SELENOI found in prostate cancer cells could be correlated to decreased levels of phospholipids,
and could represent a new putative marker of prostate cancer progression that warrants further study.

Moreover, as reported above, in our study we evaluated the gene expression levels of HUB
nodes and performed a correlation with the expression of the selenoproteins by correlation matrix
analysis (Figure 5B). We observed that: (i) MYC and SELENOK expression was strongly correlated
with each other, and with DIO1, DIO2, and SELENOS; (ii) ABL1 showed a slight correlation with
MSRB1; and (iii) EP300, FYN, SRPK2, and PSMB2 were correlated with GPX2.

Considering the first correlation cluster, SELENOK and SELENOS are two ER selenoproteins
that regulate ER stress and degradation [60]. Both of these proteins have a role in the ER-associated
protein degradation (ERAD) pathway, and interact with the valosin containing protein (VCP/p97)
for the retrotranslocation of misfolded proteins, from ER to the cytosol, via their polyubiquitination,
and they also play a role in cell survival [61–63]. Moreover, SELENOK showed peroxidase activity
capable of reducing harmful hydrophobic substrates, such as phospholipid hydroperoxides, and is
involved in membrane repair [64]. SELENOK was also found to be over-expressed in gastric, glial,
thyroid, testis, and cervix cancers, and its polymorphisms, in combination with selenium status, were
related to prostate cancer progression [65,66]. Recently, we showed that SELENOK was over-expressed
in two liver cancer cell lines, HepG2 and Huh7 [18]. Furthermore, SELENOK inhibition by miR-181
and miR-544a was able to suppress the proliferation of glioma and hepatocellular carcinoma cells,
respectively [19,67]. Regarding SELENOS, its polymorphisms were associated with many tumors,
such as colorectal and gastric cancer [68], and were able to affect the expression levels of inflammatory
cytokines in plasma [69]. On the other hand, DIO1 and DIO2 are located on the plasma membrane and
ER, respectively, and are part of the iodothyronine deiodinase family and involved in regulating the
activity of thyroid hormones by deiodination reactions [61]. DIO2 was found to be highly expressed in
mesothelioma cell lines [70], and its inhibition resulted in the suppressed expression of prostate specific
antigen (PSA) in prostate cancer, thus representing a potential approach to overcoming castration
resistance [71]. Moreover, in prostate cancer, MYC activity was correlated with dysregulation of the
PI3K/AKT/mTOR pathway, which induced cellular survival. The therapeutic efficacy of targeting MYC
activity by interfering with its transcriptional program was also evaluated [72]. Detailed data about
the involvement of DIO1, SELENOK, and SELENOS in prostate cancer have not been available until
now; thus, additional data on these selenoproteins must be obtained to confirm their putative role in
prostate cancer and their possible functional correlation with MYC.
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In the second correlation cluster, MSRB1 is a selenoprotein located in the cytosol and the nucleus.
It is mainly known for its antioxidant and protein repair functions and its role as a switch for protein
function, via reversible oxidation/reduction of specific methionine residues [73,74]. MSRB1 contributes
to shaping cellular immune responses, and its silencing resulted in the induction of anti-inflammatory
cytokines (IL-10 and IL-1ra) [75]. High levels of MSRB1 were previously found in hepatocellular
carcinoma, and correlated with the MAPK pathway and epithelial-mesenchymal transition (EMT) [76],
and in low metastatic MCF7 human breast cancer cells [77]. ABL1 has been previously reported to
act as a switch between cellular, invasive and proliferative, states and can either promote invasion
and prostate cancer aggressiveness, or inhibit its progression, depending on the signal [78]. Hence, as
in the case of the first cluster, it will be interesting to plan further studies to analyze the correlation
between MSRB1 and ABL1.

Finally, in the third correlation cluster, we found that GPX2 was correlated with four HUB nodes
(EP300, FYN, SRPK2, and PSMB2). GPX2, a key molecule of the glutathione redox system that acts
in concert to provide a coordinated network of protection against ROS accumulation and oxidative
damage, has been suggested as a prognostic marker in CRPC, and its silencing is able to inhibit
prostate cancer growth [52]. Recently, high levels of EP300 were correlated to both prostate cancer
progression and chemotherapy resistance in metastatic CRPC patients, and it has emerged as a possible
co-target in chemo-resistant prostate cancer treatment [79]. FYN over-expression was demonstrated in
prostate cancer and suggested as an interesting therapeutic target [80]. Moreover, SRPK2 and PSMB2
over-expression was observed in prostate cancer, and correlated with a high Gleason score, advanced
pathological stage, tumor metastasis [81], and significantly poor 10-year metastatic rate in prostate
cancer, in younger men [82]. Overall, these data are consistent with the significant correlation found
between the combined gene expression of GPX2, EP300, and PSMB2, and OS in prostate cancer patients
(Figure 6). These observations confirm that the combined evaluation of some selenoproteins and HUB
nodes could have a better prognostic value, and could improve the prediction of patient outcomes.

4. Materials and Methods

4.1. Network Analysis

Through the Cytoscape software platform, for the visualization of complex networks and
their integration (http://www.cytoscape.org/), a network related to the interactions between the
selenoproteins was constructed, and used as reference for the human molecular interactome
(INTACT), where all interactions are derived from literature curation or direct user submissions.
As already reported in our recent paper, some statistical analyses on the following centrality
and topological measure parameters of networks were performed: node degree distribution,
clustering coefficient, stress centrality, closeness centrality, betweenness centrality, clustering
coefficient, network centralization, characteristic path length, avg. number of neighbors,
network density, and network heterogeneity [46]. The obtained network has been deposited
in the NDEX database (http://www.ndexbio.org/#/network/194d2011-7c7a-11e9-848d-0ac135e8bacf?
accesskey=d37870a03d06010b5b49c17e5411056441c9e7bac99ddde7d7354c8f4c68fd11).

4.2. Survival Gene Analysis

Using the PROGgeneV2 online tool (http://genomics.jefferson.edu/proggene/index.php) [47],
we evaluated the correlation between selenoproteins/HUB nodes gene expression and OS in
the ten most common solid tumor types, using different public datasets. The following ten
datasets were used to evaluate the correlation between selenoprotein gene expression and OS:
TCGA_COAD (Colon Adenocarcinoma), TCGA_PAAD (Pancreatic Adenocarcinoma), TCGA_SKCM
(Skin cutaneous melanoma), TCGA_LIHC (Liver hepatocellular carcinoma), TCGA_PRAD/GSE16560
(Prostate Cancer), TCGA_BRCA (Breast Cancer), TCGA_HNSC (Head and Neck squamous cell
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carcinoma), TCGA-LUAD (Lung adenocarcinoma), TCGA_KIRC (Kidney renal clear cell carcinoma),
and TCGA_BLCA (Bladder Urothelial Carcinoma).

4.3. Prostate Cancer Cell Lines

The expression of all twenty-five selenoproteins and HUB nodes was investigated by RT-qPCR
in an EPN line, two androgen receptor-positive cell lines (22RV1 and LNCaP), and two androgen
receptor-negative cell lines (DU145 and PC3).

EPN cells are a novel epithelial cell line derived from human prostate tissue that does not form
colonies in semisolid medium and does not form tumors once injected into nude mice. They express
the functional androgen receptor cytokeratin (numbered 1, 5, 10, and 14) and have wild-type p53 [83].
EPN cells were grown in DMEM/Ham’s F-12 50/50 supplemented with fetal bovine serum (5%)
(Invitrogen, CA, USA), penicillin/streptomycin (100×) (Euroclone, Devon, UK), and Glutamax (100×)
(Invitrogen, CA, USA).

22RV1, DU145, LNCaP, and PC3cells were grown in RPMI (Roswell Park Memorial Institute)
supplemented with fetal bovine serum (Invitrogen, CA, USA) (10%), penicillin/streptomycin (100×)
(Euroclone, Devon, UK), and Glutamax (100×) (Invitrogen, CA, USA).

4.4. RNA Preparation and Reverse Transcription-qPCR (RT-qPCR)

Total RNA was extracted from five prostate cell cultures (EPN, 22RV1, DU145, LNCaP, and PC3),
using a RNAeasy Mini Kit (Qiagen Inc.) according to the manufacturer’s instructions. The RNA
concentration and purity were determined using a NanoDrop 2000 spectrophotometer (Thermo
Scientific, Wilmington, DE, USA) at an optical density of 260/280 nm. Reverse transcription of RNA
was performed with 2 μg of RNA using a SuperScript VILO cDNA Synthesis kit (Life Technologies) in
a 20 μL reaction volume.

The mRNA sequence from the nucleotide data bank (NCBI, Bethesda, Maryland, USA) was
used to design primer pairs for RT-qPCR with an amplicon <100 bp, according to the manufacturer’s
instructions. Oligonucleotides were obtained from Eurofins. The list of primers is reported in Table S1.
RT-qPCR experiments were performed using a Step-One Real Time PCR System (Applied Biosystems).
Each aliquot of cDNA (2 μL) was amplified in a mixture (25 μL) consisting of the reverse and forward
primers (300 nM) and 2X SYBR Green PCR Master Mix (Applied Biosystems). The PCR conditions
consisted of an initial denaturation step of 95 ◦C for 5 min followed by 44 cycles of a two-step program:
(i) denaturation at 95 ◦C for 30 s; and (ii) annealing/extension at 60 ◦C for 1 min. Each assay included
a no-template control for each primer pair, and to ensure that RNA samples were not contaminated
with DNA, negative controls were obtained by performing the PCR assay on samples that were not
reverse transcribed. Moreover, experiments were performed in triplicate to ensure reproducibility
of the technique. β-Actin mRNA was used to normalize the data. All of the obtained data were
analyzed statistically.

Sample ΔCq values were calculated as the difference between the mean Cq obtained for each
selenoprotein transcript (seleno-mRNA) and the housekeeping gene. 2−ΔΔCq values were determined
to define the fold change of expression level for each seleno-mRNA in different prostate cancer cells
compared to the non-cancerous EPN cells. We reported values on the log2 scale, and considered values
higher and lower than +1 and −1 to be statistically significant, respectively. The statistical comparison
between gene expression levels evaluated in the prostate cancer cell line vs EPN cells was calculated
by the T-test. P-values lower than 0.05 were considered statistically significant.

Moreover, a Pearson correlation matrix analysis, comparing the gene expression profiles of the
selenoproteins and HUB nodes evaluated for each prostate cancer cell line and the EPN cell line,
was performed using the MetaboAnalyst tool (https://www.metaboanalyst.ca/).
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5. Conclusions and Future Perspectives

In conclusion, our data add new insights into the cancer biology of selenoproteins, suggesting
that further experimental studies are necessary for a deeper understanding of the role of these
proteins, and the correlated hub nodes, as potential cancer prognostic markers and/or therapeutic
targets. Certainly, because the members of the selenoprotein family are strongly interconnected,
only a systematic approach should be used to obtain a global vision of the relationships between
these proteins and cancer. We are aware that our approach has limitations, such as the potential
risk of circular reasoning due to the lack of localization, and function annotations that are often
incomplete or unavailable, since the interactomes of many species are unmapped. Hence, to improve
the data quality in the interaction networks, it would be useful to analyze the properties of interacting
gene/protein pairs, and to verify that they have similar process and functional annotations, common
sub-cellular localizations, and shared interaction partners [84]. Moreover, experimental validation
of the proteins/genes evidenced by in silico studies is always necessary, because these data must be
considered as exploratory and used as a source of experimental and clinical hypotheses [23].

Indeed, using prostate cancer as a study model, our results suggest that some selenoproteins,
such as MSRB1, SELENOI, SELENOK, SELENOS, and GPX2 (in particular) can represent interesting
topics for further studies, being those proteins that are involved in inflammatory and metabolic/lipidic
pathways, correlated with HUB nodes, and involved in prostate cancer. Moreover, whether these
proteins are measurable in biological fluids, such blood, urine and saliva, should be verified, because they
could represent ideal new biomarkers for the dynamic monitoring of prostate cancer progression and
therapeutic approach responses.

Collectively, we confirmed that the role of all selenoproteins, rather than single members of
the family, should be further evaluated in specific cancer types. To that end, our group is currently
evaluating the expression of all twenty-five selenoproteins, at the mRNA and protein levels, in a group
of selected breast cancer cell lines and tissues (manuscripts in preparation).

Supplementary Materials: Supplementary materials can be found at http://www.mdpi.com/1422-0067/21/18/
6694/s1. Figure S1. Evaluation of topological properties of network. (A) node degree distribution, (B) average
clustering coefficient, (C) stress centrality, (D) closeness cenytrality and (E) betweenness centrality measure.
Figure S2. Kaplan-Mayer curves showing the overall survival (expressed in percentage) in solid cancer patients,
using PROGgeneV2 online tool, in the case of high and low expression of HUB nodes reported by red and green
curves, respectively. Table S1. List of primer sequences
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Abstract: Triple-negative breast cancer (TNBC) is a heterogeneous group of tumors characterized by
aggressive behavior, high risk of distant recurrence, and poor survival. Chemotherapy is still the
main therapeutic approach for this subgroup of patients, therefore, progress in the treatment of TNBC
remains an important challenge. Data derived from molecular technologies have identified TNBCs
with different gene expression and mutation profiles that may help developing targeted therapies.
So far, however, only a few of these have shown to improve the prognosis and outcomes of TNBC
patients. Robust predictive biomarkers to accelerate clinical progress are needed. Herein, we review
prognostic and predictive biomarkers in TNBC, discuss the current evidence supporting their use,
and look at the future of this research field.
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1. Introduction

Triple negative breast cancer (TNBC) is a subtype of breast cancer lacking expression of estrogen
receptor (ER), progesterone receptor (PgR) and human epidermal growth factor receptor 2 (HER2) [1].
TNBC accounts for approximately 10–15% of all breast cancers and is characterized by aggressive
behavior, with trend to early relapse, metastatic spread, and poor survival [2]. Tumor heterogeneity
of TNBC has been addressed as reason for different clinical outcomes and response to therapies.
Lehmann et al. proposed a division of TNBCs into seven molecular subtypes: immunomodulatory
(IM), mesenchymal (M), mesenchymal stem-like (MSL), luminal androgen receptor (LAR), unstable
(UNS) subtype, and two basal-like subtypes (BL1 and BL2) [3]. Then, a subclassification refinement
was performed, to define only four groups BL1 (immune-activated), BL2 (immune-suppressed),
M (including most of the MSL), and LAR [4]. These classifications can, in theory, be used as prognostic
and predictive tool for better patient selection and personalized treatments. For instance, LAR tumors,
characterized by the expression of the androgen receptor (AR), are a subtype of TNBC that shares
with Luminal (ER+) tumors some biological and clinical features [5–7] and are potentially sensitive to
endocrine manipulation with AR antagonists.

However, sound clinical applications of this molecular classification are yet to appear [8].
In the last years, a great effort has been spent to identify new biomarkers and relative therapies,

but only few of these have proven useful in clinical trials. Beside poly ADP-ribose polymerase (PARP)
inhibitors, that have successfully been incorporated in the clinical practice in the BRCA1/2 subgroup
of patients [9,10], and checkpoint inhibitor Atezolizumab, that was recently approved as front-line
therapy in the metastatic setting [11], traditional chemotherapy without biomarker guide still remains
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the main therapeutic options for a large part of TNBC patients [12]. In this context, the implementation
of more refined “omics” assays, along with appropriately designed clinical trials, may lead to the
identification of new biomarkers to select new molecularly targeted therapies in TNBC. Several papers
have provided a critical overview of numerous biomarkers evaluated in the past years in TNBC. In this
review, we discuss the biomarkers that contributed to the development of new approved therapies in
TNBC. We also review the new biomarkers that are showing promising results in ongoing clinical trials.

2. BRCA1/2 and Other Genes Involved in DNA Repair

The relationship between the tumor-suppressive genes BReast CAncer type 1 and Type 2 (BRCA1/2)
and hereditary breast and ovarian cancer syndrome (HBOC) revolutionized clinical cancer genetics.
First, the identification of a germline BRCA1/2 mutations impacted cancer screening and prevention
practices in this subgroup of patients and their relatives. Later, the knowledge of the pathological
mechanisms of these mutations, led to the development of new therapeutic approaches, such as
poly (ADP-ribose) polymerase (PARP) inhibitors, selectively directed on BRCA 1 or BRCA 2 deficient
cells [13].

BRCA1 and BRCA2 are autosomal dominant and tumor suppressor genes involved in the
preservation of genome integrity. Both genes play a crucial role in homologous recombination repair
(HRR) of DNA. The BRCA1 gene on chromosome 17q21 has a broader role than BRCA2 in responding
to DNA damage; it controls the signal transduction pathway involved in HHR, including recognition
of genomic damage, checkpoint activation, recruitment of DNA repairing proteins, and decision of
whether DNA double strand breaks (DSBs) needs to be resected; in addition, it is also involved in
chromatin remodeling and transcription control [14,15]. The BRCA2 gene on chromosome 13 plays
the key role of recruiting the DNA recombinase RAD51 and localizing it to damaged DNA [16]. HRR
is a conservative, error-free, mechanism of DNA repair due to its ability to restore the original DNA
sequence. A small percentage of people (about one in 400, or 0.25% of the population) carry mutated
BRCA1 or BRCA2 genes. However, compared to other subtypes of breast cancers, women with TNBC
have a higher prevalence of germline BRCA mutations (gBRCAm), about 11–31% [17]. In addition
to the well-known germline mutations, a smaller proportion of somatic mutations in BRCA1/2 genes
(sBRCAm) were also found in primary ovarian and breast carcinomas [18].

When BRCA1/2 genes are defective, DNA damage is repaired by non-conservative mechanisms
of DNA repair, such as non-homologous end joining (NHEJ), in order to maintain cell viability.
This process of repairing DSBs is simpler than HHR and consists in joining the two broken DNA ends
without the homologous DNA sequence to guide the repair: it is, therefore, prone to joining errors with
mutation of the original sequence. In BRCA1/2-deficient cells, DNA DSBs repair is dependent on PARP1
protein [19,20]. PARP is an abundant, constitutively expressed nuclear enzyme that facilitates DNA
repair, cellular proliferation, and signaling to other critical cell-cycle proteins and oncogenes. At sites
of DNA damage, PARP activates intracellular signaling pathways that modulate DNA repair and
cell survival [21]. Therefore, inhibition of PARP1 in BRCA1/2-deficient cells can lead to severe, highly
selective toxicity in these cells [22]. This process has been called “synthetic lethality,” to highlight the
interaction that occurs between the two genes when the perturbation of either gene alone is viable but
the simultaneous perturbation of both genes results in the loss of viability [23].

In the past years, PARP inhibitors (PARPi) have been extensively studied as targeted therapy
for gBRCAm ovarian and breast cancer patients. In 2014, the US Food and Drug Administration
(FDA) approved the first PARPi, Olaparib, as monotherapy for patients with deleterious or suspected
deleterious gBRCAm advanced ovarian cancer [24]. Later, other PARPi, such as nirapararib and
rucaparib were approved [25–28]. On January 2018, based on data from OlympiAD trial (NCT02000622),
FDA granted regular approval to Olpararib for the treatment of patients with deleterious or suspected
deleterious gBRCAm, HER2-negative metastatic breast cancer previously treated with chemotherapy
either in the neoadjuvant, adjuvant, or metastatic setting [9]. FDA also approved the BRACAnalysis
CDx® test (Myriad Genetic Laboratories, Inc., Salt Lake City, UT, USA), whose accuracy was established
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based on a retrospective/prospective analysis of the OlympiAD trial population. In the same year, FDA
approved talazoparib for patients with deleterious or suspected deleterious gBRCAm, HER2 negative
locally advanced or metastatic breast cancer, based on the phase III EMBRACA study results [10]. Based
on promising results in the metastatic setting, PARPi are under investigation also in the early diseases.
In particular, talazoparib is considered to be the most powerful PARPi candidate for single-agent
treatment in neoadjuvant setting [29]. Promising results derived from a pilot trial of the MD Anderson
Cancer Center (NCT03499353), in which gBRCA1/2m, HER2-negative, stage I-III BC patients, received
neoadjuvant Talazoparib as single-agent during 4 to 6 months, without any chemotherapy, in order to
evaluate the pathological complete response (pCR) rate and tolerance. The primary end point was
residual cancer burden (RCB). Of 20 patients enrolled, 19 completed 6 months of treatment and 10 of
them had pCR (RCB-0: 53%) while two additional patients had RCB-I. The rate of RCB 0-I was 63%
overall, 57% in TNBC, and 80% in HR+, 53% in gBRCA1m, and 100% in gBRCA2m. Toxicities were
managed by dose reduction and transfusions [30].

Other PARPis, such as Niraparib, Rucaparib, and Veliparib, are still under clinical evaluation in
breast cancer both as monotherapy and in different combinations [31–33].

Several pre-clinical studies have shown that PARPis are able to inhibit cell growth and promote
the death of breast cancer cells that are wild type for BRCA1/2 [34]. A recent study assessed the efficacy
of 13 different PARPis in the treatment of 12 different breast cancer cell lines that are either wild
type or mutated for BRCA1/2. The TNBC cell lines MDA-MB-436 (BRCA1-deficient), MDA-MB231,
and MDA-MB-468 resulted sensitive to Talazoparib, suggesting that the benefit of Talazoparib might
extend to TNBC without BRCA1/2 mutations [35]. This suggests that we should identify additional
biomarkers for PARPis [36].

The term “BRCAness” has been used to describe a dysfunction in the BRCA-related DNA repair
mechanism that is not due to mutations of the BRCA1/2 genes.

Deficiencies in a number of tumor-suppressor genes involved in HRR, such as ATM and ATR,
may share the same therapeutic vulnerabilities with BRCAm tumors and confer sensitivity to PARP
inhibition. Therefore, tumors with mutations in other HRR genes may also respond to a PARP inhibitor
treatment [37].

On 2015, Domagala et al. performed genetic testing for 36 common germline mutations in genes
engaged in HRR, (i.e., BRCA1, BRCA2, CHEK2, NBN, ATM, PALB2, BARD1, and RAD51D), in 202
patients, including TNBC and hereditary non-TNBC patients. As a result, 22.2% of 158 patients in
TNBC group carried mutations in genes involved in DNA repair by HR [38]. Confirming data have
been reported by other group [39] and it has been demonstrated that homologous recombination
deficiency (HRD) can occur in sporadic cancer through genetic and epigenetic inactivation of other
components such as PALB2, BARD1, BRIP1, RAD51, RAD51C, RAD51D, ATM, FAAP20, CHECK2, FAM1,
FANCE, FANCM, POLQ [5,34]. These findings confirm the hypothesis that HRD TNBC, shares similar
characteristics with gBRCAm TNBC, identifying new possible biomarkers of response to PARPi [40].
Instead of quantifying the effect of genetic variation in the HR pathway, researchers have developed
methods to score the competency of the HR pathway. Three scoring systems have emerged: HRD-loss
of heterozygosity (HRD-LOD), HRD-large-scale transition (HRD-LST), and HRD-telomeric allelic
imbalance (HRD-TAI) [41–43].

Based on these findings, some clinical trials are now testing the use of PARPis in patients with
BRCAm or HRD to maximize the number of individuals who may benefit from PARP inhibition [44–46].
The Phase II study Violette (NCT03330847) aims to assess the efficacy and safety of olaparib monotherapy
versus two combinations (olaparib in combination with AZD6738 and olaparib in combination
AZD1775), in TNBC patients prospectively stratified by presence/absence of qualifying tumor mutations
in 15 genes involved in HRR pathway (BRCA1, BRCA2, ATM, BARD1, BRIP1, CDK12, CHEK1,
CHEK2, FANCL, PALB2, PPP2R2A, RAD51B, RAD51C, RAD51D, or RAD54L). AZD6738 is an ATP
competitive, orally bioavailable inhibitor of the Serine/Threonine protein kinase Ataxia Telangiectasia
and Rad3 related (ATR), while AZD1775 is a small molecule WEE1 inhibitor used in combination
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with DNA-damaging agents in several trials [47]. Both, WEE1 and ATR, are kinases involved in the
regulation of cell-cycle and DNA repair. Preclinical in vitro and in vivo experiments demonstrate
that AZD1775 has synergistic cytotoxic effects when administered in combination with PARPis, while
cancer cells with defective DNA repair mechanisms or cell cycle checkpoints may be particularly
sensitive to ATR inhibition; this has led to the development of early-phase trials on three ATR inhibitors
(M6620, AZD6738, and BAY1895344) [48,49].

Somatic BRCA mutations (sBRCAm) were supposed to report a phenotype similar to tumors
from patients with germline mutations and response to PARPi [50]. A recent metanalysis, including
236 patients, with sBRCAm and 1204 patients with gBRCAm treated with PARPi for different cancers,
indicates similar response rates of PARPi therapy [51]. In ovarian cancer, where the rate of somatic
mutation is higher compared to the other cancers, PARPi have shown efficacy in patients carrying
mutations of BRCA1/2, either germline or somatic, but also in wild-type BRCA1/2 [52]. In breast
cancer, clinical trials evaluating the predictive role to PARPi of sBRCAm are ongoing (NCT03990896,
NCT03286842, NCT04053322, NCT03344965, NCT03920488, NCT01434420, NCT03078036). To the
last ASCO meeting were presented the results from TBCRC 048 trial (NCT03344965), a phase II
study of olaparib monotherapy in 54 metastatic breast cancer patients, of which 40 patients ER+
HER2−, 3 HER2+, and 10 TNBC, divided in 2 cohorts based on germline mutations in non-BRCA1/2
DDR-pathway genes (cohort 1) and on somatic mutations in these genes or BRCA1/2 (cohort 2). Results
showed an ORR of 29.6% in Cohort 1 and 38.5% in Cohort 2, with sBRCA1/2 or gPALB2 mutations
predictor of response in this last one [53].

Since BRCA1/2-deficient tumors have defects of DNA repair, the use of agents causing DNA
damage have been extensively investigated as candidate therapy to promote mechanisms of cell cycle
arrest and apoptosis in these tumors. Platinum drugs, causes platination of genomic and mitochondrial
DNA, forming intrastrand crosslink adducts which cause double-strand breaks that culminate in the
activation of apoptosis, especially when DNA lesions cannot be repaired [54]. This suggests that
BRCA mutational status is a promising biomarkers for platinum-based chemotherapy. In metastatic
setting, the 4th ESMO guidelines recommend anthracycline-taxane chemotherapy as first line for
treatment of advanced TNBC, while carboplatin may be considered for BRCA positive TNBC as
second line treatment [55]. Regarding sensibility to platinum agents of BRCAness phenotype in
this setting, the phase II TBCR009 trial has shown a correlation between high HRD scores and their
predictive response to platinum-based chemotherapy, beyond BRCA1/2 mutations, in advanced first
and second line TNBC patients. In particular, ORR was 54.5% in patients with germline BRCA1/2
mutations, while, in patients without BRCA1/2 mutations, HRD-LOH/HRD-LST scores discriminated
responding and nonresponding tumors (12.68 and 5.11, respectively). Five of the six long-term
responders alive at a median of 4.5 years lacked germline BRCA1/2 mutations, and two of them had
increased tumor HRD-LOH/HRD-LST scores [56]. At the last ASCO 2020 meeting, were presented
results of SWOGS1416, a phase II randomized trial of cisplatin +/− veliparib in metastatic TNBC
and/or germline BRCA-associated breast cancer (NCT02595905). In this study 248 TNBC patients were
classified into the three groups (1) 37 gBRCA+ (2) 101 BRCA-like (3) 110 non-BRCA-like, based on
results of central gBRCA testing and of multi-pronged biomarker panel including myChoice HRD
score, somatic BRCA1/2 mutations, BRCA1 methylation, and non-BRCA1/2 HR germline mutations.
Results showed that addition of Veliparib to cisplatin significantly improved PFS and numerically
improved OS and ORR, of BRCA-like sub-group of patients, that included 76% of HRD ≥ 42, 17% of
BRCA1 promoter methylation, and 7% of HRR genes mutations [57].

In early settings, several neo-adjuvant clinical trials have evaluated the impact of adding platinum
to standard chemotherapy, however, its use remains controversial and it is not routinely recommended
in unselected TNBC or BRCA mutations carriers [58]. The neoadjuvant phase 2 trial of cisplatin in
TNBC by Silver et al. showed a pCR rate of 22% among all TNBC patients (n = 28). Between these,
germline BRCA1, low BRCA1 mRNA expression or BRCA1 promoter methylation patients achieved
pCR [59]. The GeparSixto trial, which included stage II or III TNBC and HER2+ patients, demonstrated
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significant improvement in pCR with carboplatin added to an anthracycline/taxane-based neoadjuvant
chemotherapy in TNBC patients [60]. This study tried also to prove a possible correlation between
BRCAness phenotype and response to platinum. The exploratory endpoints of the trial investigated
(1) whether the HRD assay predicts specifically for carboplatin response or independently of treatment
and (2) whether there is an association of HRD with long-term outcome in patients with BRCA
mutations detected in tumor tissue (tmBRCA) and in patients with high HRD without tmBRCA. Results
showed that the HR deficiency (defined as HRD score 42 and/or presence of tmBRCA) and HRD score
in non-tmBRCA were predictors of response, however, the HRD assay failed to identify a subset of
patients most likely to derive benefit from the addition of carboplatin [61]. In this context, the PrECOG
0105 phase II study of gemcitabine and carboplatin plus iniparib as neoadjuvant therapy for TNBC
and BRCA1/2 mutation-associated breast cancer, revealed that combination of gemcitabine, carboplatin,
and iniparib is active in the treatment of early-stage triple-negative and BRCA1/2 mutation-associated
breast cancer. In particular, responder patients with sporadic TNBC, lacking BRCA1/2 mutation, had an
elevated HRD-LOH score, suggesting that HRD assay could predict to platinum response [62]. In a
recent metanalysis including seven studies, with a total of 808 TNBC patients, among which 159 BRCA
mutated, was reported that the addition of platinum to chemotherapy regimens in the neoadjuvant
setting increases pCR rate in BRCA mutated as compared to wild-type TNBC patients, however,
this trend did not achieve statistical significance [63]. Recently, through a whole genomic sequencing
technique, researches developed a new weighted model called HRDdetect with a sensibility of 98.7%
to detect BRCA1/2 deficient samples [64]. Elevated HRDetect was significantly associated with clinical
improvement on platinum-based therapy in advanced breast cancer [65].

Preclinical data support a potential synergism between PARPi and platinum-based
chemotherapy [66,67]. The addition of low-dose veliparib (VELI) to carboplatin–paclitaxel versus
placebo was tested in HER2-negative, gBRCA1/2m, advanced BC (BROCADE 3 trial). Veliparib
increased PFS while no impact on OS was reported [68]. In the neoadjuvant setting, Veliparib
was assessed in the carboplatin-VELI arm of the randomized phase II ISP-Y 2 trial. In this trial,
the carboplatin-VELI arm enrolled 72 patients with HER2-BC, who received Veliparib plus carboplatin
during the paclitaxel sequence (VELI-CARBO) followed by doxorubicin and cyclophosphamide (AC).
The benefit of VELI-CARBO seemed to be restricted to the TNBC patients (51% pCR for VELI-CARBO
vs. 26% pCR in the control arm in TNBC) [69]. The randomized phase III trial (BrighTNess) was
subsequently conducted in 634 TNBC patients receiving neoadjuvant chemotherapy evaluating
VELI-CARBO vs. placebo-CARBO or double placebo, in combination with paclitaxel followed by four
cycles of AC. The pCR rate was higher in the CARBO-containing regimen (53% in VELI-CARBO and
58% in the placebo-CARBO vs. 31% in the control arm). Within the patients with gBRCA1/2m, no
significant differences were achieved, the pCR rate was 57% in the VELI-CARBO/paclitaxel arm, 50%
in the placebo-CARBO/paclitaxel arm, and 41% in the control paclitaxel arm. In summary, the trial did
not detect statistically significant differences between these subgroups [70].

Research is also focusing on biomarkers of resistance to PARPis. Acquired or innate resistance
to single-agent PARPis has been frequently observed in both preclinical and clinical studies [71–74].
The main mechanisms described are the reversion of BRCA and HRR gene mutations to wild-type,
the demethylation of promoter of HR genes, the mitigation of replication stress, the mutations in
PARP itself and/or drug efflux pumps [75–77]. In preclinical patient-derived BRCAm-xenograft (PDX)
models, the detection of RAD51 foci, a surrogate biomarker of HRR functionality, correlated with
resistance to PARPis regardless of the underlying mechanism restoring HRR function [78–82]. By using
in vitro and in vivo models of intrinsic resistance to PARPis, Yu-Yi Chu et al. described the role of
proteins like RTK, c-MET in PARP inhibition resistance [83,84].

The identification of biomarkers of resistance can drive the research of pharmacological strategies
to delay or prevent the development of the drug resistant phenotype. Emerging data suggest that
olaparib-resistant cancer models can be re-sensitized to olaparib when combined with AZD1775
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or AZD6738 [85–87], leading to early phase clinical trials combining ATR inhibitors and PARPis in
different cancers (NCT02723864, NCT03462342, NCT03682289, NCT02576444).

3. Biomarkers of Immunotherapy in TNBC

It is well-known that the immune system and cancer have a complex interplay: it is a multi-step
process, named cancer immunoediting, largely mediated by CD8+ cytotoxic T lymphocytes, and in
which both immune-stimulatory and inhibitory factors are involved. During the first phase, called
elimination phase, the innate and adaptive immune system recognize and reject tumor cells, then the
surviving tumor subclones can progress into a state of dormancy, the equilibrium phase, in which
tumor growth is limited and tumor cells are gradually selected through upregulation of pro-survival
pathways, changes in expression of molecules involved in immune suppression or angiogenesis.
These immune-edited tumor cells can then enter into the escape phase, in which the tumor growth is
uncontrolled [88].

Breast tumors have been historically considered non-immunogenic diseases, with a relatively
low mutation rate. However, among BC subtypes, TNBC is characterized by high mutation rate and
greater tumor-infiltrating lymphocytes (TILs). TILs are present both intratumorally and in adjacent
stromal tissues and are composed mainly of cytotoxic CD8+ lymphocytes, and, to a lesser extent, CD4+
T-helper cells, T-regulatory (Treg) cells, macrophages, mast cells, and plasma-cells.

The presence of intra-tumoral and stromal TILs has predictive and prognostic role; in TNBC
increased TILs at diagnosis have been associated with pathologic complete responses with neoadjuvant
chemotherapy and improved survival after adjuvant chemotherapy [89–91]. The association between
high number of stromal TILs and more favorable survival outcomes, in terms of overall survival (OS)
and disease-free survival (DFS) highlighted the prognostic value of immune antitumoral activity, while
the association between high TILs and response to chemotherapy established the predictive value of
TILs as marker of response to chemotherapy. This also suggests that the effect of chemotherapy may
be partially mediated by the immune system, making the investigation of immunotherapy in TNBC
particularly interesting [92–94].

Programmed cell death-1 (PD-1) is an immune checkpoint able to inhibit both adaptive and innate
immune response, and is expressed on the surface of immune cells, such as T cells, B cells, natural killer
(NK), macrophages, dendritic cells (DCs), and monocytes [95]. PD-1 controls induction of tolerance
to antigens and termination of immune response, playing a key role, under physiological condition,
in maintaining the immune tolerance and limiting the autoimmunity. In the tumor microenvironment
PD-1 is involved in the development of tumor immuno-tolerance [96,97]. PD-1 ligand, programmed
cell death-ligand 1 (PD-L1), is a transmembrane protein expressed both on tumor cells and immune
cells (DCs, B cells, T cells, macrophages), and it represents an “adaptive immune mechanism” that
cancer cells may use to escape anti-tumor immunity.

PD-1/PD-L1 ligation acts as pro-tumorigenic pathway, leading to deactivation of T-cell function and
resulting in the escape from immune surveillance [98–102]. PD-1/PD-L1 expression can be regulated by
various signals in cancer cells, such as (1) activation of PI3K/AKT pathway that promote the expression
of PD-L1 through increased extrinsic signaling and by downregulation of PTEN [103]; (2) MAPK
signaling pathway, involved in the conversion of extracellular signals into intracellular responses
and associated to PD-1/PD-L1 axis [104,105]; (3) JAK-STAT signaling pathway that provides a key
mechanism for extracellular signals to control gene expression, including the expression of PD-L1 [106];
(4) abnormal WNT signaling pathway, able to interfere with cancer immuno-monitoring and to promote
immune escape by a crosstalk mechanism between WNT activity and PD-L1 expression [107,108];
(5) NF-κB signaling pathway that mediates INF-γ-induced PD-L1 expression [109,110]; (6) Hedgehog
signaling pathway that promotes the expression of PD-1/PD-L1 axis and which inhibition may induce
lymphocyte antitumor activity [111].

PD-L1 is commonly expressed in 20% of TNBC and has been related to distinctive characteristics
of BC, such as younger age, large tumor size, high grade, high proliferation, ER-negative status,
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and HER2-positive status. PD-L1 is expressed on about 10% of tumor cells (TC), while its expression on
tumor infiltrating immune cells (IC) is higher (40–65%). The predictive role of PD-L1 positivity on IC
has been validated in several clinical trials. The expression of both PD-1 and PD-L1 is associated with a
good outcome and it is correlated with better overall survival and higher sensitivity to chemotherapy,
confirming that the cytotoxic effect of chemotherapy is partially mediated by the immune response
against tumor [112–116]. The expression of PD-L1 on tumor infiltrating immune cells (IC) may also
play a role as biomarker as it has been shown in several clinical trials [117–119].

The introduction of immune checkpoint inhibitors (PD-1 inhibitors and PD-L1 inhibitors) as
strategy to wake up the immune cells and reduce the tumor growth, is playing a critical role in improving
treatment of TNBC. Atezolizumab (anti-PD-L1) is the first in class receiving the FDA accelerated
approval on March 2019, based on results from IMpassion 130 study that showed a significant OS
improvement (25 months vs. 18 months) in patients with IC PD-L1 expression (PD-L1+ IC ≥ 1%),
treated with Atezolizumab plus nab-paclitaxel versus nab-placlitaxel alone as first line therapy for
metastatic TNBC [11,120]. FDA also approved the VENTANA PD-L1 (SP142) assay as a companion
assay to determine PD-L1 expression on IC. The analytical power of the VENTANA assay was evaluated
and compared with other two immunohistochemistry assays (22C3 and SP263) in a post-hoc exploratory
analysis of IMpassion 130 study. Overall, the VENTANA assay was predictive of atezolizumab efficacy
when performed either on the primary or on the metastatic tumor specimen. With the cutoff of ≥1% of
PDL+ IC, it identified a smaller population of pts as compared with 22C3 and SP263 assays, but with a
higher predictive performance [121].

In the same setting, results from Keynote-355 trial, evaluating the combination of Pembrolizumab
(anti-PD-1) plus chemotherapy as first line treatment of metastatic TNBC, have lately been presented at
ASCO meeting. This study confirms the importance of evaluating PDL1 expression as biomarker. PDL1
has here been evaluated with the 22C3 (DAKO PharmaDx) assay using the combined positive score
(CPS) defined as which is the number of PD-L1 staining cells (tumor cells, lymphocytes, macrophages)
divided by the total number of viable tumor cells, multiplied by 100. Indeed, pembrolizumab has
shown to improve progression-free survival (PFS) only in patients with a CPS score ≥10 [122]. Of note,
however, that the predictive value of the same assay had not previously confirmed in the Keynote-086
study, with Pembrolizumab used as monotherapy: in the cohort A of the study (enrolling previously
treated metastatic TNBC patients), PFS was similar irrespective of PD-L1 expression status [123].

Finally, in neo-adjuvant setting, conflicting results from Keynote-522 and NeoTRIPaPDL1 studies,
investigating the combination of standard chemotherapy with Pembrolizumab and Atezolizumab
respectively, showed that the role of PD-L1 expression as predictive marker of response to immune
checkpoint inhibitors is still controversial [124,125]. Particularly, matters of uncertainty are: What
is the best assay; what is the best cutoff to define PDL1-positivity; what drugs (pembrolizumab vs.
atezolizumab vs. others) these apply to; what disease setting (early vs. metastatic) these apply to.

Evaluating other predictive biomarkers, in addition to PD-L1 testing, may help to select patients
who could benefit from ICI.

Microsatellite instability (MSI) is a hypermutable phenotype generally deriving from a deficit
in the DNA mismatch repair mechanism (deficient mismatch repair; dMMR). MSI is evaluated by
identifying mutations involving microsatellites located throughout much of the genome as short DNA
sequences repeated in tandem. High levels of microsatellite instability (MSI-H), corresponding to
dMMR, were found across several cancers, such as endometrial and gastrointestinal cancers (20%–30%).
MSI-H is correlated to a high neoantigen burden and, therefore, to a high immunogenic potential and
sensitivity to immuno-checkpoint inhibitors, irrespective of the tumor histologic type. MSI-H/dMMR
was the first biomarker to grant a “site-agnostic” FDA approval to an anticancer drug: on October 2016,
based on the results of the Keynote 158 trial, Pembrolizumab was approved for use as monotherapy
on solid tumors with MSI-H or dMMR and without satisfactory therapeutic alternatives [126]. While
the frequency of MSI-H/dMMR in BC is very low (0%–1.5%) and its use as prognostic or predictive
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biomarker is still under investigation [127–129], the FDA approval allows using Pembrolizumab for
TNBC with MSI-H/dMMR.

Tumor mutational burden (TMB), calculated as the total number of mutations in a sample divided
by the length of the genomic target region (mut/Mb), is a good marker of tumor antigenicity. Since the
greater number of somatic mutations, it is probable that these mutations will yield to misfolded proteins
(neoantigens) capable of being immunogenic and providing targets for T-cell response. In several
tumors, such as lung cancer, melanoma, and colorectal cancers, TMB, easily evaluated by NGS
techniques, represents a good predictive biomarker for ICI response, since high TMB is associated with
high neoantigen burden, high T-cell infiltration and high response rate to ICI, regardless the PD-L1
status [130,131]. In BC, the predictive role of TMB is still controversial, recent data showed that overall
3.1%–5% of breast cancers are hypermutated, with high prevalence in TNBC and metastatic tumors;
these tumors seem to be more likely sensitive to PD-1 inhibitors after a preliminary analysis of clinical
and genomic data, also if no differences in terms of survival has been shown in patients with high TMB
treated with ICI [132–134]. In neoadjuvant setting, the GeparNuevo trial, investigating the addition of
Durvalumab (anti-PD-L1) to anthracycline/taxane-based chemotherapy, showed a significant trend for
increased pCR rates for PD-L1-positive patients in both PD-L1-TC in Durvalumab arm and PD-L1-IC
in placebo arm. In addition, they performed a predefined analysis of 149 samples assessing the
predictive value of TMB alone or in combination with an immune gene expression profile (GEP) for
pCR. Results from multivariate analysis showed an odds ratio for pCR per mut/Mb of 2.06 (95% CI
1.33–3.20, P = 0.001) among all patients, 1.77 (95% CI 1.00–3.13, P = 0.049) in the Durvalumab treatment
arm, and 2.82 (95% CI 1.21–6.54, P = 0.016) in the placebo treatment arm, confirming that further
analyses of TMB in combination with other immune parameters are still necessary, as well as the choice
of a standardized assay and a cut off value to define high mutational load [135,136]. Very recently,
FDA approved FoundationOne® CDx test to identify patients with solid tumors with TMB score who
may benefit from immunotherapy treatment with Pembrolizumab monotherapy. FoundationOne
CDx is a next-generation sequencing-based in vitro diagnostic device for detection of substitutions,
insertion and deletion alterations (indels), and copy number alterations (CNAs) in 324 genes and select
gene rearrangements, as well as genomic signatures including microsatellite instability (MSI) and
tumor mutational burden (TMB) using DNA isolated from formalin-fixed paraffin-embedded (FFPE)
tumor tissue specimens. The accelerated approval was based on data from a prospectively planned
retrospective analysis of 10 cohorts of patients with various previously treated unresectable or metastatic
solid tumors, who were enrolled in KEYNOTE-158 (NCT02628067), a multicenter, non-randomized,
open-label trial evaluating Pembrolizumab (200 mg every three weeks). TMB status was assessed using
the FoundationOne CDx assay and TMB-High (TMB-H) was defined as TMB ≥10 mut/Mb. The results
showed that patients with TMB-H in solid tumors who were treated with Pembrolizumab had a higher
overall response rate (29%) compared to patients with TMB [137].

Despite the promising results of PD-1/PD-L1 axis blockade, additional strategies to improve
the response rate and to overcome resistance to immunotherapy are ongoing, such as testing novel
immunomodulatory compounds, which might increase the activity of immunotherapy treatment and
contribute to convert “cold tumors” into “hot tumors.” This novel combinations are focusing on the
dual immune checkpoint blockade, which includes the introduction of antibodies against co-inhibitory,
such as anti-LAG-3 antibodies.

Lymphocyte-associated gene 3 (LAG3) is a transmembrane protein with structural homology
to the CD4 co-receptor and mainly expressed in activated CD4+ T cells, T-regulator cell, Tr1 cells,
activated CD8+ T cells, natural killer cells, dendritic cells, B cells, and exhausted effector T cells. LAG3
negatively regulates the proliferation, activation, and effector function of T cells [138]. The role of
LAG3 as prognostic biomarker is still controversial and under investigation. Results from a recent
meta-analysis investigating the role of LAG3 as prognostic biomarker in several solid tumors, including
TNBC, showed that high expression of LAG3 can be associated with favorable outcome, particularly in
early stage tumor, also if there was a borderline statistical significance in their results, suggesting that
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the role of LAG3 as prognostic biomarker should be evaluated together with the expression of other
biomarkers reflecting an active host immunity, such as PD-L1 and CD8 [139].

The suggestion that other molecules can stimulate and increase the number of immune cells,
enhancing the anti-tumor immune function, is leading to new combination approaches of immune
checkpoint inhibitors and novel agents for the treatment of TNBC. The InCITe trial (NCT03971409) is
evaluating the combination therapy of Avelumab (anti-PD-L1) and Binimetinib (MEK 1/2 inhibitor),
Utomilumab (anti-4-1BB), or PF-04518600 (anti-OX40) in a multi-arm study for treatment of first or
second line in metastatic TNBC patients.

4. PI3KCA and PTEN Mutations as Predictive Biomarkers

The phosphatidylinositol 3-kinase (PI3K) pathway is a key regulator of survival, growth,
proliferation, angiogenesis, metabolism, and migration. It comprises a family of intracellular signal
transducer enzymes with three key regulatory nodes, PI3K, AKT, and mammalian target of rapamycin
(mTOR). PI3K activation phosphorylates and activates AKT, that regulates the functions of numerous
cellular proteins, including the FoxO proteins, mTOR complex 1 (mTORC1), and S6 kinase [140,141].
In many cancers, this pathway is overactive due to gain-of-function mutations of phosphatidylinositol-4,
5-bisphosphate 3-kinase, catalytic subunit, alpha (PIK3CA), loss-of-function alterations of the tumor
suppressor phosphatase and tensin homolog (PTEN), deregulation of receptor tyrosine kinase signaling,
and amplification and mutations of receptor tyrosine kinases [142,143]. These alterations occur in
approximately 35% of triple-negative and 45% of ER/PgR-positive, HER2-negative breast cancers [144].
PI3Ks are a family of lipid kinases that are divided into three classes based on their structures and
substrate specificities. Class IA PI3Ks are heterodimers that contain a p110 catalytic subunit and a
p85 regulatory subunit. The genes PIK3CA, PIK3CB, and PIK3CD encode three highly homologous
class IA catalytic isoforms: p110α, p110β, and p110δ, respectively [145]. In TNBC, the majority of
activating mutations occur in the p110a (alpha subunit encoded by PIK3CA), overall mutated in
~9% of primary TNBC. PIK3CA mutations result in activated alpha PI3K, leading to an activating
downstream pathway. PTEN alterations are also frequent in TNBC, with genetic loss of function
occurring in 15% [146,147]. The phosphatase PTEN exert its activity of tumor suppressor through
dephosphorylating phosphatidylinositol (3,4,5)-trisphosphate (PIP3), resulting in an inhibition of
AKT [148,149]. Inactivating mutations of PTEN, including truncating and frameshift mutations
or homozygous deletion, cause loss of function with consequent hyperactivation of AKT activity.
Single nucleotide variants hotspots mutations such as R130X, R233X, and R335X, allelic loss in loci of
the10q23 region were also reported [147,150,151]. A single amino acid substitution E17K of AKT1 was
described in several cancers, with the highest incidence 3.8%, in breast cancer. This mutation results
in a pathologic association of AKT1 with the plasma membrane and its constitutive activation [152].
Finally, mutations in mTOR were found in 1.8% of breast cancer [153]. The high frequency of
mutations of PI3K/AKT/mTOR pathway found in breast cancer provides the rationale to test new
inhibitors in combination with standard therapies. Several PI3K and AKT inhibitors are currently
under investigation in clinical trials, mostly in ER/PgR-positive HER2-negative subtypes. Despite
intense research efforts, so far, only PIK3CA mutations have proven to have a predictive value for
treatment with α-selective and β-sparing PI3K inhibitors, Alpelisib and Taselisib respectively, in the
advanced setting [154–158]. Alpelisib, an oral α-specific PI3K inhibitor that selectively inhibits p110α,
was recently approved, based on results of phase III SOLAR-1 trial (NCT02437318), for postmenopausal
women, and men, with metastatic or advanced PIK3CA-altered, ER/PgR-positive, and HER2-negative
breast cancer, indicating that the integration of genomic testing for PIK3CA mutation may be useful in
the selection of therapy [154,155].

The predictive effect of PIK3CA mutations may also have future relevancy for TNBC. Recently,
Yuan et al. showed that combination of CDK4/6 inhibitor Ribociclib and Alpelisib caused the reduction
of p-RB and p-S6, of MCL-1, induction of apoptosis, and an enhanced reduction of tumor growth in
a TNBC PDX model [159]. Other findings reported that same combination significantly increased
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tumor-infiltrating T-cell activation and cytotoxicity and decreased the frequency of immunosuppressive
myeloid-derived suppressor cells in a syngeneic TNBC mouse model [160]. These studies support the
development of new possible combinational approaches in TNBC.

LAR TNBC, in particular, are sensitive to endocrine manipulations with AR antagonists and
are enriched (approximately 40%–50%) in activating PIK3CA mutations [161,162]: this could confer
sensitivity to PI3K inhibitors and synergy with AR antagonists. Based on these findings, in the TBCRC
032 IB/II trial (NCT02457910) an oral antiandrogen, enzalutamide, has been evaluated with or without
taselisib in patients with AR+metastatic TNBC. By RNA seq analysis, the authors noticed that patients
receiving the combination displayed decreased expression of genes involved in mTOR signaling
and increased expression of genes related to adaptive immunity after treatment. Overall this study
demonstrated that this combination can be given safely and appears to increase clinical benefit in
TNBC patients with AR+ tumors [163].

Loss of PTEN tumor suppressor activity has been investigated as biomarker of response to AKT
inhibitors, based on finding that PTEN-loss could enhance activation of AKT signaling. The randomized
Phase II study (GO29227, LOTUS NCT02162719) compared activity of Ipatasertib [164–167], a potent,
highly selective inhibitor of all three isoforms of Akt, plus Paclitaxel versus placebo plus Paclitaxel
as first-line treatment for patients with inoperable locally advanced or metastatic TNBC. Patients
were classified according to PTEN expression by immunohistochemistry (PTEN-low or PTEN-high)
and PIK3CA/AKT1/PTEN genomic alterations (PIK3CA, AKT1 or PTEN mutations) characterized by
NGS. Results have shown that the increase in median PFS was quite modest in the Intention-to-treat
population and PTEN-low subgroup but more pronounced in predefined analyses of the patient
population with PIK3CA/AKT1/PTEN-altered tumors, suggesting that a complete assessment of PI3K
pathway could have a predictive value rather than a single alteration [168].

At present, Phase III Ipatunity 130 trial (NCT03337724) is aiming to confirm data from LOTUS trial,
evaluating Ipatasertib in combination with Paclitaxel in PIK3CA/AKT1/PTEN-Altered, locally advanced
or metastatic, TNBC or ER/PgR-positive, HER2-negative patients. Genetic alterations will be evaluated
in relevant genes in the PI3K/Akt pathway, both in tissues and in blood samples, by NGS assay.

In the neoadjuvant setting, the phase II FAIRLANE study (NCT02301988), evaluating Paclitaxel
plus Ipatasertib or placebo in TNBC, partially supports the potential utility as biomarker for the
PIK3CA/AKT1/PTEN alterations; there was, indeed, in the trial, a numerically but non-significant
increase in pCR rates, with more pronounced results in patients with PTEN-low tumors (32% versus
6%) and PIK3CA/AKT1/PTEN-altered tumors (39% versus 9%) [169]. In contrast, in the phase Ib
study NCT03800836, evaluating the efficacy and safety of the combination of Ipatasertib, Tecentriq
(Atezolizumab), and chemotherapy (Paclitaxel or Nab-paclitaxel) as a first-line treatment option
for people with advanced TNBC, the objective response rate (ORR) was 73% (95% CI 53–88%),
irrespective of tumor biomarker status [170,171]. A confirmatory phase III study NCT04177108
investigating the combination of ipatasertib, atezolizumab and paclitaxel as first-line therapy for locally
advanced/metastatic TNBC cancer is still ongoing.

The predictive potential of PIK3CA/AKT1/PTEN alteration may is also supported by other AKT
inhibitors trials. In the PAKT trial, Capivasertib (AZD5363), a potent and selective oral inhibitor of all
three isoforms of the serine/threonine kinase AKT [172] has been evaluated in TNBC, showing that
addition of capivasertib to first-line paclitaxel therapy prolonged PFS and OS. Also in this case, benefits
were more pronounced in patients with PIK3CA/AKT1/PTEN-altered tumors [173].

In summary, alteration of PIK3CA/AKT1/PTEN pathway have not yet satisfied criteria for the
clinical use in TNBC, but diverse evidences support further research on this topic.
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5. Promising Molecular Biomarkers

5.1. New Targets of Antibody–Drug Conjugates in Triple Negative Breast Cancer

Antibody drug conjugates (ADCs) are a new class of anticancer drugs that share the same general
mechanism of action; they are designed as a monoclonal antibody that are conjugated with a potent
cytotoxin (so called payload). The monoclonal antibody is directed against an antigen on the surface of
the target cancer cell, and upon binding to the target antigen, they are internalized and release the
payload inside the cell, leading to selective cytotoxicity. This allows selective intracellular delivery of
very potent payload that, because of their inherent toxicity, could not be infused as free molecules
to the patient. As an additional mechanism of action, ADCs can elicit a potent immune response by
inducing dendritic cell maturation and CD8 and CD4+ T-cell infiltration [174,175].

For an ADCs to be effective, a critical factor is the target antigen, that has to be selectively expressed
(or, overexpressed) on the intended cancer cell. Therefore, the presence (or the overexpression) of the
target antigen can be tested as biomarker to identify potentially sensitive patients. Several molecules
have been identified in TNBC cells that meet these characteristics. The most promising ones are: (1) the
glycoprotein non-metastatic b (GPNMB); (2) trophoblast cell-surface antigen 2 (Trop-2); (3) LIV-1; (4)
the mucin 1-attached sialoglycotope CA6.

GPNMB was found highly overexpressed in aggressive tumors like TNBC, or in advanced setting,
where it is involved in processes like cell migration, invasion, angiogenesis, or epithelial-mesenchymal
transition [176–178]; in addition, it represents a biomarker of poor prognosis in breast cancer [179].
It is the target of Glembatumumab vedotin (CDX-011) a potent ADC conjugated with the
microtubule-disrupting agent monomethyl auristatin E (MMAE) [180]. The phase II EMERGE
trial, designed to evaluate CDX-011 activity in advanced GPNMB-expressing breast cancer versus
chemotherapy of the investigator’s choice, showed that this drug is well tolerated and more effective in
patients with TNBC and/or GPNMB-overexpressing breast cancers [181]. The following pivotal phase II
trial METRIC, designed to evaluating CDX-011 versus capecitabine in TNBC GPNMB-over-expressing
patients, confirmed results of safety from EMERGE trial, but the primary end point of PFS was not
met [182,183]. Nonetheless GPNMB remain a potentially useful target for other ADCs agents.

Trop-2 is a type I transmembrane glycoprotein, with a relevant role in migration, cell proliferation,
cell cycle progression, and metastasis [184–187]. Sacituzumab govitecan (IMMU-132) is the new
promising antibody targeting Trop-2, linked to topoisomerase-I inhibitor SN-38, the active metabolite of
irinotecan that induces DNA damage [188,189]. Results from a phase I/II IMMU-132-01 (NCT01631552)
showed the efficacy of Sacituzumab Govitecan-hziy, with 33.3% ORR in heavily pretreated TNBC
patients [190]. Based on these results, on 22 April 2020, the FDA granted accelerated approval to
Sacituzumab Govitecan-hziy for adult patients with metastatic TNBC who received at least two prior
therapies for metastatic disease [190]. Currently, the randomized Phase III ASCENT clinical trial,
comparing Sacituzumab Govitecan-hziy versus treatment of physician’s choice, in metastatic TNBC
patients who progressed after at least two prior cytotoxic therapies, is ongoing (NCT0257445599).

LIV-1 is a zinc transporter protein downstream target of STAT3, implicated in cell adhesion and
epithelial-to-mesenchymal transition [191–194]. Its target therapy, the monoclonal antibody against the
extracellular domain of LIV-1, Ladiratuzumab vedotin (SGN-LIV1A), showed high efficacy in preclinical
models [195], and is under evaluation in patients with metastatic breast cancers, with promising results
in metastatic TNBC (NCT03310957, NCT01969643, NCT04032704, NCT03424005, NCT01042379) [196].

CA6 is selectively expressed on solid tumors and is, therefore, an ideal target for ADC therapy.
SAR566658 is an ADC directed against CA6 which carries DM4, a maytansine-derived anti-microtubule
agent as payload. Based on promising results from a phase I trial, a phase II study in CA6-positive
TNBC (NCT02984683) is currently ongoing [197].
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5.2. Circulating Tumor Cells as Prognostic and Predictive Biomarkers in TNBC

Detection of circulating tumor cells (CTCs) has a promising potential as minimally invasive
“liquid biopsies” that can facilitate prognosis, target therapy, or monitoring therapeutic response
to drugs in several cancers [198,199]. CTC counts in cancer patients have been used as a dynamic
prognostic biomarker in both early and metastatic cancer [200,201], while isolation and analysis of
CTCs have been shown to provide information on dynamic changes in tumor [202,203].

Over the past decade, several strategies were developed to capture CTCs based on biological
properties of the cells, like the expression of cell surface proteins, or biophysical properties using
filtration, microfluidics, and dielectrophoresis, or by applying high throughput imaging to unpurified
blood cell preparations [204]. Despite this, there are still certain technological limitations related
to sensitivity and specificity, and a lack of consensus regarding the isolation technique to be used,
the type of sample, the conditions of collection or storage, or the candidate biomarker to be used [205].
At present, the only one approved for application in the clinical practice is the CellSearch technology
(Menarini Silicon Biosystems, Huntingdon Valley, PA, USA), based on epithelial cell adhesion molecule
(EpCAM)-based CTC isolation technology, which was FDA patented on 2004 [206,207].

A consistent number of prospective studies have demonstrated that CTC counts in cancer patients
can be used as a dynamic prognostic biomarker in metastatic disease. More than a decade ago,
Cristofanilli et al. in a study involving 177 metastatic breast cancer (MBC) patients, demonstrated that
CTC count detected using the CellSearch was an independent prognostic factor for PFS and OS in
metastatic Breast Cancer. The cut-off of 5 CTCs/7.5 mL was identified to classify patients with good or
poor clinical outcome [208] and subsequent studies have confirmed the prognostic value of CTCs with
the same cut-off [202,209–212]. Moreover, other studies indicated that CTCs dynamics seem to reflect
treatment response as an indicator to monitor the effectiveness of treatments and guide subsequent
therapies in breast cancer [213]. Other studies revealed that CTCs counts loose its prognostic value in
MBC treated with targeted therapies in HER2 positive tumors [214,215]. A recent large, retrospective
study, involving 1944 MBC patients showed as CTCs enumeration should be used for prognostic
stratification of MBC in two defined group of patients identified as Stage IV indolent and Stage IV
aggressive, where Stage IV aggressive could better benefit from novel therapies compared with Stage
IV indolent [216]. In early breast cancer, CTCs count is also a prognostic biomarker, not correlated
with the other usual prognostic factors. The presence and also the quantity of CTCs has proven to be
associated with worse outcome, however, CTC detection methods with higher sensitivity could be
necessary considering the low number of cells found in early setting [217–223].

Several groups reported that the use of CellSearch platform for CTCs counts has limited
prognostic power in TNBC, because of the fact that in these tumors, cells tend to switch from
epithelial to mesenchymal phenotype, loosing EpCAM expression and exhibiting more stem cell-like
properties [224–226]. Moreover, data from clinical trials, evaluating the prognostic and predictive role
of CTCs in TNBC, are controversial. Munzone et al. retrospectively analyzed the CTC enumeration by
CellSearch in 203 patients with MBC, and found that baseline CTC counts were significantly associated
with OS but not with PFS in TNBC patients who were receiving new courses of systemic therapy [227].
CBCSG004 trial showed that baseline CTCs count is a prognostic but not a predictive factor to anticancer
therapies in TNBC [228]. The phase II trial (TBCRC019) has analyzed if CellSearch was effective in
TNBC, and whether CTC apoptosis and CTC clusters enhances the prognostic role of CTC in metastatic
TNBC patients treated with nab-paclitaxel with or without tigatuzumab. Results showed that patients
with elevated CTC at baseline, on day 15 and 29, had significant worse PFS versus not elevated,
while there was no apparent prognostic effect comparing CTC apoptosis versus non-apoptosis, or the
presence of CTC clusters [229]. The large, prospective, randomized study SWOG S0500, showed
that patients with TNBC and low CTC levels at baseline, and those who had CTC clearance after
chemotherapy treatment, had a longer OS compared with those who had elevated CTC levels [230].
A prospective study in TNBC comparing CellSearch and immunomagnetic enrichment/flow cytometry
methods revealed that CTC enumeration by two different assays was highly concordant. Both assays
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showed an association between baseline CTC levels and OS, and changes in CTC levels during
chemotherapy were significantly associated with time to progression and OS [231].

CTC analysis of the tnAcity trial reported better outcomes among patients with CTC levels at
baseline that were reduced or eliminated in subsequent cycles of chemotherapy, compared with CTC
levels that persisted post-baseline, suggesting that CTC clearance may predict the chemosensitivity of
metastatic TNBC tumors. However, as reported by the authors, this study has some limitations because
of the use of only CellSerch platform that can exclude populations of low- or non-EpCAM-expressing
cells, the possibility that during chemotherapy cells underwent an epithelial to mesenchymal transition
change, and the low number of patient samples (N = 126) [232]. Finally, Liu et al. developed a
combined CTC-NK enumeration strategy that allows to predict PFS in TNBC. They reported that
baseline CTC counts can predict PFS only in first-line TNBC patients but not in other TNBC lines of
therapy, while baseline CTC combined with NK enumeration (CTC-NK) can predict PFS of TNBC
patients regardless of their lines of therapy [233]. The 2019 AACR annual meeting reported a significant
correlation between high levels of co-expression of CCR5 and HER2 in CTCs in MBC. CCR5 has been
associated with cancer stem cells and believed to drive metastatic process. The researchers suggest
that identifying CCR5 expression in CTCs could be used as a potential new biomarker for MBC with
potential therapeutic implications in patients with TNBC [234].

Single CTCs have been extensively studied in recent years because its detection could be
particularly useful for certain types of cancers, however, also actively growing, aggressive tumors tend
to release relatively low numbers of detectable CTCs into the circulation, and technical improvements
in their isolation are needed [235]. Factors leading to the generation of CTCs from a primary tumor
are unknown. The number of CTCs released in the bloodstream is enormously higher compared
to the number of metastatic lesions in patients, indicating that the majority of CTCs die in the
bloodstream, with only a minor fraction representing viable metastatic precursors. Mesenchymal
transformation, stromal-derived factors, or persistent interepithelial cell junctions may provide
survival signals that attenuate this apoptotic outcome [236,237]. Gene characterization of CTCs from
TNBC revealed their attitude to epithelial—mesenchymal transition (EMT) associated with increased
plasticity and aggressiveness, increase of resistance to cell death and chemotherapy, capability to
metastasize and senescence [238–242]. Since a consistent group of TNBC patients are negative to
CellSearch system, Abeu et al. used a method based on CellSearch system for enumeration and
a combination of immunoisolation and gene expression profiling, to molecularly characterize the
population. Gene profiling revealed the expression of hybrid EMT and stem cell markers associated
with poor prognosis and high aggressiveness, such as VIM, SNAIL1, TIMP1, CRIPTO1, CD49F, ALDH2,
CD44, and BCL11A [242]. Razmara et al. by using a PDOX models of triple-negative breast cancer
(TNBC), showed that CTC clusters and CTCs expressing a mesenchymal marker (vimentin) were
associated with metastatic burden in lung and liver [243]. While, Thangavel et al. reported that
evaluation of EMT-specific signature did not show significant differences between CTC cluster+ and
CTC cluster tumors, in a TNBC PDX model [244]. In particular, CTCs cluster, ranging from 2–50 cells,
were detected in the circulation of patients with metastatic cancers [245,246]. Although rare compared
with single CTC, CTC clusters are more efficient than individual CTCs in seeding metastatic colonies,
they are more resistant to apoptosis and may have an advantage in physically lodging in the Lumia
of vessels [235,238]. Several studies have detected CTC clusters in breast cancer [247–249] where the
expression of mesenchymal markers was found, rather than in single migratory cells [250]. Moreover,
most of the evidences of the clinical impact of CTC-clusters in breast cancer have been gathered from
prospectively designed clinical studies on rather homogeneous and well-selected cohorts of metastatic
patients [229,248,251–253].

In summary, CTCs, CTC clusters detection and their relative molecular characterization represent
a significant source of biomarkers. However, in TNBC, detection methods need to be improved in
order to not lose a consistent number of cells with mesenchymal phenotypes. Moreover, large trials are
needed to confirm their prognostic and predictive role.
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Cancer cells can also disseminate their contents as free DNA fragments and exosomes into the
bloodstream via different mechanisms [254,255]. The quantitative analysis of DNA fragments in
the blood called circulating tumor DNA (ctDNA) has emerged as potential prognostic biomarker to
reveal the presence or absence of tumors or to predict relapse and metastasis. The identification of
tumor-specific genetic alterations could be used to lead personalized therapies, while, in metastatic
setting, liquid biopsy appears to be a good alternative to tissue biopsy [256]. Despite the potential
benefits of the use of DNA sequencing assays, ctDNA is still far to be integrated in the clinical practice.
The prognostic value of ctDNA is still under evaluation in TNBC tumors. In a retrospective cohort
of 164 patients with metastatic TNBC, the presence of a cell-free DNA fraction greater than 10%
was associated with worse outcomes, regardless of clinicopathological data [257]. A study from
Parsons et al. of NGS analysis of plasma-derived and tissue biopsies DNA from 26 patients with
metastatic TNBC, revealed a concordance of 70%, demonstrating the potential of liquid biopsies for
mutational profiling and serial monitoring [258]. High rate of concordance, 75% and 100% for PIK3CA
and AKT1 respectively, was also found in the analysis of comparison between plasma-based and
tissue-based DNA sequencing of LOTUS trial [259]. While, Vidula et al. revealed the presence of
BRCA somatic mutations in ctDNA not detected in primary tumors materials [260]. In early setting,
a prospective study on a cohort of 101 patients, showed that ctDNA levels at diagnosis was higher in
TNBC compared to HER2+ and ER+/HER2− [261]. In a study on 46 TNBC patients, ctDNA levels
detected by digital PCR, showed that no patient had detectable ctDNA after surgery, expect one patient
who experienced tumor progression during neoadjuvant chemotherapy. Despite this, pCR rate was
not correlated with ctDNA detection at any time point, while ctDNA positivity after one cycle of
chemotherapy was correlated with shorter DFS and OS [262]. Furthermore, Cavallone et al. reported
that ctDNA detection after neoadjuvant chemotherapy and before surgery was associated to DFS and
OS [263]. A phase II clinical trial (NCT03145961) is recruiting patients to evaluate whether ctDNA
detection can be used to detect residual disease after standard primary treatment in early-stage TNBC.

5.3. CSCs and Drug Resistance in TNBC

In the past years, numerous evidences highlighted the contribution of cancer stem cells (CSCs) in
tumorigenic potential, high risk of metastasis, and drugs resistance of TNBC [264]. CSCs represent a
small population of cancer cells with staminal phenotype; they expose CD44+/CD24− and high
ALDH expression [265–267]. This signature is associated with high capability of self-renewal,
of proliferation and mammalian spheroids forming [268–270]. It is unclear if CSCs arise from
pathogenic mutations in resident stem cells, or if they are the result of mutations of quiescent cells [271],
anyway these CD44+/CD24− cells show an EMT phenotype with a great tumorigenic ability invasion
and metastasis [265,272,273]. In this context, TNBC seems to have a significant number of stem cells
CD44+/CD24− [266], and high expression of ALDH1 [3]. Breast cancer tissues of TNBC patients have
shown to express high stem cell markers [272,274,275] and the gene signature of TNBC cells seems
remarkably similar to that of mammary stem cells TNBC [264]. In an analysis of 466 invasive breast
carcinomas and eight breast cancer cell lines, basal-like breast cancer harbored the highest percentage
of tumor cells with the CSC phenotype CD44+CD24−/low and ALDH1 positivity [276]. In clinical
studies, CD44+CD24−/low expression was associated with worse chemotherapy response, lymph node
metastasis, distant metastasis, recurrence, and worse DFS and OS [277,278]; while ALDH1-expression
predicted poor prognosis in TNBC patients [279–281]. As reported above, EMT phenotype confers
capacity to metastasize and drug resistance in TNBC, and several researches have highlighted that
EMT transition and enrichment for CSCs in TNBC tumors were correlated to invasiveness and drug
resistance [282–284].

In particular, it seems that over-expression of EMT pathways promote the generation of mammary
CSCs and is responsible of capacity of CSCs to survive in hard metabolic conditions because of
reduction of nutrients or hypoxia [282,285,286].
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Several evidences have reported that self-renewal activity of CSCs could be ascribed to the alteration
of different signal transduction pathways such as STAT signaling, SRC signaling, Wnt/β-catenin
signaling. In particular, STAT3 signaling is involved in the mechanism for self-renewal regulation of
CSCs, and conversion of non-CSCs into CSCs, through the regulation of IL-6-Jak1-STAT3-OCT3 [287]
or in tumorigenic potential, mammosphere-forming efficiency, and ALDH activity of breast cancer
cells through VEGFR-2/STAT3 signaling [288].

In TNBC patients, STAT3 activation is a biomarker of poor prognosis. The phosphorylated isoform
is preferentially expressed in TNBC cell lines [289], and it seems associated to initiation, progression,
metastasis, and chemotherapy resistance [290]. In this regard, STAT3 signaling inhibitors are in clinical
trials evaluation also in TNBC patients [291–293].

6. Discussion

TNBC is an intrinsically heterogeneous group of breast cancer and there is a need for effective
biomarkers that can help physicians in selecting the most appropriate treatment.

Several proposed biomarkers for TNBC have been studied in clinical trials demonstrating, so far,
modest clinical benefits. Mutations of BRCA1/2 genes turned out to be factors predicting the efficacy
of PARPis and alterations of other genes involved in homologous recombination seem promising in
this setting.

PD-L1 protein expression either in IC, tumor cells or both can be used as a predictive biomarker
for response to immunocheckpoint inhibitors. There are different commercially available assays
that use different antibodies as long as different scoring systems. However, there still is uncertainty
as to what is the best assay in TNBC and if the results apply to all immunocheckpoint inhibitors.
At present, however, data clearly support the use of the VENTANA SP142 assay to predict the efficacy
of Atezolizumab in metastatic TNBC.

Table 1 summarizes the main discussed biomarkers and their prognostic and predictive significance.

Table 1. Summary of biomarkers in triple negative breast cancer.

Biomarker Main Function Assay
Prognostic/Predictive

Significance
Target Therapy Ref.

BRCA1 and
BRCA2 genes DNA-double strand break repair BRACAnalysis CDx test

HRDetect assay
HRD assay myChoice
CDx

Poor prognostic factor. High
response to platinum-based
therapy and predictor for
response to PARP inhibitors

PARP inhibitors [9,10,30,55,
58–60,63–65]

HRR genes Homologous recombination
repair of DNA

Predictor of response to
platinum therapy in
neoadjuvant setting

ATR inhibitor *
WEE1 inhibitor *

[41,47,56,57,
59–62]

Stromal TILs
Tumor infiltrating lymphocytes
involved in immune response
against the tumor

Tissue
Immunohistochemistry

High TILs correlates with
more favorable survival
outcomes and are predictive
for increased response to
neoadjuvant CT

NA [92–94]

PD-L1 protein Tumor immune evasion process VENTANA PD-L1
(SP142) Assay

High expression correlates
with higher survival rates in
trials with ICI

Immune checkpoint
inhibitors [11,117–125]

Microsatellite
instability
(MSI)

High Immunogenic activity
Histologically/cytologically
confirmed
MSI-H/dMMR

Predictor of response to
Pembrolizumab Pembrolizumab [126]

PI3-kinase
pathway Cell proliferation

Tissue
Immunohistochemistry
of PI3KCA/PTEN or PI3k
pathway genomic
sequencing by NGS

Higher sensitivity to AKT
inhibitors and to combination
therapy of PI3K and androgen
receptor inhibitors in LAR
tumors

PI3K inhibitor *
AKT inhibitor *

[163,168–171,
173]

GPNMB
Cell migration, invasion,
angiogenesis,
epithelial-mesenchymal transition

Tissue
Immunohistochemistry Poor prognostic factor Glembatumumab vedotin

(Antibody-drug conjugate) * [179,181–183]

Trop-2 Cell cycle progression, migration,
proliferation, metastasis

Tissue
Immunohistochemistry Poor prognostic factor Sacituzumab Govitecan-hziy

(Antibody-drug conjugate) * [189,190]

LIV-1 Cell adhesion,
epithelial-mesenchymal transition

Tissue
Immunohistochemistry Under investigation Ladiratuzumab vedotin

(Antibody-drug conjugate) * [196]

CA6 Tumor cell survival and
proliferation

Tissue
Immunohistochemistry Under investigation SAR566658 (Antibody-drug

conjugate) * [197]

* Under clinical investigation; ICI: immune checkpoint inhibitors.

221



Int. J. Mol. Sci. 2020, 21, 4579

7. Conclusions

Despite many research efforts, only a few useful biomarkers have been identified so far in TNBC.
Some of these are already in the clinical practice. As new therapeutic agents are developed, parallel
preclinical and clinical research is needed to identify biomarkers for the responsive, or conversely,
the resistant patient population.
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ADC Antibody Drug Coniugated
BC Breast Cancer
BL1/2 Basal-Like 1/2
BRCA1/2 BReast CAncer type 1 and Type 2
CSCs Cancer Stem Cells
CTCs Circulating Tumor Cells
dMMR Mismatch Repair deficiency
DSBs DNA Double Strand Breaks
DCs Dendritic Cells
DFS Disease Free Survival
EMT Epithelial Mesenchymal Transition
ER Estrogen Receptor
FDA Food and Drug Administration
FFPE Formalin-fixed paraffin embedded
GEP Gene Expression Profile
gBRCAm germline BRCA mutations
GPNMB Glycoprotein non-metastatic b
HBOC Hereditary Breast and Ovarian Cancer Syndrome
HRD Homologous Recombination Deficiency
HRD-LOD HRD-Loss of Heterozygosity
HRD-LST HDR-Large Scale Transition
HRD-TAI HDR-Telomeric Allelic Imbalance
HER2 Human Epidermal Growth Factor Receptor 2
HR Homologous Recombination
HRR Homologous Recombination Repair
IC Immune Cells
ICI Immune Checkpoint Inhibitor
IM Immunomodulatory
LAG3 Lymphocyte-associated gene 3
LAR Luminal Androgen Receptor
MAP Mitogen-Activated Protein
MBC Metastatic Breast Cancer
MHC Major Histocompatibility Complex
MMAE Microtubule-disrupting agent monomethyl auristatin E
MMR Mismatch Repair
MSI Microsatellite Instability
MSI-H High Microsatellite Instability
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MSL Mesenchymal Stem-Like
mTOR Mammalian Target Of Rapamycin
mTORC1 mTOR complex 1
NGS Next Generation Sequencing
NHEJ Non-Homologous End Joining
NK Natural Killer
ORR Objective Response Rate
OS Overall Survival
OXPHOS Oxidative Phosphorylation
pCR Pathological Complete Response
PARP Poly ADP-ribose polymerase
PARPi Poly ADP-ribose polymerase Inhibitors
PD-1 Programmed Cell Death-1
PD-L1 Programmed Cell Death Ligand-1
PDX Patient-Derived-Xenograft
PFS Progression Free Survival
PI3K Phosphatidylinositol 3-kinase
PIK3CA Phosphatidylinositol-4, 5-bisphosphate 3-kinase, catalytic subunit, alpha
PIP3 Phosphatidylinositol (3,4,5)-trisphosphate
PTEN Phosphatase and Tensin Homolog
PR Progesterone Receptor
RCB Residual Cancer Burden
sBRCAm Somatic BRCA mutations
TC Tumor Cells
TIL Tumor Infiltrating Lymphocytes
TMB Tumor Mutational Burden
TNBC Triple Negative Breast Cancer
UNS Unstable

References

1. Bastien, R.R.; Rodríguez-Lescure, Á.; Ebbert, M.T.; Prat, A.; Munárriz, B.; Rowe, L.; Miller, P.; Ruiz-Borrego, M.;
Anderson, D.; Lyons, B.; et al. PAM50 breast cancer subtyping by RT-qPCR and concordance with standard
clinical molecular markers. Bmc Med. Genom. 2012, 5, 44. [CrossRef] [PubMed]

2. Dent, R.; Trudeau, M.; Pritchard, K.I.; Hanna, W.M.; Kahn, H.K.; Sawka, C.A.; Lickley, L.A.; Rawlinson, E.;
Sun, P.; Narod, S.A. Triple-negative breast cancer: Clinical features and patterns of recurrence. Clin. Cancer
Res. 2007, 13, 4429–4434. [CrossRef] [PubMed]

3. Lehmann, B.D.; Bauer, J.A.; Chen, X.; Sanders, M.E.; Chakravarthy, A.B.; Shyr, Y.; Pietenpol, J.A. Identification
of human triple-negative breast cancer subtypes and preclinical models for selection of targeted therapies.
J. Clin. Investig. 2011, 121, 2750–2767. [CrossRef] [PubMed]
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Abstract: Background: There is growing evidence that patients with metastatic breast cancer whose
disease progresses from a new metastasis (NM) have a worse prognosis than that of patients whose
disease progresses from a pre-existing metastasis. The aim of this pilot study is to identify a blood
biomarker predicting NM in breast cancer. Methods: The expression of epithelial (cytokeratin 18/19) or
mesenchymal (plastin-3, vimentin, and N-cadherin) markers in the peripheral blood (PB) of recurrent
breast cancer patients undergoing chemotherapy with eribulin or S-1 was measured over the course
of treatment by RT-qPCR. The clinical significance of preoperative N-cadherin expression in the PB
or tumor tissues of breast cancer patients undergoing curative surgery was assessed by RT-qPCR
or using public datasets. Finally, N-cadherin expression in specific PB cell types was assessed by
RT-qPCR. Results: The expression levels of the mesenchymal markers N-cadherin and vimentin
were high in the NM cases, whereas that of the epithelial marker cytokeratin 18 was high in the
pre-existing metastasis cases. High preoperative N-cadherin expression in PB or tumor tissues was
significantly associated with poor recurrence-free survival. N-cadherin was expressed mainly in
polymorphonuclear leukocytes in PB. Conclusion: N-cadherin mRNA levels in blood may serve as a
novel prognostic biomarker predicting NM, including recurrence, in breast cancer patients.

Keywords: N-cadherin; EMT; breast cancer; new metastasis; eribulin; blood; biomarker

1. Introduction

Distant metastasis is the leading cause of mortality in patients with cancer, including breast cancer,
which is the most common malignancy in women worldwide despite the advent of new treatments [1].
Thus, controlling distant metastasis is important for prolonging survival.

Recently, the importance of the type of distant metastasis progression, namely new metastasis (NM)
versus growth of a pre-existing metastasis (PEM), has been highlighted, because the progression type
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can affect the prognosis of patients with metastatic cancer [2–4] (Figure S1). Interestingly, patients with
recurrent breast cancer who develop NM have a worse prognosis than that of those with PEM [2,3,5,6].
However, the differences between these two progression types has not affected treatment determination,
because both NM and PEM are classified clinically as a “progressive disease” (PD) according to the
diagnostic criteria of the Response Evaluation Criteria in Solid Tumors [7]. There have also been cases
of NM vs. PEM reported in colorectal and lung cancers [2] and liposarcoma [4]. This concept of distant
metastasis progression stems from phase 3 clinical trials of eribulin treatment of metastatic breast
cancer [8,9].

Eribulin mesylate (eribulin; Eisai Co., Tokyo, Japan) is a non-taxane microtubule inhibitor with a
novel mechanism of action involving irreversible blockade of mitosis at the G2/M phase, followed
by apoptosis [10]. Eribulin is currently approved for the treatment of certain patients with advanced
breast cancer in many countries worldwide, including Japan [8]. Interestingly, two different phase
3 clinical trials of patients with metastatic breast cancer showed that eribulin has more pronounced
effects on overall survival compared with progression-free survival [8,9]; one possible explanation
is that eribulin suppresses the incidence of NM, thus providing an increased survival benefit to
patients. The preclinical studies described herein were designed to assess whether eribulin has such an
anti-metastatic property, via reversion of epithelial–mesenchymal transition (EMT) [11,12]. Yoshida et
al. and Terashima et al. showed experimentally that eribulin suppresses metastasis of breast cancer
cells by inducing conversion of EMT to mesenchymal–epithelial transition (MET) [11,13]. EMT is the
process by which epithelial cells lose their cell-cell junctions and acquisition of front-rear polarization,
resulting in the formation of mesenchymal cells with migratory properties, and it is characterized by
loss of the epithelial markers E-cadherin and cytokeratins (CKs), together with increased expression of
mesenchymal markers such as N-cadherin and vimentin. EMT is observed during cancer progression;
it promotes invasion and metastasis by facilitating the motility of tumor cells [14,15]. These data
suggest that EMT may induce NM.

Thus, we hypothesized that monitoring the EMT status in real-time can predict NM and is
important for guiding the treatment of patients with recurrent breast cancer. We focused on liquid
biopsy, which is used to identify biomarkers in body fluids, mainly blood, and provides non-invasive
real-time information regarding tumor characteristics [16,17]. In this study, we monitored the expression
of EMT (mesenchymal) and MET (epithelial) markers in the peripheral blood (PB) of patients with
recurrent breast cancer undergoing chemotherapy with eribulin or S-1 (oral 5-fluorouracil derivative)
and identified N-cadherin as a useful marker predicting NM. Furthermore, we assessed the clinical
significance of preoperative N-cadherin expression in the PB of breast cancer patients undergoing
curative surgery.

2. Results

2.1. Type of Metastasis Progression in Patients with Recurrent Breast Cancer who underwent Chemotherapy
with Eribulin or S-1

The subjects comprised 56 and 19 patients who underwent chemotherapy with eribulin and S-1,
respectively. Of the 56 patients treated with eribulin, 35 received S-1 prior to eribulin. The patient
characteristics are shown in Table 1.

As shown in Table 2, the patients treated with eribulin had a significantly lower incidence of
NM than patients treated with S-1, although the time to treatment failure (TTF) was shorter in the
former ((a) in Table 2, p = 0.043). Moreover, the patients treated with S-1 followed by eribulin also
had a significantly lower incidence of NM under eribulin than under S-1 ((b) in Table 2, p = 0.025).
These results support previous clinical and experimental findings that eribulin suppresses NM via
conversion of EMT to MET in tumor cells [11–13]. Furthermore, these findings led us to hypothesize
that markers of EMT may be predictive of NM, which we tested using samples from the patients
treated with eribulin or S-1.
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Table 1. Characteristics of the 75 study patients.

(a) Total (n = 75)

Factor Eribulin (n = 56) S-1 (n = 19)

Age, years
Median (range) 57 (40–72) 59 (33–83)

Number of prior chemotherapy lines
Median (range) 3 (0–8) 0 (0–3)

Luminal a

n (%) 29 (51.8) 8 (42.1)
Luminal/HER2

n (%) 3 (5.4) 5 (26.3)
HER2-enriched b

n (%) 6 (10.7) 2 (10.5)
TNc

n (%) 18 (32.1) 4 (21.1)

(b) Patients treated with both Eribulin and S-1

Factor
S-1 Followed by Eribulin

(n = 35)
Eribulin followed by S-1

(n = 21)

Age, years
Median (range) 59 (43–72) 55 (40–71)

Number of prior chemotherapy lines
Median (range) 3 (1–8) 0 (0–5)

Luminal a

n (%) 16 (45.7) 13 (61.9)
Luminal/HER2

n (%) 2 (5.7) 1 (4.8)
HER2-enriched b

n (%) 6 (5.8) 0 (0.0)
TNc

n (%) 11 (31.4) 7 (33.3)
a Luminal, ER, or PgR-positive b HER2-enriched, only HER2-positive c TN, triple negative (ER/PgR/HER2-negative).

Table 2. Type of distant metastasis progression in patients undergoing S-1 or eribulin treatment.

(a) Total (n = 75)

Agent
Disease

Progression
TTF a, Median

(Range)
NM (+) b NM (−) c p

S-1 (n = 19) 16 8 (2–56) 8 (50.0%) 8 (50.0%) 0.043
Eribulin (n = 56) 38 6 (1–43) 7 (22.6%) 31 (77.4%)

(b) S-1 followed by eribulin (n = 35)

Agent
Disease

Progression
TTF, Median

(Range)
NM (+) NM (−) p

S-1 29 10 (3–59) 14 (48.3) 15 (51.7) 0.025
Eribulin 27 6 (1–22) 5 (18.5) 22 (81.5)

(c) Eribulin followed by S-1 (n = 21)

Agent
Disease

Progression
TTF, Median

(Range)
NM (+) NM (−) p

S-1 4 7 (1–11) 1 (25.0) 3 (75.0) 1.000
Eribulin 11 5 (1–16) 2 (18.2) 9 (81.8)

a TTF, time to treatment failure; b NM (new metastasis) (+), NM or NM + PEM (pre-existing metastasis); c NM (−),
PEM only.
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2.2. Expression of Epithelial and Mesenchymal Markers in Breast Cancer and Non-Epithelial Cell Lines

First, we examined if our selected markers reflect the EMT status by evaluating their expression
in various cell lines. The quantitated gene expression levels of the different markers are shown in
Figure 1a. The epithelial markers (CK18 and CK19) were expressed in all breast cancer cell lines,
whereas the mesenchymal markers (PLS3, vimentin, and N-cadherin) were expressed mainly in the
non-epithelial cell lines. PLS3, which is reportedly expressed in both epithelial and mesenchymal
cells [18], was expressed in most of the cell lines albeit at varying levels among them.

Figure 1. Expression of epithelial and mesenchymal markers in breast cancer cell lines and tissues.
(a) Expression in invasive ductal carcinoma cell lines (#1–6: CRL1500, MCF-7, MDA-MB231, Mrknu1,
SKBR3, and YMB1 cells, respectively), a normal mammary epithelial cell line (#7: HMECs), and
non-epithelial cell lines (#8–12: Raji B lymphocytes, Jurkat T lymphocytes, HT1080 fibrosarcoma cells,
THP-1 monocytes, KMST-6 fibroblasts, respectively). The expression levels are expressed relative
to the level in HMECs (1.0). (b) Expression in normal and tumor tissues of breast cancer patients
obtained from The Center Genome Atlas (TCGA) dataset. T: tumor tissues; N: normal mammary
tissues. (c) Expression in tissues of breast cancer patients from TCGA dataset according to estrogen
receptor (ER) status. +: ER-positive; −: ER-negative.
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2.3. Expression of Epithelial and Mesenchymal Markers in Breast Cancer Tissues

We also assessed the expression levels of the epithelial and mesenchymal markers in breast cancer
tissues using The Center Genome Atlas (TCGA) datasets (Figure 1b,c). As shown in Figure 1b, CK18,
CK19, and N-cadherin levels were higher in tumor tissues (n = 1093) than in normal tissues (n = 112)
of breast cancer patients (p < 0.001). Unexpectedly, PLS3 and vimentin expression levels were lower in
tumor tissues than in normal tissues (p < 0.001).

Next, we compared marker expression between ER-positive (n = 823) and ER-negative (n = 219)
cases (Figure 1c). As expected, the expression levels of the mesenchymal markers were higher in the
ER-negative than ER-positive cases (PLS3, vimentin, and N-cadherin: p < 0.001, p < 0.001, and p = 0.002,
respectively), whereas the expression levels of the epithelial markers were higher in the ER-positive than
ER-negative cases (CK18 and CK19: both p < 0.001). These results suggest that mesenchymal markers
are expressed in high-grade cancers with metastatic potential, because ER-negative tumors tend to be
associated with earlier relapse and worse prognosis compared with ER-positive tumors [19–22].

2.4. Expression of Epithelial and Mesenchymal Markers in the PB of Breast Cancer Patients

Next, we assessed the mRNA expression levels of the epithelial and mesenchymal markers in the
PB of 16 patients with recurrent breast cancer and 10 healthy volunteers (HVs) using Ueo and Beppu
cohorts (Figure 2a). CK18, vimentin, and N-cadherin expression in PB was statistically higher in the
patients with recurrent breast cancer than in HVs (p = 0.031, p = 0.004, and p = 0.031, respectively).
Other markers also had a tendency to be higher in PB from patients compared with HVs. These findings
indicate that these markers are expressed in circulating tumor cells (CTCs) or host cells in the PB of
breast cancer patients.

2.5. Expression of Epithelial and Mesenchymal Markers in the PB of Patients with Recurrent Breast Cancer
with NM or PEM

We compared the expression levels of epithelial and mesenchymal markers in the PB of patients
with recurrent breast cancer with NM (the total number of samples; n = 9 from 4 patients) versus PEM
(the total number of samples; n = 16 from 3 patients) using Ueo cohort. The changes in the expression
levels of the markers in a representative case of NM or PEM are shown in Figure 2b. Interestingly, the
expression level of N-cadherin increased consistently with time in the NM case, although the level of
the tumor markers CEA and CA15-3 were not elevated. In the PEM case, the expression of N-cadherin
was low, although CA15-3 was elevated. Furthermore, the expression levels of the mesenchymal
markers tended to be higher in the NM, whereas epithelial marker expression was higher in the PEM
cases (Figure 2c). Statistical differences in N-cadherin, vimentin, and CK18 levels between the NM
and PEM cases were found (p = 0.002, p = 0.027, and p = 0.011, respectively). These data suggest that
N-cadherin expression in PB is predictive of NM, and N-cadherin may reflect the real-time metastatic
potential of tumor cells.

2.6. Expression of Epithelial and Mesenchymal Markers in the PB of Patients with Recurrent Breast Cancer
undergoing Eribulin or S-1 Rreatment

Next, we compared the levels of epithelial and mesenchymal markers in the PB of patients with
recurrent breast cancer undergoing eribulin (the total number of samples; n = 19 from 4 patients)
versus S-1 (the total number of samples; n = 17 from 8 patients) treatment (Figure 2d). Interestingly,
the expression of N-cadherin in PB was statistically lower in the patients treated with eribulin than in
those treated with S-1 (p < 0.001).

Moreover, the expression level of N-cadherin was decreased by eribulin treatment compared with
before treatment. The changes in N-cadherin expression in the breast cancer patients over the course
of eribulin or S-1 treatment are shown in Figure 2e. Among the eight patients treated with S-1, six
showed over a twofold increase in the N-cadherin expression compared with baseline, whereas only
one of the four patients treated with eribulin showed over a twofold increase in N-cadherin expression
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compared with baseline. These data further support that eribulin can induce the conversion of EMT to
MET, as reported previously [11–13].

Figure 2. Expression of epithelial and mesenchymal markers in the peripheral blood (PB) of breast
cancer patients undergoing chemotherapy. (a) A comparison of expression levels of the markers in PB
between breast cancer patients just before eribulin or S-1 chemotherapy and healthy volunteers (HVs).
(b) Changes in the expression levels of the markers in representative cases of NM and PEM over the
treatment course of eribulin or S-1 treatment. Left: case #5 treated with S-1; right: case #9 treated with
eribulin. The expression levels are expressed relative to the level at pre-treatment (baseline; 1.0). BS;
baseline. (c) A comparison of expression levels of the markers in PB of breast cancer patients with NM
or PEM. The expression levels are expressed relative to the level at pre-treatment (baseline; 1.0). BS;
baseline. n; the total number of samples from patients. (d) A comparison of expression levels of the
markers in PB of breast cancer patients undergoing eribulin or S-1 treatment. The expression levels
are expressed relative to the level at pre-treatment (baseline; 1.0). BS; baseline. n; the total number of
samples from patients. (e) Changes in N-cadherin expression in breast cancer patients over the course
of eribulin or S-1 treatment. The expression levels are expressed relative to the level at pre-treatment
(baseline; 1.0). BS; baseline.
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2.7. Clinicopathological Significance of Preoperative N-Cadherin mRNA Expression in the PB of Breast Cancer
Patients undergoing Curative Surgery

The results of the abovementioned expression analyses motivated us to investigate the value
of preoperative N-cadherin expression in PB for predicting breast cancer recurrence in patients after
curative surgery, because recurrence is considered a type of NM.

Figure 3. Preoperative expression levels of N-cadherin mRNA in the PB of breast cancer patients
undergoing curative surgery. (a) N-cadherin expression in the PB of patients with breast cancer
according to TNM stage. (b) N-cadherin expression in the PB of patients with breast cancer according to
ER status. +: ER-positive; −: ER-negative. (c) The RFS of 326 patients with breast cancer after curative
surgery according to N-cadherin expression in preoperative PB. (d) The RFS of 3951 patients with
invasive ductal carcinoma from the Kaplan–Meier plotter dataset according to N-cadherin expression
in breast cancer tissues. (e) A proposed model showing the clinical significance of the circulating
N-cadherin level for predicting NM in breast cancer.

First, we assessed N-cadherin expression in the PB of the 326 patients with breast cancer using
Kyushu cohort. The N-cadherin levels ranged from 5.805 × 10−5 to 0.352 (median, 0.045). The median
expression level of N-cadherin in patients with TNM stage I, II, or III (126, 182, or 16 cases, respectively)
was 0.042, 0.048, or 0.051, respectively (Figure 3a). The median expression levels of N-cadherin in the
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ER-positive (n = 240) and ER-negative (n = 83) cases were 0.045 and 0.047, respectively. There was no
significant difference in the N-cadherin level in PB according to TNM stage or ER status (Figure 3a,b).

Next, the relationships between clinicopathological factors and N-cadherin expression in blood
were examined in the 326 patients with breast cancer. The patients were divided into two groups (high
and low N-cadherin expression) as described in Materials and Methods. The cutoff level of N-cadherin
expression was 0.046. As shown in Table 3, there were no significant differences between the high and
low N-cadherin expression groups in terms of clinicopathological factors including age, tumor size,
nuclear grade, venous involvement, lymphatic involvement, lymph node metastasis, ER/PgR/HER2
status, and subtype.

Table 3. Relationships between clinicopathological factors and N-cadherin expression in PB of breast
cancer patients.

Variable
Low Expression (n = 167) High Expression (n = 159) p
n (%) n (%)

Age (years) 0.092
<65 119 (71.3) 126 (79.2)
≥65 42 (25.1) 28 (17.6)
unknown 6 (3.6) 5 (3.2)
Pathological tumor size 0.634
1 90 (53.9) 82 (51.6)
2, 3 75 (44.9) 76 (47.8)
unknown 2 (1.2) 1 (0.6)
Nuclear grade 0.956
1, 2 108 (64.7) 105 (66.0)
3 49 (29.3) 47 (29.6)
unknown 10 (6.0) 7 (4.4)
Venous involvement 0.402
(−) 155 (92.8) 143 (89.9)
(+) 8 (4.8) 11 (6.9)
unknown 4 (2.4) 5 (3.1)
Lymphatic involvement 0.070
(−) 111 (66.5) 91 (57.2)
(+) 52 (31.1) 65 (40.9)
unknown 4 (2.4) 3 (1.9)
Lymph node metastasis 0.194
(−) 112 (67.1) 95 (59.7)
(+) 55 (32.9) 63 (39.6)
unknown 0 (0.0) 1 (0.6)
ER 0.721
(−) 41 (24.6) 42 (26.4)
(+) 124 (74.3) 116 (73.0)
unknown 2 (1.2) 1 (0.6)
PgR 0.159
(−) 62 (37.1) 72 (45.3)
(+) 103 (61.7) 87 (54.7)
unknown 2 (1.2) 0 (0.0)
HER2 0.235
− (0, 1) 104 (62.3) 97 (61.0)
+ (2, 3) 44 (26.3) 55 (34.6)
unknown 19 (11.4) 7 (4.4)
Subtype 0.076
HR a+/HER2− 92 (55.1) 76 (47.8)
HR±/HER2+ 44 (26.3) 55 (34.6)
TN b 12 (7.2) 21 (13.2)
unknown 19 (11.4) 7 (4.4)

Correlations were analyzed by Fisher’s exact test. a HR, hormone receptor; b TN, triple negative.
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2.8. Prognostic Significance of Preoperative N-Cadherin mRNA Expression in the PB of Breast Cancer Patients
undergoing Curative Surgery

Next, we assessed the prognostic significance, in terms of RFS, of N-cadherin expression in PB
using Kyushu cohort. The high N-cadherin expression group (n = 159) had a significantly worse
recurrence-free survival (RFS) (p = 0.041) than the low N-cadherin expression group (n = 167)
(Figure 3c). Next, univariate and multivariate regression analyses of predictive factors for RFS
were performed (Table 4). Univariate analyses showed that lymphatic involvement, lymph node
metastasis, PgR-negative, and high N-cadherin expression were statistically significant prognostic
factors for RFS (p = 0.002, p = 0.002, p = 0.026, and p = 0.040, respectively). N-cadherin expression
and clinicopathological factors such as lymph node metastasis, and PgR status were included in the
multivariate analysis. N-cadherin expression in PB was not a significant independent prognostic factor
for RFS in patients with breast cancer according to the multivariate analysis (HR: 2.215, p = 0.092).

Table 4. Univariate and multivariate analyses of prognostic factors for recurrence-free survival (RFS)
in breast cancer patients.

Variables
Univariate Multivariate

HR (95% CI a) p HR (95% CI) p

Age (years) (≥65/<65) 0.410 (0.065–1.432) 0.181
Pathological tumor size (2 or 3/1) 2.064 (0.845–5.494) 0.113

Nuclear grade (3/1 or 2) 1.673 (0.648–4.135) 0.277
Venous involvement (+/−) 1.862 × 10−9 (0.609–1.609) 0.119

Lymphatic involvement (+/−) 4.127 (1.655–11.653) 0.002
Lymph node metastasis (+/−) 4.199 (1.685–11.860) 0.002 4.023 (1.610–11.380) 0.003

ER (+/−) 0.497 (0.205–1.268) 0.138
PgR (+/−) 0.363 (0.136–0.887) 0.026 0.380 (0.142–0.931) 0.034

HER2 (2 or 3/0 or 1) 2.13 (0.875–5.210) 0.094
N-cadherin expression in PB (high/low) 2.611 (1.046–7.380) 0.040 2.215 (0.882–6.295) 0.092

a CI, confidence interval.

2.9. Prognostic Significance of N-Cadherin mRNA Expression in the Tumor Tissues of Breast Cancer Patients
undergoing Curative Surgery

We investigated the prognostic significance of N-cadherin in the tumor tissues of breast cancer
patients treated with curative surgery using the Kaplan–Meier plotter dataset. “Systemically untreated
breast cancer patients” with any intrinsic subtype were selected for the analysis. These patients were
divided into two groups based on N-cadherin expression by selecting the “Auto Select best cutoff”
feature of the Kaplan–Meier plotter. As expected, the RFS was shorter in the high (n = 1173) than low
N-cadherin expression group (n = 2778) among all cases (p < 0.001, 1% FDR, Figure 3d).

These clinical results suggest that N-cadherin expression in PB reflects the metastatic potential of
tumor cells and is a potential biomarker predicting NM in breast cancer (Figure 3e).

2.10. Assessment of N-Cadherin mRNA Expression in PB Cell Fractions

Finally, we assessed the distribution of N-cadherin expression in PB cells of breast cancer patients
using Beppu cohort. The expression levels of N-cadherin and CKs in polymorphonuclear leukocytes
(PMNs), mononuclear cells (MCs), and red blood cells (RBCs) from 24 patients with breast cancer were
measured by RT-qPCR (Figure 4). The average ratios of N-cadherin relative expression in RBCs, MCs
and PMNs to that in whole blood were 0.021, 0.417, and 14.375, respectively. N-cadherin expression
was much higher in PMNs than in MCs or RBCs (p < 0.001), indicating that N-cadherin is expressed
predominantly in PMNs within PB (Figure 4a).
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Figure 4. N-cadherin mRNA expression in different PB cell fractions. (a) N-cadherin expression in
three PB cell types in breast cancer patients. RBC: red blood cells; MC: mononuclear cells; PMN:
polymorphonuclear leukocytes. (b) N-cadherin, CK18, and CK19 expression in the PMNs and MCs of
breast cancer patients and healthy volunteers.

Next, we compared N-cadherin expression in PMNs and MCs between breast cancer patients
(n = 24) and HVs (n = 10) (Figure 4b). In PMNs, the median levels of N-cadherin, CK18, and CK19
expression were 1.698, 0.706, and 0.350 in breast cancer patients and 0.851, 0.249, and 0.167 in HVs,
respectively. In MCs, the median levels of N-cadherin, CK18, and CK19 expression were 0.264, 0.079,
and 3.214 in breast cancer patients and 0.195, 0.062, and 2.228 in HVs, respectively. The expression
levels of N-cadherin, CK18, and CK19 in PMNs were higher in breast cancer patients than in HVs
(p = 0.004, p = 0.003, and p = 0.003, respectively); however, in MCs, there was no statistical difference
in expression levels between breast cancer patients and HVs. These findings suggest the possibility
that N-cadherin-expressed cells are circulating tumor cells (CTCs) in PMN fraction of breast cancer
patients because CKs-expressed cells in PB are mainly cancer cells in patients with various epithelial
malignancies [23].
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3. Discussion

N-cadherin is a transmembrane glycoprotein that mediates calcium-dependent cell-cell adhesion,
mediated by post-translational modifications such as phosphorylation of the N-cadherin catenin
complex [24]. This protein is multifunctional and can interact with many different proteins and
be involved in many different functional events [25]. N-cadherin possesses seven glycation sites on
its ectodomain with ectodomains. Therefore, in order to obtain a real picture about its function it is
necessary to consider that: i) its adhesive function can be certainly regulated by gradual post-translational
modifications; ii) for example, its structural organization can strongly depend on its phosphorylation
status; and iii) its N-glycosylation sites can regulate N-cadherin-dependent cell adhesion. These points
are very interesting and need further investigations to elucidate which form of the N-cadherin complex
in blood can play a role in NM development.

In this pilot study, we demonstrated that N-cadherin expression in PB is a potentially useful
biomarker for predicting NM, which is associated with a poor prognosis in breast cancer, by sequential
monitoring of N-cadherin expression levels in the PB of patients undergoing chemotherapy. To our
knowledge, this is the first study to identify a biomarker predictive of NM. Furthermore, we observed
that breast cancer patients treated with eribulin, compared with S-1, have a low incidence of NM and
low expression of the mesenchymal marker N-cadherin in PB. This adds to the growing evidence that
eribulin suppresses NM by conversion of EMT to MET in tumor cells.

Cadherins are single-chain transmembrane glycoproteins that mediate calcium-dependent
homophilic cell-cell adhesion and play a critical role in regulating signaling pathways that maintain
essential gene transcription [26]. N-cadherin, one of most well-studied cadherins, is expressed mainly in
neural and mesenchymal tissues. In various malignancies including breast cancer, cells acquire motility
and invasiveness by upregulating N-cadherin during EMT [27–29]. We also reported that N-cadherin
is associated with tumor aggressiveness in esophageal carcinoma [30], and others demonstrated the
value of N-cadherin as a marker of invasive, malignant tumors [29,31], supporting our finding that
N-cadherin expression in PB may be a predictive biomarker of NM. The expression level of N-cadherin
may represent the real-time metastatic potential of tumor cells (Figure 3e).

Our prognostic analysis of N-cadherin expression in PB and tumor tissues showed that high
preoperative levels are associated with early recurrence in breast cancer patients undergoing curative
surgery. These observations provide new insight that recurrence in primary breast cancer after curative
surgery is a type of NM. Furthermore, this insight suggests that sequential monitoring of N-cadherin
expression in PB during postoperative follow-up may help determine the best treatment for patients
with breast cancer.

We also evaluated the specific cell type in PB that expresses the highest level of N-cadherin in
breast cancer patients. PMNs expressed the highest level of N-cadherin compared with MCs and RBCs.
Furthermore, expression of N-cadherin as well as the epithelial markers CK18 and CK19 in PMNs was
higher in breast cancer patients than in HVs, implying that N-cadherin is expressed mainly in CTCs,
similar to vimentin [32]. However, PMNs may express N-cadherin upon stimulation by tumor cells.
Further study is required to clarify the biological significance of N-cadherin expression in PMNs and
identify other PB cell types expressing N-cadherin.

There were some limitations to this study. First, a larger cohort is needed to validate the clinical
utility of sequential monitoring of N-cadherin expression in PB. Next, monitoring N-cadherin mRNA
levels in PB may not be suitable in the clinic because of the complication of the measurement system.
Measurement of N-cadherin protein levels may be more practical because proteins in blood are easily
measured by ELISA, as shown in a previous study that evaluated N-cadherin levels in the blood of
patients with malignant melanoma [33]. Finally, we focused only on PLS3, vimentin, and N-cadherin,
among the various EMT markers, as potential biomarkers of NM. Based on this pilot study, we plan to
perform comprehensive analyses in PB using RNA sequencing or mass spectrometry.
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4. Materials and Methods

4.1. Study Patients

The data from recurrent breast cancer patients treated with eribulin (56 cases) and/or S-1 (19 cases)
at Ueo Breast Surgical Hospital (Oita, Japan) from January 2015 to December 2017 were extracted from
the medical records. We chose the data from patients treated with S-1 (oral 5-fluorouracil derivative) as
a reference control to compare with those treated with eribulin. This is because both S-1 and eribulin
are often used as third-line chemotherapy agents, after anthracyclines and taxanes [1], for patients with
recurrent breast cancer in Japan, based on the findings of a randomized controlled trial (SELECT BC)
showing equivalent overall survival between S-1-treated and taxane-treated patients with metastatic
or recurrent breast cancer [34]. Furthermore, in contrast to eribulin, 5-fluorouracil was reported to
induce the conversion of MET to EMT [11,13]. Clinical data, including the progression of metastases
during either eribulin or S-1 treatment, from breast cancer patients were also investigated. In this
study, disease progression was defined as NM and/or growth of PEM based on systemic computed
tomography findings.

4.2. Patient Cohorts in Gene Expression Analysis

We used 3 patient cohorts (Ueo, Beppu, and Kyushu) and 2 public datasets (The Cancer Genome
Atlas (TCGA) and The Kaplan–Meier Plotter) for expression analysis. The details are described below.
All patients provided written informed consent to participate in this study, which was approved
by each institutional review board and the Ethics and Indications Committee of Kyushu University
(#577-00, #29-597).

4.3. Clinical Samples

To observe genes expression levels over time in blood, PB samples were processed from blood,
collected during routine examinations conducted over a 1-year period (2015–2016), from 20 patients
with HER2-negative breast cancer with relapse undergoing chemotherapy (eribulin or S-1) at Ueo
Breast Surgical Hospital (affiliated with Kyushu University Beppu Hospital), after obtaining written
informed consent (Ueo cohort). Inclusion criteria were Eastern Cooperative Oncology Group grade ≤ 2
and adequate organ and hematological function. Eribulin was administered intravenously (1.4 mg/m2)
on days 1 and 8 of each 3-week cycle. S-1 was administered orally (40–60 mg) twice daily for 28
consecutive days, followed by a 14-day rest period.

Observation was continued until the patient experienced disease progression, according to systemic
computed tomography findings, or after 1 year of chemotherapy with eribulin or S-1 if no disease
progression was detected. The detailed clinical characteristics and sampling protocol are provided
in Figure S2 and Table S1. Immediately after collection, each 1 mL sample of blood was mixed with
4 mL ISOGEN-LS (Nippon Gene, Toyama, Japan) and stored at −80 ◦C until RNA extraction. Sixteen of
the blood samples from 16 cases were sent to Kyushu University Beppu Hospital for analysis without
knowledge of the histopathological or clinical results. Four cases dropped out in the middle of this
study. Samples from 12 cases total were processed for gene expression analysis.

Furthermore, gene expression was evaluated in three different fractions of blood cells:
polymorphonuclear leukocytes (PMNs), mononuclear cells (MCs), and red blood cells (RBCs) (Beppu
cohort). Blood samples were obtained from 24 breast cancer patients with invasive carcinoma who
underwent primary tumor resection at Kyushu University Beppu Hospital in 2017. Control blood
samples were obtained from 10 healthy volunteers (HVs) at Kyushu University Beppu Hospital.
The blood samples were immediately processed for isolation of the three cell types.

To determine the clinical significance of preoperative gene expression in the PB of patients
with primary breast cancer undergoing curative surgery, we used clinical data from breast cancer
patients described previously (Kyushu cohort) [35]. Briefly, a total of 594 patients with breast cancer
underwent primary tumor resection at the Department of Breast Oncology, National Kyushu Cancer
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Center (Fukuoka, Japan), from 2000 to 2008. Of these, 356 female patients with breast cancer without
distant metastases, preoperative therapy, or previous treatment for other cancers were included in
this study. Among these patients, 326 with invasive carcinoma were included in a survival analysis.
The observation period ranged from 0.3 to 6.9 years (median 3.8 years). Postoperative adjuvant
therapy was performed according to the guidelines set by the St. Gallen Consensus Conference [36].
The patients underwent clinical examinations at least every 3 months and mammography annually
and were further evaluated only if they exhibited symptoms.

The stages and grades of the tumors were classified according to the AJCC/UICC TNM classification
and stage groupings. All data including age, pathological tumor size, nuclear grade, venous
involvement, lymphatic involvement, lymph node metastasis, and the statuses of estrogen receptor
(ER), progesterone receptor (PgR), and human epidermal growth factor receptor (HER2) expression
were obtained from medical records. Recurrence-free survival (RFS) was defined as the period from
surgical treatment for cancer to detection of any sign of recurrence.

4.4. Cell Lines

Twelve human cell lines were used in this study: CRL1500, MCF-7, MDA-MB231, Mrknu1,
SKBR3, YMB1 (all breast intraductal carcinoma cell lines), HMEC (mammary epithelial cell line), Raji
(B lymphocytes), Jurkat (T lymphocytes), HT1080 (fibrosarcoma), THP-1 (monocytes), and KMST-6
(fibroblasts). The latter five are all non-epithelial tumor cell lines. Among the breast cancer cell lines,
CRL1500 and MCF7 cells are ER positive, MDA-MB231 cells are ER, PgR and HER2 negative (triple
negative), Mrknu1 cells are ER negative, SKBR3 cells are ER negative and HER2 positive, and the
ER/PgR/HER2 status of YMB1 cells is unknown. The cell lines were obtained from the Cell Resource
Center for Biomedical Research Institute of Development, Aging and Cancer, Tohoku University, and
were maintained in RPMI-1640 supplemented with 10% fetal bovine serum at 37 ◦C in a 5% humidified
CO2 atmosphere. Upon reaching a subconfluent state, the cell cultures were homogenized and the
lysates stored at −80 ◦C.

4.5. Separation of Three Blood Cell Fractions

We used PolymorphprepTM (Alere Technologies AS, Oslo, Norway) to isolate three blood
cell fractions (PMNs, MCs, and RBCs) according to the manufacturer’s instructions, as described
previously [35]. Each fraction was mixed with ISOGEN II (Nippon Gene) and stored at −80 ◦C until
RNA extraction.

4.6. Total RNA Extraction

Total RNA was extracted from cell lines or blood samples using ISOGEN II or ISOGEN-LS,
respectively, according to the manufacturer’s instructions (Nippon Gene, Toyama, Japan).

4.7. Mesenchymal and Epithelial Markers

Plastin-3 (PLS3), vimentin, and N-cadherin were selected for evaluation as mesenchymal
markers [37]. PLS3 is a marker of circulating tumor cells, including not only epithelial cells but
also tumor cells undergoing EMT [18,38]. CK18 and CK19 were selected for evaluation as epithelial
markers, as the controls [23,37].

4.8. RT-qPCR

RT-qPCR of CK18, CK19, PLS3, vimentin, N-cadherin, RNA18S5, and GAPDH mRNA levels was
performed as described previously [39]. In brief, reverse transcription was performed using random
hexamers and M-MLV reverse transcriptase (Invitrogen, Carlsbad, CA, USA). qPCR was performed
using LightCycler® FastStart DNA Master SYBR Green I (Roche Diagnostics, Basel, Switzerland). The
raw data are presented as the relative cDNA level from Human Universal Reference Total RNA (Clontech

253



Int. J. Mol. Sci. 2020, 21, 511

Laboratories, Palo Alto, CA, USA) and normalized to the level of the internal control gene (RNA18S5 or
GAPDH). Relative quantification of gene expression was calculated using the 2−ΔΔCt method. The primer
sequences used for RT-PCR were as follows: CK18, forward 5′-ATCTTGGTGATGCCTTGGAC-3′ and
reverse 5′-CCTGCTTCTGCTGGCTTAAT-3′; CK19, forward 5′-CATGAAAGCTCCCTTGGAAGA-3′ and
reverse 5′-TGATTCTGCCGCTCACTATCAG-3′; PLS3, forward 5′-CCTTCCGTAACTGGATGAACTC-3′
and reverse 5′-GGATGCTTCCCTAATTCAACAG-3′; vimentin, forward 5′-TACAGGAAGCTGCTGGA
AGG-3′ and reverse 5′-ACCAGAGGGAGTGAATCCAG-3′; N-cadherin, forward 5′-ATTGGACCATCA
CTCGGCTTA-3′ and reverse 5′-CACACTGGCAAACCTTCACG-3′; RNA18S5, forward 5′-AGTCCCT
GCCCTTTGTACACA-3′ and reverse 5′-CGATCCGAGGGCCTCACTA-3′; and GAPDH, forward
5′-TTGGTATCGTGGAAGGACTC-3′ and reverse 5′-AGTAGAGGCAGGGATGATGT-3′.

4.9. TCGA Analysis

We used TCGA data to analyze the expression of CK18, CK19, PLS3, vimentin, and N-cadherin
in breast cancer tissues. The expression data of these genes in tumor tissues from 1093 breast cancer
cases and in normal tissues from 112 cases with breast cancer available in TCGA were obtained from
the Broad Institute’s Firehose pipeline (http://gdac.broadinstitute.org/runs/stddata__2016_01_28/data/
BRCA/20160128/). The sequencing data were normalized by quantile normalization, as described
previously [40].

4.10. Kaplan–Meier Plotter Survival Analysis

The Kaplan–Meier Plotter (www.kmplot.com), an online database that includes gene expression
and clinical datasets, was used to generate Kaplan–Meier plots for RFS as described previously [41].

4.11. Statistical Analysis

For the clinical analysis, the cases were divided into two groups according to N-cadherin expression
using the minimum p value approach, which is a comprehensive method to determine the optimal cutoff
point for survival risk classification among continuous gene expression measurements from multiple
datasets [42]. The variables were compared using the Mann–Whitney U test or Fisher’s exact test.
Survival curves were generated using the Kaplan–Meier method and compared by log-rank test. Cox
proportional hazards regression was used for univariate and multivariate analyses to calculate hazard
ratios for the factors associated with survival. A two-sided p < 0.05 was deemed statistically significant.
Statistical analyses were performed using JMP Pro 13 software (SAS Institute, Cary, NC, USA).

5. Conclusions

We demonstrated that N-cadherin mRNA expression in blood serves as a novel prognostic
biomarker for predicting NM and cancer recurrence in patients with breast cancer. Furthermore, we
provide clinical evidence that eribulin inhibits NM possibly via suppression of EMT. These findings
highlight the role of N-cadherin in NM, which serves as a guide for the treatment of breast cancer, and
provide a better understanding of the molecular mechanism of breast cancer recurrence.
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Abstract: Oncogenic v-Ki-ras2 Kirsten rat sarcoma viral oncogene homolog (K-RAS) plays a key role
in the development and maintenance of pancreatic ductal adenocarcinoma (PDAC). The targeting of
K-RAS would be beneficial to treat tumors whose growth depends on active K-RAS. The analysis
of K-RAS genomic mutations is a clinical routine; however, an emerging question is whether the
mutational status is able to identify tumors effectively dependent on K-RAS for tailoring targeted
therapies. With the emergence of novel K-RAS inhibitors in clinical settings, this question is relevant.
Several studies support the notion that the K-RAS mutation is not a sufficient biomarker deciphering
the effective dependency of the tumor. Transcriptomic and metabolomic profiles of tumors, while
revealing K-RAS signaling complexity and K-RAS-driven molecular pathways crucial for PDAC
growth, are opening the opportunity to specifically identify K-RAS-dependent- or K-RAS-independent
tumor subtypes by using novel molecular biomarkers. This would help tumor selection aimed at
tailoring therapies against K-RAS. In this review, we will present studies about how the K-RAS
mutation can also be interpreted in a state of K-RAS dependency, for which it is possible to identify
specific K-RAS-driven molecular biomarkers in certain PDAC subtypes, beyond the genomic K-RAS
mutational status.

Keywords: pancreatic cancer; K-RAS oncogene; oncogene dependency; targeted therapies; biomarkers;
genomic mutations; transcriptomics; metabolomics

1. Oncogenic K-RAS: A Critical Driver for Pancreatic Cancer

Pancreatic ductal adenocarcinoma (PDAC) is a major cause of cancer-related death with an
overall five-year survival rate of only 8% [1,2]. PDAC is diagnosed at an advanced, inoperable
stage in the vast majority of cases and most of the patients diagnosed with surgically resectable
disease recur within the first 2–3 years after the operation [3]. Current systemic first-line
treatment for advanced inoperable PDAC includes polychemotherapy regimens such as folinic acid/
5-fluorouracil/irinotecan/oxaliplatin,(FOLFIRINOX),cisplatin/nab-paclitaxel/capecitabine/gemcitabine
(PAXG), gemcitabine/nab-paclitaxel, and gemcitabine monotherapy in a small sub-group of elderly,
frail, or unfit patients. Primary chemoresist/ance or recurrence rates in PDAC remain high, and overall
survival from the start of first-line ranges approximately from 8 to 12 months [4–6]. Currently,
no validated prognostic or predictive biomarkers exist for PDAC, except for general clinical criteria
(performance status, disease burden, CA19.9 levels), and no targeted or immune-based therapies have
proven to be effective so far, although a large number of clinical trials are ongoing and efficacy data for
novel treatments are awaited [7–9].
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The RAS pathway is one of the most frequently altered pathways in cancer, found in approximately
19% of all human cancer harboring RAS gene mutations [10]. Among the three major isoforms
of oncogenic RAS, K-RAS is the most frequently mutated [11–13]. Mutation of K-RAS is the
initiating genetic event of pancreatic intraepithelial neoplasias (PanINs) and is required to drive
PDAC development and tumor maintenance [14–18] Oncogenic mutant K-RAS is found in about 88% of
PDAC [10]. Oncogenic mutation in K-RAS protein leads to aberrant or constitutive signaling even in the
absence of growth factors, leading to increased proliferation, invasion, and metastasis [19]. Inactivating
mutations in crucially tumor suppressor genes, particularly CDKN2A/p16, TP53, and SMAD4, cooperate
with oncogenic K-RAS to promote aggressive PDAC tumor growth and metastasis [19–26].

K-RAS is a member of the RAS family of Guanosine Tri-Phosphate(GTP)-ases that regulates
several cellular processes including survival, proliferation, differentiation, migration, and apoptosis [27].
RAS proteins function as molecular switches promoting conversion from an inactive to an active
GTP-bound state. Though tightly controlled in normal cells, the mutation in K-RAS gene leads to
constitutive GTP-bound K-RAS, rendering constitutively activated RAS protein and determining
the persistent activation of downstream signaling pathways resulting in uncontrolled activation of
proliferation and survival pathways [28–31]. The mutations in K-RAS consist of single amino acid
substitutions and are predominant at residues G12, G13, and Q61. Oncogenic mutations of G12 or
G13 create a steric block that prevents the hydrolysis of GTP, whereas substitutions of Q61 interfere
with the coordination of a water molecule required for GTP hydrolysis; these point mutations lead to a
prevalence of the GTP-bound state and to the constitutive activation of K-RAS [19].

Once in its active form, K-RAS engages complex and dynamic downstream effectors such as the
RAF/MEK and the phosphatidylinositol 3-kinase (PI3K)/AKT pathway. The Mitogen-Activated Protein
Kinase (MAPK) pathway is a key mediator of oncogenic K-RAS signaling and BRAF is the principal
mediator of MAPK signaling in K-RAS dependent cancer growth. The BRAF V600E mutations are
mutually exclusive with K-RAS mutations [32]. However, genetic studies in mice models revealed that
BRAF V600E mutation is sufficient to induce PanIN formation in the pancreas of K-RAS wild-type (WT)
mice, and to develop lethal PDAC when combined with a TP53 mutation [33]. The PI3K-dependent
pathway drives tumor growth and cooperates with oncogenic K-RAS to develop PDAC [34,35].
The major driver mutations in this pathway that promote pancreatic tumor development include
mutations in the catalytic and regulatory PI3K subunit, amplification of the PI3K downstream effector
AKT2, and deletion/loss of tumor suppressor Phosphatase/TENsin homolog deleted on chromosome
10 (PTEN), a negative regulator of PI3K/AKT signaling [36–38].

It is important to mention that a relatively large proportion of patients with PDAC display germline
mutations of some DNA damage repair (DDR) genes. Specifically, 18% of PDAC harbor mutations
in homologous recombination (HR) DDR pathways such as BRCA1 and BRCA2 [39], and the BRCA2
inactivation in combination with p53 deficiency promotes K-RAS driven PDAC development [40,41].

It goes without saying that the genomic landscape of PDAC shows multiple genetic events,
most of them contributing to tumor maintenance in cooperation with the K-RAS activation, most
likely with a different degree of dependency according to the history of the tumor development,
staging, or treatments. Deciphering the effective dependency of the tumor on K-RAS or on alternative
oncogenes is key to promote targeted therapies in PDAC.

2. Defining the K-RAS Dependency in PDAC

K-RAS mutation represents a common genetic event in PDAC, being mutated in almost 88% of
cases [10,42]. However, contrary to preclinical studies, clinical approaches have demonstrated poor
efficacy of treatments targeting the K-RAS pathway in PDAC tumors carrying a K-RAS mutation.
One of the potential explanations is the possibility that the genomic K-RAS mutation is not an efficacious
molecular determinant for tumor dependency on K-RAS activation. Indeed, the absence of K-RAS
gene mutations does not always correlate with K-RAS pathway inactivity due to the activation of the
other components of the network [43,44], and conversely, the presence of RAS mutations does not
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necessarily predict for dependency. This can depend on the activation of additional active molecular
pathways that can complement or subside for K-RAS activation. Thus, determining the genomic
mutational status of specific genes is not always beneficial for predicting pathway activation and the
drug response with targeted compounds [45].

Assessing K-RAS pathway activation status by more comprehensive methods will help better
predict the K-RAS dependency of tumors. Years have passed since the concept of oncogene addiction
was first proposed, linking single dominant oncogene to tumor growth and survival [46]. Omics
studies, such as genomics, transcriptomics, and metabolomics can lead to extensive molecular profiles,
which act as tools to reevaluate the traditional definition of addiction and oncogene dependency as a
functional definition based on the oncogene-driven phenotype, regardless of the presence or not of a
specific oncogenic gene mutation. A large number of observations in animal models and pancreatic
cancer cell lines revealed that the K-RAS gene, although mutated or overexpressed, is dispensable in a
subset of human and mouse K-RAS mutant PDAC cell lines. By using RNA interference, inducible
transgenic models or Clustered Regularly Interspaced Short Palindromic Repeats (CRISPR)-Cas9
technology, it has been possible to classify two subtypes of PDACs harboring the K-RAS mutation:
tumors in which a K-RAS depletion led to apoptosis and thus they are considered as “K-RAS-dependent”
and others that are resistant to K-RAS depletion, without a sign of apoptosis, and considered as
“K-RAS-independent” [47–53]. The extensive molecular characterization of such models shed a light
on additional features that would be missed based on simple genomic classification of the tumor,
with the potential of a profound implication from a therapeutic and prognostic point of view.

The goal of this review is to provide an overview of emerging molecular markers of K-RAS oncogene
dependency, regardless of the genomic mutation status. Gene expression profile studies, in particular,
allow to understand if the K-RAS pathway could be activated by mutations of the K-RAS gene or
by many other mechanisms, and they help to deconstruct the K-RAS network contribution in tumor
progression [45,48,54]. In addition, metabolomics studies identified pathways and metabolites that are
specifically enriched in K-RAS-dependent PDAC to mediate a metabolic reprogramming relevant to
tumor growth. Thus, multiple and specific molecular biomarkers underlining the oncogenic phenotype
associated with a real dependency on K-RAS oncogene in PDAC are emerging. The translational value
of such information is manifold since i) it helps to find novel diagnostic biomarkers that could overcome
the limitation of a genomic-based approach for an effective determination of K-RAS dependency and
ii) it provides the ground for novel therapeutic strategies to define effective targeted therapy against a
subclass of PDAC patients, whose tumors have K-RAS dependency and actionable vulnerabilities.

In the next paragraphs, we will discuss molecular profiling based on transcriptomic and
metabolomics studies that provided novel markers for K-RAS dependency in PDAC.

3. Scores of K-RAS Dependency Based on Gene Expression Signatures

Specific gene expression signatures can be associated with oncogenic mutations and deregulated
signaling pathways in tumors [45,55]. Several studies demonstrated the potential of using gene
expression profiles of cancer cells to analyze oncogenic pathways [45,56]. Gene expression signature is
also a powerful tool for predicting drug response in vitro linked to specific molecular pathways [45,57,
58]. In tumor samples, gene expression signature can reveal molecular pathways that are activated
independently from mutation status, confirming that mutations were no obvious predictors for
pathway activation [44]. As an example, in bladder urothelial carcinoma, Epidermal Growth Factor
Receptor (EGFR)-, K-RAS-, and RAF-dependent pathways were activated in 42%, 22%, and 38% of
cases, but only three patients carried the EGFR mutation and no mutation in K-RAS or RAF was found.
Furthermore, reverse phase protein array (RPPA) demonstrated significant MAPK pathway activity in
both K-RAS-mutant lung adenocarcinoma and K-RAS wild-type samples [44].

Oncogenic K-RAS-specific signatures have been derived from cancer models [48,51,59].
Gene expression profiling studies in some cell lines and human tumors have allowed identifying
a more comprehensive K-RAS-dependent network able to understand the pathway activation’s
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status and to better describe the K-RAS-dependent molecular network [47,48]. In their studies,
Singh et al. [47] stratified K-RAS mutant pancreatic and lung cancer cell lines into K-RAS-dependent or
K-RAS-independent subtypes, according to the ability of K-RAS to support cell viability. Specifically,
the ablation of mutant K-RAS by RNAi affected cell viability and induced apoptosis with differential
sensitivity between cell lines. A K-RAS dependency index, in a subset of pancreatic and lung cancer
cell lines harboring oncogenic K-RAS, was defined based on caspase-3 cleavage values. To better
delineate the molecular mechanisms that distinguish K-RAS-dependent and independent cell lines,
a gene expression signature identifying genes differentially expressed in these two groups was derived.
The authors identified a 250 gene-based gene signature to define dependency in PDAC (Table 1).

With a different approach and models, Loboda et al. identified a 147 gene-based K-RAS gene
signature [48] that was associated with tumors with a K-RAS dependency (Table 1). By using a K-RAS
knockdown-based strategy, the authors demonstrated that in a panel of lung and breast tumor cell lines,
not all K-RAS mutated cells were dependent on K-RAS signaling, and some cells carrying wild-type
K-RAS exhibited a K-RAS dependency. Furthermore, the K-RAS dependency gene signature was
highly correlated with MEK and ERK phosphorylation and with the cellular response after a MEK
inhibitor treatment, suggesting the clinical relevance of such gene signature to predict the response to
K-RAS pathway inhibitors [48].

The potential translational value of these scores was validated by Mottini et al. [54] who showed
that the gene expression signatures identified by Loboda and Singh showed a high correlation among
them to classify K-RAS-dependent or K-RAS-independent PDAC cell lines according to signature
similarity scores. In addition, the authors demonstrated, for the first time, that both genetic signatures
derived by Loboda and Singh were able to identify a dependency on K-RAS in patient-derived xenograft
(PDX) models of PDAC, which is a more reliable, patient-like experimental system, demonstrating
the predictive capability of these two gene signatures identified by in-vitro cancer models. The
authors also reported an in-vivo discrepancy between the two K-RAS-dependent gene signatures; they
argued that the discrepancy could reflect the different approaches used to derive such signatures and
potentially be associated with differences in how the microenvironment can influence gene signatures,
in particular, the one identified by Singh et al. [47]. Indeed, classification of PDAC-PDXs using the
ones identified by Singh better match the molecular subtypes recently identified in PDAC patients by
applying tumor-specific factors [60,61]. On the other hand, the signature identified by Loboda might
be associated with a higher degree of cell-autonomous signature, which is potentially less influenced
by microenvironmental components. The authors concluded that, based on the evidence of PDX data
and The Cancer Genome Atlas (TCGA) data, using combined molecular signatures might be a robust
predictive tool to infer oncogene dependency from tumor biopsy or PDX models.

Table 1. Listing of upregulated and downregulated genes related to K-RAS pathway activation [45]
and to K-RAS dependency [44].

Ref Gene Symbol Methodologies

Up Regulated Genes Down Regulated Genes

Loboda et al., 2010

ADAM8, ADRB2, ANGPTL4, ARNTL2,C19orf10,
C20orf42, CALM2,CALU, CAPZA1, CCL20,
CD274, CDCP1, CLCF1, CSNK1D, CXCL1,

CXCL2,CXCL3, CXCL5, DENND2C, DUSP1,
DUSP4, DUSP5, DUSP6, EFNB1, EGR1, EHD1,
ELK3, EREG, FOS, FOXQ1, G0S2, GDF15, GLTP,
HBEGF, IER3, IL13RA2, IL1A, IL1B, IL8, ITGA2,
ITPR3, KCNK1, KCNN4, KLF5, KLF6, LAMA3,

LDLR, LHFPL2, LIF, MALL, MAP1LC3B,
MAST4, MMP14, MXD1, NAV3, NDRG1,
NFKBIZ, NPAL1, NT5E, OXSR1, PBEF1,
PHLDA1, PHLDA2, PI3, PIK3CD, PIM1,

PLAUR, PNMA2, PPP1R15A, PRNP, PTGS2,
PTHLH, PTPRE, PTX3, PVR, RPRC1, S100A6,
SDC1, SDC4, SEMA4B, SERPINB1, SERPINB2,
SERPINB5, SESN2, SFN, SLC16A3, SLC2A14,

SLC2A3, SLC9A1, SPRY4, TFPI2, TGFA, TIMP1,
TMEM45B, TNFRSF10A, TNFRSF10B,

TNFRSF12A, TNS4, TOR1AIP1, TSC22D1,
TUBA1, UAP1, UPP1, VEGF, ZFP36

ABCC5, ARMC8, ATPAF1, AUTS2, C1orf96,
C6orf182, CELSR2, CENTB2, COQ7, DRD4,

ENAH, HNRPU, HTATSF1, ID4, ITSN1,
JMJD2C, KIAA1772, MIB1, MRPS14, MSI1,

MSI2, NUP133, OGN, PARP1, PIAS1, RASL10B,
RFPL3S, RTN3, SEC63, SF4, SH3GL2, SMAD9,
STARD7, TBC1D24,TMEFF1, TTC28, TXNDC4,

ZNF292, ZNF441, ZNF493, ZNF669, ZNF672

K-RAS pathway
signature derived from a
superset of lung cancer,
breast cancer, and colon

cancer gene
expression data
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Table 1. Cont.

Ref Gene Symbol Methodologies

Up Regulated Genes Down Regulated Genes

Singh et al., 2009

SYK, ST14, TMEM30B, SPINT1, RAB25,
C1orf172, GRHL2, GALNT3, SCNN1A, EVA1,
ITGB6, C1orf74, PCDH1, C6orf141, HS3ST1,

CDS1, DNAJA4, CLDN7, SCEL, SCIN,
ANKRD22, MAL2, EHF, RAB17, C1orf106, TTC9,
DENND1C, CEACAM6, MAPK13, LOC196264,
BSPRY, C1orf116, VSIG1, KIAA0703, TMPRSS4,

TGFA, EPN3, ERBB3, C1orf210, TMEM45B,
RALGPS2, CDA, CDH1, SYTL5, FRK, OVOL2,
RDHE2, LOC653857, B3GNT3, DPP4, PRSS22,

EPS8L1, RBM35B, EFNB2, CGNL1, LAMA3,
PGM2L1, ELF3, PLEKHA7, TIAF1, C11orf52,

EPB41L5, KRTCAP3, RAB11FIP4, PPL, DSC2,
TACSTD1, FER1L4, IRF6, TSPAN1, MAOA,

CLDN4 TMEM154 MYO1D, GPR115,
PPP1R14C, PKIB, TSPAN15, SH2D3A, AMPD3,
UBD, MTAC2D1, TMC5, AIM1, ACP6, AREG,

FAM102A, ZNF608, TMEM65, KIAA1522,
C5orf4, NFATC3, KLF7, ELL2, OTUB2,

PLEKHG1, FUT2, SORL1, MST1R, IKZF2, KRT7,
C4orf34, JAG1, HOOK1, DLG3, KCNMB4,

C12orf46, FLJ20273, RAC2, Gcom1, KIAA1107,
STAP2, TACSTD2, SCARB2, CGN, PRSS8,
DHRS3, C1orf34, FBP1, ZNF468, GDPD3,
EGLN3, SEMA4B, ARHGEF3, LOC146795,
RIPK4, RASEF, PRKCH, SLC37A1, EPPK1,
PROM2, STON2, JUP, EPHB3, RPS6KA2,

ALDH1A3, ROD1, PAK6, WFDC2, TMEM87B,
SP110, C19orf21, TNFSF13, HPGD, ERO1L,

ADAM8, ARSD, CYB561, FAM84B, FA2H, F11R,
ALAD, EMG1, IL13RA1, TNFRSF21, PON3,

FAM83H, GNA15, VEGF, YWHAZ, ARHGEF10L,
SLC41A2, ACOT11, NR3C2, KIAA1217, GCHFR,
KALRN, INPP4B, ST3GAL5, SAMD9, LMCD1,

CD24, WFDC3, TMEM49, DOC1, AMDD,
CTNND1, TGOLN2, MCTP2, CST6, CSPG2,
CHCHD7, TMC6, TMEM125, PRRG4, GSN,

DKFZP779L1068 CEACAM1, CAB39, MXD1,
SHROOM3, LYPD3, LAMC2, ENTPD3, PADI1,
ADAM28, TMC4, DAAM1, IL23A, SNN, SOX4,

TXNIP, LLGL2, PRSS16, IDS, PTK6, CDH3,
CAPN8, MTUS1, STOM, CEACAM19, S100A16,

HOOK2, CDKN2A, APRIN, KLF5, DAPP1,
ABLIM3, PDE5A, REPS2, LRRC1, JUNB,

SLC40A1, ZNRF1, PSD4, KIAA1815, PAK1,
KIF21B, SLC44A3, ELF1, F5, SPINT2, FGFBP1,

TRIOBP, ROR1, ATP8B1, KRAS, IFIH1, TSGA10,
FUT3, EDG4, ZBTB25, TJP2, MALAT, 1 B3GNT5,

FUCA1, FOXP1, MET, GBP2, RPL41, NRP2,
SHROOM2, SERPINA1, TMTC2, GRK5, UCA1,

LOC58489, CEACAM5, RASD1, TSC22D3,
CBR3, ARHGDIB, FRMD4B, S100A6, ZNF626,

F3, EPHA1, PLS1, TAF9, RPH3A, SLC44A2,
FAM83A, CNKSR1, KIAA0251, GPR110,

DENND2D, BIK, KIAA0284, CAMP2, AZGP1,
BMF, CHMP4C.

HNRPU, SLC39A14, PARVB, SH2B3, FLJ45482,
NEDD4, IPO7, SGPP1, USP47 HIST1H1D„

FGFR1, MRC2, MSX1, FGF2, TEAD4, AGPAT5„
WDHD1, B4GALT6, TTC28, NFIC, RAPGEF1,

ZIC2, RAB6IP1, RECK, LHFP, ST3GAL3 MSRB3,
SLC26A2, PMP22, MAGEH1, BMP6, ROBO3,

GJA7, TMEM20, MCOLN2, SEC61A2, IL11RA,
COPZ2, NIN, ANTXR1, RSAD1, EEF2K, ITPR2,

C14orf135, CWF19L1, ANKRD28, PPP4R2
TMEM118, TSPAN4, RAGE, DYRK4, FLJ36166,

ALPK2, BCAP29, C14orf139, CSPG5, TTC7B
SATB2, TCF8, SLC35B4, OSTM1, IKIP, SFXN1,
TRIM7, KIAA1212, MGC39900, NFIX, PDLIM3,
MIB1, MLSTD2, LOC401068, ALS2CR4, PRG1,

APLN, FAM101B, LOC541471, HNRPA2B1,
RHOT1, LOC153346, DYRK3, EML1, RYK

KCTD15, PAX6, PLCB4, WDR35, CHRNA7,
LIX1L, ACTA2, HTRA1, ABP1, ANXA6,

HSPA12A, MAGEE1, SYDE1, TUB, SMARCD3,
NUDT11, SYNGR1, MPHOSPH9, ADRA2C,

TXNRD1, EPB41L5, MPPE1, SLC1A3,
LOC439949, FLJ10847

K-RAS dependency
signature derived from a

subset of K-RAS
dependent

primary lung tumors of
squamous carcinoma
and adenocarcinoma

subtypes

In an attempt to identify the mechanism for K-RAS independency in PDAC, Kapoor and
colleagues [50] discovered that, upon K-RAS suppression, about half of the tumors relapsed thanks to
activation of a transcriptional program controlled by the cooperation of the Yes-Associated Protein
1/TEA Domain Transcription Factor 2 (YAP1/TEAD2) transcription factors complex to promote cell
cycle, DNA replication, and tumor maintenance in the absence of oncogenicK-RAS. Transcriptomic
and network analysis profiles in the K-RAS-independent YAP1-driven tumors provided substantial
evidence on how YAP activation bypasses K-RAS mutations by supporting the transcriptional pathways
that are key K-RAS targets. Thus, YAP1 supports pathways activated by mutated K-RAS, and active
YAP1 pathway emerged as a putative marker and therapeutic target against pancreatic cancers showing
K-RAS independency [50].

It is worth noting that the above-cited studies indicate that, in certain cell lines, the definition of
K-RAS dependency might suffer a discrepancy, due to the type of in vitro biological assay. This likely
depends on cell-specific genetic mutations and molecular pathways activations, within the K-RAS
network, that are engaged under the relevant biological assay. For example, growing cells into
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two-dimensional (2D) or 3D cultures, or instead, a clonogenic assay, might differentially engage K-RAS
activation, generating differences and discrepancy for the K-RAS dependency outcome in the same
cell line. Such discrepancy indicates the need for an accurate and robust validation for biomarkers
of dependency, and it suggests that, besides in vitro-based studies, further validation of dependency
biomarkers in a more physiological context such as in vivo tumor models is required. Moreover, the
implementation of multiple transcriptional molecular scores for dependency would be of advantage
for an accurate definition of K-RAS dependency, in particular when this information aims to predict
drug response [54].

Transcriptomic approaches have also been instrumental to different molecular classifications of
pancreatic ductal adenocarcinoma subtypes. By examining expression data from human and mouse
cell lines, Collisson et al. classified PDAC into three subtypes termed "classical", "quasi mesenchymal",
and exocrine-like [49]. Notably, the classical subtype was defined by high expression of adhesion
specific and epithelial genes and was reported to confer the best chance of survival. On the other
hand, the quasi-mesenchymal subtype showed a higher expression of mesenchymal associated genes
with a poorly differentiated phenotype and related to a poor prognosis. Bailey et al. [62] analyzed
transcriptomic data from tumor tissues containing the tumor microenvironment and identified a
new “immunogenic” subgroup associated with immune stroma cell populations. Expression analysis
defined four subtypes as “squamous”, “pancreatic progenitor”, “immunogenic”, and “aberrantly
differentiated endocrine exocrine”. The squamous subtype showed the worst overall survival and
overlaps with the quasi-mesenchymal tumor subtype defined by Collison et al. [49]. Tumors of the
squamous subtype were reported to be associated by the presence of gene expression programs and
regulatory networks involved in the inflammatory response, hypoxia, TGFβ signaling, metabolic
reprogramming, and MYC activation, while immunogenic tumors were associated with a significant
immune infiltrate and upregulation of immune regulatory networks involved in acquired immune
suppression. In addition, Moffitt et al. [63] performed a microarray analysis of primary and metastatic
tumors, identified two tumor subtypes (“classical” subtype and a “basal-like” subtype), and two
stromal subtypes (“normal” subtype and “activated” subtype). The classical subtype was associated
with poor prognosis and most of the identified genes overlap with the “classical” group gene by
Collison et al. [49].

The above-described genetic classifications reflect the intrinsic molecular characteristics of tumors,
allowing a better definition of the clinical heterogeneity of cancers. A relationship between K-RAS
dependency and some of the above-classified subtypes have been investigated [49]. Specifically,
by using an RNAi-based assay to deplete K-RAS, it was observed that classical subtype tumors cells
were more dependent on K-RAS than quasi-mesenchymal PDAC cell lines. Interestingly, the gene
expression signature associated with K-RAS addiction validated by Singh et al. [47] suggests that genes
associated with an epithelial phenotype might represent potential biomarkers of K-RAS dependency in
PDAC. Kapoor et al. [50] demonstrated a significant association between K-RAS-independent tumors
and cells with the quasi-mesenchymal subtype; yet the ability of these genetic classifications to act as
predictive biomarkers of K-RAS dependency for translational purposes needs to be validated.

4. Scores of K-RAS Dependency Based on Metabolic Phenotypes Analyses

K-RAS oncogenic activation orchestrates metabolic reprogramming crucial for tumor growth,
proliferation, and survival. Metabolic phenotypes associated with K-RAS might represent a fingerprint
of K-RAS activation status as well as vulnerability at the metabolic level. The tumor microenvironment
of the PDAC is characterized by dense desmoplastic regions that make it poorly vascularized causing a
reduction in oxygen supply and reduced nutrient delivery to cells [64]. In this context, K-RAS promotes
glucose uptake and enhances glycolysis by inducing the expression of GLUT1, the glucose transporter,
and other key glycolysis enzymes including Hk1, Hk2, Pfk1, and LdhA [18]. In addition, in order to
promote the increase of glycolysis and support tumor cell viability, K-RAS increases the hexosamine
biosynthesis pathway (HBP) and the non-oxidative arm of the pentose phosphate pathway (PPP);
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the latter generates ribose-5-phosphate for de novo nucleotide biosynthesis [18,65]. Mitochondrial
reactive oxygen species (ROS) levels are also essential for K-RAS mediated transformation and growth
of PDAC cells [66,67]. Interestingly, in PDAC, low intracellular ROS levels were associated with
tumorigenesis compared to other tumors in which increased ROS levels were associated with tumor
progression [68,69]. A non-canonical glutamine metabolism pathway to maintain redox homeostasis
and instrumental to PDAC growth has also been described [66]. Beyond glycolysis and glutamine
metabolism, oncogenic K-RAS also promotes autophagy to recycle the metabolites and to maintain
cell viability and survival. A study from K-RAS-driven tumor cell lines and from PDAC patients
highlighted an increased expression of gene encoding protein related to autophagosome formation,
and the expression of these genes correlated with a worse clinical outcome in cancer patients [70].
Indeed, the pharmacological or genetic inhibition of core components of the autophagy process
impaired the growth of PDAC cell lines and PDAC development in a K-RAS-driven mouse model as
well as in PDAC-PDX models [71]. Furthermore, oncogenic K-RAS promoted macropinocytosis to
transport extracellular proteins as an amino acid source for the tricarboxylic acid (TCA) cycle to sustain
tumor growth [72]. Although the above-mentioned studies underline metabolic phenotypes that have
been associated with the activation of K-RAS, whether these pathways might represent biomarkers or
vulnerability of K-RAS-dependent tumors requires further investigation.

On the other hand, other studies performed a metabolomics approach in selected K-RAS-dependent
and K-RAS-independent PDAC cell lines after K-RAS depletion, in order to more specifically decipher
the key metabolic signatures associated with K-RAS dependency or independency. A widely integrated
transcriptomic and metabolomic analysis showed a significant gene expression profile of metabolic
features of K-RAS-independent tumors [73]. In this study, a subpopulation of cells that relapsed after
genetic and pharmacologic ablation of the K-RAS pathway was isolated. Further characterization
of these K-RAS resistant cells by transcriptomic analysis revealed the expression of key regulators
of mitochondrial functions, autophagy, and lysosome activity, while metabolomic assays revealed a
decrease of metabolic intermediates involved in tricarboxylic acid, impaired glycolysis, and dependency
on oxidative phosphorylation (OXHPOS) as energy source and for survival [73].

K-RAS-dependent PDAC cells showed a clear upregulation of the pyrimidine biosynthetic
pathways, as demonstrated by several reports. Codina et al. showed that after treatment with MEK
inhibitors, K-RAS-dependent PDAC cells exhibited MYC protein downregulation, which compromised
nucleotide biosynthesis, essential to support growth and the survival of K-RAS-dependent cell lines [52].
Metabolomics analysis conducted in K-RAS-dependent and independent PDAC cell lines further
validated the key role of pyrimidine biosynthesis and glutamine metabolism to characterize PDAC cells
with a K-RAS addiction [52]. In a different study, a 3D clonogenic synthetic lethal screening exploiting
a wide range of compounds identified dihydroorotate dehydrogenase (DHODH) inhibitors as major
pharmacological suppressors for the growth of K-RAS- dependent cell line. DHODH enzyme regulates
de novo pyrimidine biosynthesis and its inhibition reduced, beyond pyrimidine biosynthesis, cellular
levels of glutamine and glutamate, showing an antitumor effect in mice models [74]. Mottini et al. [54]
showed that the cytosine analog and U.S. Food and Drug Administration (FDA)-approved drug
decitabine induced the impairment of nucleotide biosynthesis and deoxyriboNucleotide TriPhosphate
(dNTP) pool homeostasis selectively in K-RAS-dependent PDAC but not in K-RAS-independent
PDAC cells, showing a selective cytotoxic effect. This depended on an intimate connection between
K-RAS-dependent tumor cells and the pyrimidine metabolism. Overall, these studies indicated
that the upregulation of key metabolites or enzymes belonging to the pyrimidine biosynthesis can
act as a metabolic biomarker to score a phenotypic dependency of PDAC cells on K-RAS (Table 2).
In this context, further investigation into the expression or activity of key enzymes of the pyrimidine
biosynthetic pathways as prognostic markers in PDAC is needed.
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Table 2. Comparison of previously published metabolic profiles of K-RAS-dependent and independent
pancreatic cancer cell lines and tumors.

Ref Methodologies Pathways/Metabolites Analyzed

Santana Codina N et al., 2018 LC-MS/MS analyisis in K-RAS sensitive
and resistant cells

pentose phosphate pathway (PPP) and
nucleotide biosynthesis and glycolysis

Mottini C et al., 2019 LC/MS analysis from both dependent and
independent PDAC cell lines

nucleotide metabolism and pyrimidine
biosynthesis

Koundinya M et al., 2018
Mass spectrometric analysis for K-RAS
dependent and independent cells and

tumor tissues

de novo pyrimidine
biosynthetic pathway

Viale A et al., 2014
metabolomic analysis using a LC-MS/MS
in a subpopulation of dormant tumor cells

surviving K-RAS ablation

Tricarboxylic acid cycle (TCA)
intermediates, nucleotide triphosphates,

deoxynucleotide triphosphates,
glutathione (GSH) and glutathione

disulphide levels

5. Scores of KRAS Dependency Based on Tumor Microenvironment and Immunogenicity

In the last few years, there has been growing interest in the role of the tumor microenvironment
in PDAC development due to its role in tumor progression, invasiveness, and promoting therapies
resistance. The pancreatic cancer microenvironment consists of cancer cells and non-neoplastic
cells including pancreatic stellate cells (PSCs), regulatory T cells (Tregs), tumor-associated
macrophages (TAMs), myeloid-derived suppressor cells (MDSCs), fibroblasts, and extracellular
matrix components [75,76]. The crosstalk between the microenvironment and cancer cells induces
the release of cytokines, chemokines, growth factors, and metalloproteases that help to recruit active
TAMs and cancer-associated fibroblasts (CAFs), which support tumor progression and metastasis [77].
Notably, these dynamic and reciprocal interactions promote desmoplasia, with a low tumor perfusion
microenvironment characterized by a dense desmoplastic stroma, which hinders drug delivery and
suppresses antitumor immune response [78,79]. In addition, PDACs are often immunologically
cold, as defined by the lack of effector T cells infiltrating the tumor. Traditionally, this phenomenon
is partially attributed to the low mutational load of PDAC. In this scenario, it is worth asking to
what extent mechanisms linked with K-RAS dependency or independency might play a role in the
immunogenicity and the immune response of PDAC, and thus, whether these immunogenic phenotypes
might act as biomarkers of tumor dependency. Various high-throughput genomic and transcriptomic
analyses have revealed a key role of K-RAS signaling in promoting mechanisms of escape from
immune surveillance [80]. K-RAS-mutated cancer cells secrete tumor-derived granulocyte-macrophage
colony-stimulating factor (GM-CSF), promoting the recruitment and expansion of MDSCs in the
microenvironment, which are able to suppress the antitumor activity of CD8 cytotoxic T cells [81].
Oncogenic K-RAS recruits myeloid cells through the secretion of cytokines including interleukin 6 (IL-6),
IL-13, CCL2, Granulocyte Colony-Stimulating Factor (G-CSF), Macrophage Colony-Stimulating Factor
(M-CSF), and GM-CSF [75]. Furthermore, evidence in mouse models showed that K-RAS-dependent
signaling activated CAFs through the induction of Hedgehog ligands, regulated extracellular matrix
(ECM) remodeling, and promoted collagen degradation by matrix metalloproteinases (MMPs),
facilitating angiogenesis, tumor cells invasion, and metastasis [17,18,80,82,83]. Integrated genomic,
transcriptomic, and immunological analysis on some PDAC subtypes revealed an immunosuppressive
microenvironment in the quasi-mesenchymal subtype described by Collison [49] that correlated with
high numbers of Tregs and M2 macrophages, and a low number of effector T cells. On the contrary,
the classical subtype consisted of abundant M1 macrophages, CD4 and CD8 T cells, and a low number of
Tregs and M2 macrophages, suggesting a immune responsive microenvironment [62,63]. Since classical
and quasi-mesenchymal subtypes have a strong correlation with K-RAS dependency and independency,
respectively, it would be important to further investigate if the immune-phenotypes correlate directly
with K-RAS dependency and how K-RAS modulation affects the immunogenic phenotypes of PDAC.
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6. Therapeutic Opportunities Against K-RAS-Dependent PDAC

Strategies developed to target K-RAS and its downstream effectors are likely to elicit a stronger
therapeutic response against K-RAS-dependent tumors. Far from exhaustive, this section will
provide some examples of these strategies, including direct K-RAS inhibitors, inhibitors of plasma
membrane association, inhibitors of downstream signaling, and of metabolic phenotypes. The first
compounds identified as capable of directly inhibiting mutant K-RAS proteins were small molecules
able to interfere with the K-RAS-Guanosine Diphosphate (GDP) complex and inhibit Son of Sevenless
homolog (SOS)-mediated nucleotide exchange [84–87]; other compounds instead efficiently were able to
bind to RAS-GTP, thus inhibiting signaling cascades downstream ofK-RAS. However, these compounds
have not yet been investigated in clinical settings [88,89]. The targeting of enzymes involved in the
post-translational modifications of K-RAS, necessary for protein activation, has been also investigated.
Farnesylation is a post-translational modification crucial for the proper plasma membrane localization
of K-RAS and downstream pathways activation. In this context, a farnesyltransferase inhibitor (FTI)
termed tipifarnib was developed as a potential inhibitor of K-RAS [90]. Moreover, deltarasin, a small
molecule that binds the prenyl-binding protein PDEδ, that is crucial for plasma membrane localization
of farnesylated K-RAS, has also been developed [91,92]. However, clinical trials did not show a
significant anti-tumor effect and any survival benefit for patients [93,94].

Current efforts to block activated K-RAS are also focused on downstream K-RAS-dependent
pathways. One of the commonly studied pathways is the RAF-MEK-ERK pathway, and several MEK
inhibitors have been developed including trametinib and selumetinib [95,96]. Clinical trials’ results
related to these inhibitors failed to show clinical benefit and effect on survival in patients [97,98].
However, a few phase I/II studies are underway to test the efficacy of other MEK inhibitors including
pimasertib and refametinib in combination with gemcitabine [96,99,100]. Several small molecules have
been developed to target PI3K-, AKT-, and/or the Mammalian Target Of Rapamycin (mTOR)-dependent
pathway, but monotherapies with PI3K-dependent pathway inhibitors alone failed to show efficacy
in K-RAS-mutant cancers [101]. However, the combination of PI3K with RAF-MEK-ERK inhibitors
exhibited potent tumor growth inhibitory activity [33,87,102], but clinical results do not match with
those seen in preclinical models [103]. Importantly, in most of the clinical studies cited above,
the assessment for K-RAS dependency has not been performed before treatments, thus therapies were
not tailored for the patients’ population which were highly likely to respond.

Recently, preclinical evidence revealed a specific covalent inhibitor with high selectivity for
K-RASG12C able to trap the inactive K-RAS-GDP complex, thus blocking nucleotide exchange and
RAS downstream signaling [104]. Currently, the agent is being evaluated in a phase I/II clinical trial
(NCT03600883) for patients with advanced solid tumors harboring a K-RASG12C mutation. Nonetheless,
G12C mutations are rarely observed in PDAC (1%), and similar approaches targeting K-RASG12D and
K-RASG12V mutations, which constitute the prevalent K-RAS mutations in PDAC are needed [19].

Autophagy and macropinocytosis are both biological mechanisms that contribute to the growth
and survival of K-RAS mutant pancreatic cancer cells [71,72], and clinical studies are evaluating
hydroxychloroquine as autophagy inhibitors in combination with other chemotherapeutic drugs [105].

Finally, the dependency on pyrimidine metabolism in K-RAS-dependent PDAC has been exploited
in preclinical models by Mottini et al. [54]. Thanks to a computational drug repositioning approach using
K-RAS-driven signatures, authors repurposed 5-aza-2’-deoxycytidine (decitabine), an FDA-approved
drug, to inhibit K-RAS-dependent PDAC tumor growth. K-RAS-dependent PDACs were highly
sensitive to decitabine treatment, showing reduced cell viability and impaired tumor growth. On the
contrary, decitabine treatment in K-RAS-independent cell lines and tumors did show minimal or
no effect.

In conclusion, several therapeutics have been developed especially for treating K-RAS-driven
PDAC and tested in preclinical or clinical settings. However, in most cases, K-RAS dependency has not
been assessed on the treated population, and the response rate upon treatments has not been evaluated
on the basis of the effective K-RAS dependency of tumors. Based on the emergency of biomarkers
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for K-RAS dependency, as described in this review, the results of clinical trials and drug effectiveness
should be reevaluated for a complete assessment of drug efficacy in PDAC.

7. Conclusive Remarks

Mutated K-RAS is one of the most important and validated molecular antitumor targets in
PDAC and the development of therapeutics against K-RAS is under active preclinical and clinical
investigation. Treating tumors with an effective phenotypic dependency on K-RAS will result in an
increased likelihood to observe a therapeutic response. Scoring K-RAS dependency by means of
transcriptomic or metabolomics profiling has the potential to move forward to a new generation of
molecular stratification of tumors for diagnostic purposes. To accomplish this, key questions need to be
addressed: What are the tumor phenotypes under the active control of oncogenic K-RAS? Could such
phenotypes be readily probed into the clinical routine? Another important open question is whether
tumor heterogeneity, a key aspect limiting the effectiveness of targeted therapies, is relevant in the
case of K-RAS dependency, and therefore if a small percentage of K-RAS-independent cells might
co-exist in the bulk of dependent tumor cells, a circumstance that could potentially limit the efficacy of
any targeted therapies. Single cell-based resolution methodologies will be necessary to solve such a
question. Finally, it is important to understand how dependency would be also layered by stroma
and other tumor microenvironment components, thus increasing the arsenal of specific K-RAS-driven
molecular markers for certain PDAC subtypes.
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Abstract: Aim: Musashi 2 (MSI2), which is an RNA-binding protein, plays a fundamental role in the
oncogenesis of several cancers. The aim of this study is to investigate the expression of MSI2 in Oral
Squamous Cell Carcinoma (OSCC) and evaluate its correlation to clinic-pathological variables and
prognosis. Materials and Methods: A bioinformatic analysis was performed on data downloaded
from The Cancer Genome Atlas (TCGA) database. The MSI2 expression data were analysed for their
correlation with clinic-pathological and prognostic features. In addition, an immmunohistochemical
evaluation of MSI2 expression on 108 OSCC samples included in a tissue microarray and 13 healthy
mucosae samples was performed. Results: 241 patients’ data from TCGA were included in the final
analysis. No DNA mutations were detected for the MSI2 gene, but a hyper methylated condition of
the gene emerged. MSI2 mRNA expression correlated with Grading (p = 0.009) and overall survival
(p = 0.045), but not with disease free survival (p = 0.549). Males presented a higher MSI2 mRNA
expression than females. The immunohistochemical evaluation revealed a weak expression of MSI2
in both OSCC samples and in healthy oral mucosae. In addition, MSI2 expression directly correlated
with Cyclin-D1 expression (p = 0.022). However, no correlation has been detected with prognostic
outcomes (overall and disease free survival). Conclusions: The role of MSI2 expression in OSCC
seems to be not so closely correlated with prognosis, as in other human neoplasms. The correlation
with Cyclin-D1 expression suggests an indirect role that MSI2 might have in the proliferation of OSCC
cells, but further studies are needed to confirm such results.

Keywords: MSI2; OSCC; oral cancer; musashi 2; prognosis

1. Introduction

Oral cancer (OC) belongs to the wider family of Head and Neck Cancers (HNCs). OC is a highly
relevant problem for global public health, with a clinical impact in terms of incidence, prevalence,
and mortality rates that do not tend to improve. It is reported to be the 11th most common malignancy
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worldwide [1]. Around 90% of OCs are histologically classified as squamous cell carcinoma (OSCC),
involving the mucosal surface of the oral cavity and tongue [2]. Oral carcinogenesis encompasses
multistep processes that drive the progression from normal mucosa to OSCC [3]. Changes in the DNA
sequence, accumulation of somatic mutations and epigenetic events are the main mechanisms that are
involved in tumor progression. In particular, epigenetic and post-transcriptional events, gained an
important role in cancer [4]. Key-regulators of these mechanisms are the RNA-Binding Proteins (RBPs)
that cause variations in protein expression, due to their involvement in splicing, mRNA-polyadenylation,
editing, and r-tRNA stabilization [5]. Musashi-2 (MSI2) is one of the most studied RBPs. In particular,
different studies evaluated its role in cancer. For example, MSI2 overexpression was linked to an
increase of invasion and metastasis in non-small cell lung carcinoma, whereas its depletion showed a
decrease of epithelia-mesenchymal transition [6]. In bladder cancer, the differentiation antagonizing
non-protein noding RNA (DANCR) long non-coding RNA (lncRNA) acts by sponging miR-149
increasing the expression of MSI2, getting worse a malignant phenotype [7]. In addition, MSI2
seems to be involved in patients’ prognosis, resulting as prognostic factor in gastric [8] and cervical
cancer [9]; in lung cancer, MSI2 emerged as a novel therapeutic target [10]. Several other factors that are
responsible of the regulation of cell proliferation and cell cycle control have been proposed as diagnostic,
prognostic, and therapeutic markers for certain malignancies. Among these, the cyclin D1 has been
deeply investigated and were shown to be essential for the tumorigenesis of melanoma, breast cancer,
and colon and oral squamous cell carcinoma (OSCC) [11]. Cyclin D1 belongs to the family of Cyclins
and it is essential in the regulation of cell proliferation, DNA repair, and cell migration control [12].
The aim of this study was to investigate the expression of MSI2 in OSCC samples, through a histologic
and bioinformatics analysis in order to evaluate its correlation to clinic-pathological variables and
prognosis. Furthermore, a staining for Cyclin-D1 has been performed on OSCC tissue microarray
(TMA) and the correlation of Cyclin D1 expression with MSI2 was investigated.

2. Results

2.1. Analysis of MSI2 Mutations, Gene Methylation and mRNA Expression in TCGA Database

A total 241 patients’ records were included in this analysis after extracting and matching
clinic-pathological data from the TCGA database. Table 1 summarizes the main clinical-pathological
characteristics of the included patients. DNA mutations and copy number alterations were not detected
for the MSI2 gene in patients with OSCC included in the TCGA database (0/241, 0%). The expression of
MSI2 mRNA (log2 (fpkm+1)) was relatively low ranging from 0.2785 to 2.7117 with a mean of 1.270734
(S.E. 0.030) and a median of 1,40673. According to the median value, patients were divided in low
(≤1.40673) and high (>1.40673) MSI2 mRNA expression. Methylation status, measured in beta unit,
showed a hyper methylated condition of the gene in all of the patients analyzed, the values of gene
methylation ranged from 0.6802 to 0.9910 with a mean of 0.974483 (S.E. 0.0018993). The Spearman rank
correlation test did not show a significant correlation between mRNA expression and methylation
status of the gene (ρ = −0.44; p = 0.498); however, a higher methylation status was detected for
the low-expression group with results that were close to the statistical significance (Mann–Whitney
p = 0.095). MSI2 mRNA expression correlated with Grading (ρ = 0.169; p = 0.009) and showed a
differential expression according to the gender (Mann–Whitney p = 0.001) with males’ samples showing
a higher expression, while MSI2 methylation profile correlated to the age of patients (ρ = 0.140; p = 0.03)
(Table 2). Univariate and multivariate analyses were performed, aiming to investigate whether MSI2
mRNA expression in the TCGA database was able to predict prognosis. The results of the univariate
analysis were promising, showing a significant association between MSI2 mRNA expression (High vs
low) and overall survival (Hazard Ratio, HR = 1.488; 95% C.I. 1.013–2.185; p = 0.045); furthermore,
the results of the multivariate analysis (HR = 1.437; 95% C.I. 0.952–1.970; p = 0.084) were close to the
threshold of statistical significance. Conversely MSI2 mRNA expression did not correlate with disease
free survival (HR = 0.827; 95% C.I. 0.443–1.542; p = 0.549) in OSCC patients.
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Table 1. Clinical-pathological characteristics of patients included in The Cancer Genome Atlas
(TCGA) analysis.

Clinic-Pathological Information Groups Number of Patients

Age
≤ 65 years old 144/241
> 65 years old 97/241

Gender
Male 158/241

Female 83/241

Grade
1 43/241
2
3

147/241
51/241

Stage
1–2 76/241
3–4 165/241

Subsite

Tongue 103/241
Gingivo-buccal 30/241

Floor of the mouth 46/241
Others 62/241

Table 2. Spearman rank correlation for the 241 Oral Squamous Cell Carcinoma (OSCC) patients
included in the TCGA database. * p < 0.05; ** p < 0.001.

Variable Age Grade Stage Gender
Perineural
Invasion

MSI2
Methylation

MSI2
mRNA

Expression

Ki-67
mRNA

Expression

Cyclin-D
mRNA

Expression

Age
ρ = 1 0.088 −0.084 0.243 0.060 0.140 −0.121 −0.069 0.033

p-value = 1 0.175 0.197 0.001 ** 0.414 0.03 * 0.06 0.287 0.607

Grade
ρ = 1 −0.003 −0.066 0.100 −0.094 0.169 −0.105 0.053

p-value = 1 0.959 0.307 0.176 0.146 0.009 ** 0.105 0.418

Stage
ρ = 1 −0.026 0.199 −0.031 −0.035 0.038 −0.062

p-value = 1 0.686 0.006 ** 0.632 0.587 0.561 0.340

Gender
ρ = 1 −0.090 −0.045 −0.220 0.042 0.043

p-value = 1 0.907 0.485 0.001 ** 0.520 0.505

Perineural
Invasion

ρ = 1 −0.178 0.033 −0.132 −0.038
p-value = 1 0.014 * 0.650 0.071 0.606

MSI2 Methylation
ρ = 1 −0.044 0.094 0.027

p-value = 1 0.498 0.144 0.673

MSI2 mRNA
expression

ρ = 1 −0.093 0.003
p-value = 1 0.150 0.963

Ki-67 mRNA
expression

ρ = 1 0.253
p-value = 1 0.000 **

Cyclin-D mRNA
expression

ρ = 1
p-value = 1

2.2. Immunohistochemical Analysis of MSI2 Expression on TMA

The IHC analysis of MSI2 protein expression was performed on a total of 108 patient’ samples
included in the TMA; such patients had been treated at the National Cancer Institute “Giovanni
Pascale” between 1997 and 2012. Table 3 reports the clinical pathological information of patients
included in the cohort. An analysis of protein expression in the TMA samples revealed that MSI2 is
not frequently expressed in OSCC, in fact 58.3% (63/108) cases analyzed resulted in being negative
for MSI2 expression. Of the remaining 41.7% (45/108) samples, only 5.6% (6/108) showed higher level
of MSI2 expression. The presence of MSI2 expression directly correlated with Cyclin-D1 expression
(ρ = 0.279; Chi-Squared p-value = 0.022) (Table 4), this last one resulted to be higher expressed in males
than in females (Mann–Whitney p-value = 0.024). The presence of MSI2 expression in the TMA cohort
did not correlate with overall survival (HR = 0.575; 95% C.I. 0.278–1.190; p = 0.136) (Table 5). In the 13
oral healthy mucosae analyzed the expression of MSI2 was faint and mainly confined to the basal layer
with a percentage of expression lower than 5% of the whole number of epithelial cells (Figure 1).
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Table 3. Clinical-pathological characteristics of patients included in the immunoistochemical analysis.

Clinic-Pathological Information Groups Number of Patients

Age
≤ 65 years old 45/108
> 65 years old 63/108

Gender
Male 79/108

Female 29/108

Grade

1
2

22/108
50/108

3 36/108

Stage
1–2 35/108
3–4 73/108

Subsite

Tongue 67/108
Gingivo-buccal 23/108

Floor of the mouth 13/108
Others 5/108

Table 4. Spearman rank correlation for patients included in the TMA. Age. Cyclin-D1 and Ki-67 were
included as continuous variables. while Grade. Stage. Gender. and MSI2 as categorical variables.
* p < 0.05; ** p < 0.001.

Variable Age Grade Stage Gender
MSI2

Expression
(Neg/Pos)

Cyclin-D1
Expression

Ki-67
Expression

Age
ρ = 1 0.049 −0.151 −0.062 −0.006 0.021 0.148

p-value = 1 0.617 0.122 0.528 0.955 0.865 0.226

Grade
ρ = 1 0.098 0.034 0.223 0.060 0.398

p-value = 1 0.313 0.726 −0.066 −0.044 0.001 *

Stage
ρ = 1 −0.008 0.497 0.721 −0.004

p-value = 1 0.993 0.676 0.468 0.977

Gender
ρ = 1 −0.088 −0.277 −0.285

p-value = 1 0.364 0.023 * 0.031 *

MSI2 expression
(Neg/Pos)

ρ = 1 0.279 0.122
p-value = 1 0.022 * 0.315

Cyclin-D1
expression

ρ = 1 0.485
p-value = 1 0.000 **

Ki-67 expression
ρ = 1

p-value = 1

Table 5. Multivariate Cox regression analysis for MSI2 adjusted for other clinic-pathological parameters.
* p < 0.05.

Overall Survival

Variables Hazard Ratio 95.0% C.I. p-Value

Gender 1.904 0.964–3.759 0.064
Grade 1.162 0.706–1.911 0.555
Age 1.018 0.986–1.052 0.274

Stage 2.968 1.844–4.779 0.000 *
MSI2 (Pos/Neg) 0.621 0.299–1.288 0.201
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Figure 1. (A) Negative OSCC for MSI2; (B) Basal MSI2 positivity intensity +2; (C) 40% Normal mucosa
negative for MSI2 with mild positivity in a ductal epithelium; and, (D) normal mucosa mild positive
for MSI2 in the basal layer.

3. Discussion

OSCC represents more than 90% of oral cancers and it is one of the most aggressive cancers,
being characterized by a mortality rate reaching 50% of patients on average [13]. Continuous efforts
are made to better understand the processes that lead to its onset and progression, as well as to the
discovering of potential targets for its therapy. Similarly to other solid tumors, the onset of OSCC
results from the accumulation of a certain number of genetic or epigenetic alterations into the cells,
which cause cell cycle dysregulation and uncontrolled cell proliferation [14] Recently, the new “omic”
sciences provided a great amount of data that characterize the tumors at the molecular level and that
can lead to discovering specific biomarkers that could make the tumor treatment more efficient, precise,
and predictable [15]. A great contribution has been obtained from bioinformatics that allowed for
analyzing this enormous amount of data, giving them a clinical significance [16].

Musashi RNA-binding protein 2 (MSI-2) has been demonstrated to be involved in several
solid and blood cancers, where its expression emerged to be higher than in normal tissues and
correlate with the prognosis [17]. Its role seems to be explicated in different processes, among which:
epithelial-mesenchymal transition, migration, invasion, cell proliferation, and drug resistance [17].
While for many tumors, such as those arising from breast [18], cervical [9], colon [19], lung [6], etc. the
role of MSI-2 proteins has been extensively studied and some target therapies proposed, no results
regarding the role of MSI-2 in OSCC are reported in the literature. In this work, we combined
both a bioinformatics analysis of data that were extracted from electronic TCGA database and an
immunohistochemical evaluation of our samples to better understand the role of MSI-2 in oral cancer.
The first interesting result emerged from the analysis of genomic data revealed that no DNA mutations
and copy number alterations are detected for the MSI2 gene in patients with OSCC. A hyper methylated
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condition of the gene emerged in all the patients from the investigation of epigenetic modifications.
The analysis of transcriptomic data showed a relatively low expression of MSI2 mRNA in the OSCC
samples. However, the mRNA expression did not result to be significantly correlated to the methylation
status of the gene.

The associations between its mRNA expression and some clinicopathological characteristics of
patients have been analyzed to explore the clinical value of MSI2. The analysis revealed that MSI2
mRNA expression correlates with tumor grading and males show a higher level of MSI2 mRNA
expression when compared to female patients. No other clinical features seemed to significantly
correlate with MSI2 mRNA expression.

As to our knowledge, no difference between sexes has been highlighted in the literature until now
regarding the expression of these regulating molecules. Nevertheless, in our study Males showed
significantly higher expression levels of both MSI2 and Cyclin-D1. Such results emerged from the
analysis of TCGA database and they have been confirmed by our samples. This could be the decisive
contribution that big data can give us in the path towards increasingly personalized medicine [16].

Another question of this work aimed to investigate whether the expression of MSI2 in OSCC
patients could predict the prognosis. The results emerged from correlation analysis lay for a significant
association between high MSI2 mRNA expression and poor overall survival rate; meanwhile, the disease
free survival seems not to be correlated with the MSI2 mRNA expression level.

We performed the immunohistochemical evaluation of healthy mucosae and OSCC samples
to determine the expression levels of MSI2, in parallel with this bioinformatic analysis. It was of
great interest to discover that the protein expression of MSI2 was low or even absent both in healthy
samples and OSCC TMA and it did not correlate with any prognostic behavior. These data, combined
with those deriving from TCGA analysis, lead us to affirm that, unlike many other cancers [8,20,21],
for OSCC the expression of MSI2 appears to be a poor prognostic biomarker.

In addition to these results, some information regarding the potential biological functions of MSI2
in oral cancer emerged from the evaluation of the TMAs. In particular, the presence of MSI2 expression
directly correlated with Cyclin-D1 expression. Cyclin-D1 is a protein that plays a crucial role in cell
cycle regulation, including cell proliferation and growth, as well as DNA repair and cell migration
control [22]. Its key role in tumorigenesis of several tumors, among which oral cancer, has been
proposed [12], and a poor prognosis correlated to its overexpression [23]. Several mechanisms of cyclin
D1 overexpression in OSCC have been identified. They range from amplification to polymorphisms
and mutational events involving the oncogene CCND1, but a fundamental role of some signaling
pathway intermediaries has been also suggested [24]. Zhang et al. [25] demonstrated in their study
how MSI2 silencing inhibited leukemic cell growth and caused a decreasing of Cyclin D1 expression.
Han et al. [26] drew the same conclusions, showing how the MSI2 silencing induced cell cycle arrest
in G0/G1 phase, with decreased Cyclin D1 and increased p21 expression. In the same way, a study
investigating the role of MSI2 in Hematopoietic stem cell activity discovered a close correlation between
the expression profile of MSI2 and that of Cyclin D1 [27]. Given the results of our study, in a similar
manner, MSI2 could affect the Cyclin D1 expression in the cells of OSCC, but further studies are needed
to affirm this.

4. Methods and Materials

4.1. Analysis of MSI2 Expression and Methylation in The Cancer Genome Atlas (TCGA)

The gene expression RNAseq data HTSq-Fragments Per Kilobase Million (FPKM) were
downloaded from UCSC Xena Browser (https://xena.ucsc.edu/) [28]. Data were downloaded for
MSI2, MKI67, and CCND1 mRNA expression. This platform was also used to access and download
the methylation profile quantification for MSI2 (https://gdc.xenahubs.net/download/TCGA-HNSC/
Xena_Matrices/TCGA-HNSC.methylation450.tsv.gz; Full metadata—Illumina Human Methylation 450
expressed as beta unit). Data were organized in Microsoft Excel sheet and then pasted in cBioPortal
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for Cancer genomics in order to display visually the patients’ profile (http://www.cbioportal.org) [29].
Clinic-pathological and follow-up information were downloaded from Genomic Data Commons (GDC)
Data Portal (https://portal.gdc.cancer.gov/) [30].

4.2. Immunohistochemistry of MSI2 Expression in OSCC Tissue Microarray

The reporting recommendations for tumor marker prognostic studies (REMARK guidelines) [31]
were taken as a reference for carrying out this study. All of the patients filled written informed consent
for the use of their samples, according to the institutional regulations and the ethics committee of the
National Cancer Institute “Giovanni Pascale”, as “Bio-Banca Istituzionale BBI” Deliberation NO. 15 del
20 Jan. 2016, approved and registered the study. We decided to exclude patients with HPV-positive
tumors and those arising from the base of the tongue, tonsils, oropharynx, and lips. Patients with
a follow-up lower than eight months were also excluded. A total of 122 patients were included in
this study. Of them, 103 reported follow-up information (from 8 to 150 months—mean of 47.34 S.D.
34.609), meanwhile the microarray tissue was not evaluable for 14 patients. None of the patients
had undergone treatments prior to tissue collection. The patients were diagnosed of OSCC and 7th

American Joint Committee on Cancer (AJCC) staging system was applied. An evaluation of 13 mucosae
samples from healthy subjects has been also performed. The paraffin blocks were cored in a 0.6 mm
support (area of 0.28 mm2) and then transferred to the recipient master block while using Galileo
TMA CK 3500® Tissue Microarrayer. As the control, we used an H&E staining of a 4-μm TMA section.
Immuno-histochemical staining was performed by using a mouse monoclonal antibody (Ab), which
was supplied by abcam (Mouse monoclonal Anti-MSI2 antibody [OTI2F10]—ab156770), in addition
staining for Cyclin-D1 (Ventana-Roche, SP4-R) and Ki-67 (Ventana-Roche) was also performed. We used
an automated staining device (Ventana-Roche), with a streptavidin-biotin horseradish peroxidase
technique (LSABHRP), in order to uncover the primary Abs. An optical microscope (OLYMPUS BX53,
at ×200) detected immune-stained spots in four high power fields (HPFs) and they were analyzed by
ISE TMA Software (Integrated System Engineering, Milan, Italy). Two of the authors (GP and GT)
performed the observational quantification analysis in a joint session. Detre S. et al. method was
applied to assess the scoring of immunostaining [32]. The intensity (I) of expression was scored from 0
to 3 (0 = no staining; 1 = yellow; 2 = light brown; and, 3 = black brown/black). The relative number of
the positive stained cells (%) was scored from 0 to 4 (0 = 0%; 1 < 10%; 2 = 10-50%; 3 = 51-80%; 4 > 80%).
All of the samples resulted in only being stained in the cytoplasm. We decided to categorize patients in
negative/positive tumors because of the relative low expression of MSI2 in OSCC.

4.3. Statistical Analysis

SPSS statistical software 21.0 was used to perform all of the statistical analyses. Spearman
rank correlation analysis was performed to investigate the correlation of MSI2 expression to
clinic-pathological variables. We decided to use non-parametric tests because of the non-normal
distribution of the variable checked by means of the Shapiro–Wilk normality test. For such reason,
the Mann–Whitney test was applied to explore the difference in expression between groups. Univariate
survival analysis was performed with the Kaplan–Meier method to estimate both overall survival
rates and disease-free survival, while comparing results between groups with the log-Rank test.
A multivariate Cox Proportional Hazard Model was built in order to assess the prognostic significance
of MSI2 expression after adjusting for covariates, including the clinic-pathological variables: age,
grading, staging (8th AJCC edition), and gender, as covariates.

5. Conclusions

The role of MSI2 expression in OSCC seems to be not so closely correlated with prognosis, as in
other solid and blood tumors. The MSI2 mRNA expression in oral cancer is higher in males and it
is correlated with tumor grade. The protein expression of MSI2 in OSCC samples is relatively low,
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but significantly correlated with Cyclin D1 expression. Further studies are necessary to investigate its
role in OSCC genesis, progression, and prognosis.
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