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Abstract: Merkel cell carcinoma (MCC) is a rare, highly aggressive skin cancer characterized by two etiologies:
the first one, observed in most cases, is attributed to Merkel cell polyomavirus (MCPyV), a DNA tumor virus,
while the second one is due to ultraviolet (UV) radiation exposure. Currently, there are limited diagnostic,
prognostic, and therapeutic biomarkers available for MCC. MicroRNAs (miRNAs) are small RNA molecules
that do not code for proteins but regulate various cellular processes, including cell cycle progression,
proliferation, differentiation, and apoptosis. The dysregulation of miRNAs has been associated with a wide
range of cancers since they can act as either tumor suppressors or oncogenes. This paper aims to collect,
summarize and re-organize the recent discoveries concerning miRNAs, whose dysregulation in the
pathogenesis and progression of MCC is slowly emerging. Furthermore, the potential clinical applications of
miRNAs as diagnostic biomarkers, possible differentiation between MCPyV-related and unrelated MCC,
predictors of response to therapy and prognostics are also discussed. From this review, it emerges that miRNAs
may have, in the near future, the potential to become clinically significant in improving the diagnostic accuracy,
prognostic evaluation, and therapeutic options of MCCs. Finally, the new perspectives on the poorly explored
field of artificial intelligence in MCC are provided.

Keywords: merkel cell carcinoma; microRNA; miRNA; exosomes; circRNA; artificial intelligence;
machine learning; merkel cell polyomavirus

1. Introduction

1.1. Merkel Cell Carcinoma

Merkel cell carcinoma (MCC) is an uncommon and highly aggressive cancer characterized by
both epithelial and endocrine features. It accounts for less than 1% of all skin malignancies [1]. The
exact origin of MCC remains a matter of debate, with various theories proposing different cell types
as potential precursors. These include Merkel cell precursors that may arise from epidermal stem
cells or hair follicle stem cells, as well as pre-B cells, pro-B cells, or dermal fibroblast [2]. Risk factors
for MCC development predominantly include exposure to ultraviolet (UV) light, advanced age,
immune deficiencies, fair skin type, immunosenescence, the concurrent presence of other cancers,
and chronic inflammation [1,3]. Two MCC types have been identified and classified based on specific
molecular pathogenetic pathways related to mutational burden resulting from UV exposure and
infection by the Merkel cell polyomavirus (MCPyV).

© 2024 by the author(s). Distributed under a Creative Commons CC BY license.
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1.1.1. Polyomavirus-Related Merkel Cell Carcinoma

The oncogenic potential of MCPyV has been linked to two of its viral proteins: large T-antigen
(LTAg) and small T-antigen (STAg), being detected in 80% of MCC samples [4]. In vitro studies have
demonstrated their ability to transform cells, while animal studies have shown their capacity to
induce tumorigenesis [5]. Other studies highlighted that MCPyV is normally present in dermal
fibroblasts and that its viral particles are chronically eliminated, suggesting that direct physical
contact could represent the possible mode of transmission [6]. The virus is detected in an episomal
state in non-malignant cells, while it is integrated into a clonal model in all MCPyV-positive
carcinomas; moreover, there is a nonsense mutation in the LTAg gene coding for a C-terminal
truncated protein, whose mutation onset is not yet understood whether it occurs before or after
integration or whether both possibilities can exist [7,8]. Truncated LTAg has lost its capability to
support viral replication, nevertheless its oncogenic potential persists. Significantly, the early
transforming genes encoded by MCPyV interfere with the retinoblastoma protein (RB) and p53 tumor
suppressor pathways. Upon viral integration, a truncated form of the MCPyV LTAg is expressed,
containing the LXCXE motif, which in turn enables the LTAg to bind to the RB protein and disable
its tumor-suppressive functions, leading to tumor development [9]. The LTAg also seems to play a
crucial role in tumor maintenance and cell growth. Additionally, MCPyV-positive MCC (MCCP)
tumors express the MCPyV STAg. The binding of STAg to F-Box and WD Repeat Domain Containing
7 (Fbxw?7), a critical tumor suppressor and one of the most deregulated proteins in the ubiquitin-
proteasome system in human cancer, results in the accumulation of oncogenic proteins such as cyclin-
E, c-Jun, mTOR, and truncated LTAg [10]. Moreover, the STAg is considered the primary driver gene
for transformation and plays a significant role in the metastatic spread of MCC [11].

1.1.2. Ultraviolet-Related Merkel Cell Carcinoma

Conversely, UV-induced and MCPyV-negative MCC (MCCN) versus MCCP has been
distinguished with peculiar molecular pathogenetic pathways. MCCN prevails in white patients
living in areas with high UV exposure being characterized by a high tumor mutational burden-UV
related, with RB and p53 as prevalent mutated genes. Nevertheless, both MCCN and MCCP are
immunogenic with high intra-tumoral programmed-death ligand 1 (PD-L1) expression. Both UV-
associated and viral-associated carcinogenesis lead to the development of highly immunogenic
tumors due to the presence of multiple neoepitopes or viral proteins. These tumors are typically not
clinically evident until they acquire immune escape mechanisms or when they are present in
immunocompromised patients and cannot be effectively controlled by the immune system [3].

1.1.3. Merkel Cell Carcinoma Diagnosis and Treatment

MCC typically manifests as a firm, asymptomatic, non-tender flesh-colored or red nodule or
plaque, rapidly increasing in size, with ulceration and bleeding occurring at an advanced stage. The
sun-exposed areas of the head, neck and extremities represent the most frequent localizations [1].
Dermatoscopy can provide useful insights into MCC, revealing a prominent red color corresponding
to numerous blood vessels or generalized erythema. A milky-red or pink structureless color is an
additional characteristic, appearing as a pink background or smaller roundish areas known as milky-
red areas, globules, or clods [12,13]. Various morphological types of vessels may be present, including
dotted, glomerular, arborizing, and linear irregular vessels and polymorphous vascular patterns
[12,13], with white areas also frequently observed [14]. However, the diagnosis is histological,
characterized by the expression of cytokeratin 20 (CD20) and the absence of thyroid transcription
factor 1 (TTE-1)[1].

Treatment options for MCC include surgery, radiotherapy, chemotherapy and immunotherapy.
Surgery is the recommended approach for local and loco-regional primary MCC, aiming to remove
the primary lesion with clear margins [15], while radiotherapy has historically been a primary
treatment modality after surgical removal of the lesion. Chemotherapy using drugs such as platinum-
based agents, etoposide, doxorubicin, taxanes, and anthracyclines, either alone or in combination, is
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utilized for tumor management, although with limited improvements in patient overall survival. The
development of immune checkpoint therapy has been a breakthrough in MCC management, with
inhibitors targeting PD-L1 and programmed cell death 1 (PD-1) reaching promising results in clinical
trials. MCC employs a mechanism called "immune evasion" to evade the immune system, through
the increased expression of PD-1 on tumor-infiltrating or peripheral antigen-specific T cells, as well
as upregulated PD-L1 expression on tumor cells, intra-tumoral macrophages, and peritumoral
immune cells. Therapies targeting both PD-1 and PD-L1 are expected to restore T-cell-mediated
antitumoral reactions. Both MCCN, characterized by a high burden of UV-induced somatic
mutations that generate neo-antigens, and MCCP, which expresses viral oncogenes, can be
recognized by the immune system. However, high PD-L1 expression and a vigorous lymphocyte
response are more commonly observed in MCCP compared to MCCN, suggesting that MCPyV
antigens can enhance tumor PD-L1 expression, thus leading to increased immunogenicity in virus-
positive MCC. Consequently, MCCP exhibits a better response to PD-1/PD-L1 blockade therapies
compared to MCCN [1,5]. Figure 1 represents the clinical and dermoscopic features of a case of MCC.

Figure 1. clinical examination of a MCC in a 74-year-old man, characterized by a reddish nodule

rapidly growing of the pre-auricular left region (a); dermoscopy (10x) highlights milky red areas with
white streaks and irregular vessels.

1.2. MicroRNAs

1.2.1. microRNAs Biogenesis

MicroRNAs (miRNAs) are tiny RNA molecules, consisting of 20-25 nucleotides, that exert their
regulatory effects by binding to messenger RNA (mRNA) molecules and modulating their stability
and translation into proteins. One of the remarkable features of miRNAs is to target multiple genes
simultaneously, allowing for the fine-tuning of complex biological networks [16]. By binding to the
3' untranslated region (UTR) of target mRNA molecules, miRNAs can induce translational repression
or mRNA degradation, thereby downregulating the expression of specific genes. This post-
transcriptional regulation mediated by miRNAs is involved in several biological processes, including
cell proliferation, apoptosis, and immune response. MiRNAs are transcribed from specific genomic
loci as long primary transcripts called pri-miRNAs. These pri-miRNAs undergo a series of enzymatic
processing steps to generate mature miRNAs [17]. The initial processing event takes place in the
nucleus, where the pri-miRNA is cleaved by the endonuclease Drosha, resulting in the formation of
a hairpin-shaped precursor miRNA called pre-miRNA [18]. The pre-miRNA is then transported to
the cytoplasm by nuclear export factor exportin-5 (XPO5), where it undergoes additional processing
facilitated by the endonuclease Dicer. This processing leads to the generation of a mature miRNA
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duplex. Within this duplex, one of the miRNA strands, known as the “guide strand”, is selectively
incorporated into the RNA-induced silencing complex (RISC), while the other strand, known as the
“passenger strand”, is usually degraded. This incorporation of the guide strand into RISC allows for
the precise targeting of mRNAs, resulting in their translational repression or degradation [19]. Recent
data suggest that alongside the biogenesis pathway just described, known as the “canonical
pathway”, there are non-canonical pathways for miRNA production defined as “Dicer independent”
and “Droshoa independent” pathways [20,21]. The canonical pathway of miRNAs biogenesis is
represented in Figure 2.
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Figure 2. The canonical pathway of miRNAs biogenesis is represented.

1.2.2. Functions of microRNAs in Cancers

Once loaded onto the RISC, the mature miRNA guides the complex to its target mRNA
molecules through base pairing between the miRNA and the target mRNA. The regulation system is
guided by the grade of complementarity between the miRNA and its target. The perfect or almost-
perfect complementarity leads to mRNA degradation, while the partial complementarity results in
translational repression. The discovery of miRNAs has revolutionized the understanding of gene
regulation and provided novel insights into the complexity of cellular processes. Their dysregulation
has been implicated in several diseases, such as cardiovascular disorders, neurodegenerative
diseases, viral infections, and, above all, cancers. The up-to-date knowledge highlights that miRNAs,
playing a crucial role in gene expression regulation, can both stimulate or attenuate metabolic
activities, which, in turn, can lead to cancer development. Alterations of these tiny molecules’
production have been correlated to carcinogenesis through several and complex mechanisms,
including chromosomal DNA mutations, epigenetic modifications, and transcriptional
dysregulations [22,23]. On this topic, a more comprehensive understanding of the intricate link
between miRNAs regulation and tumorigenesis is mandatory for advancing cancer prevention and
treatment. Scientific research is increasingly focusing on the goal of exploiting the potential of
miRNAs as diagnostic, prognostic and predictive markers of response to therapy, which appears to
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be promising for the development of innovative approaches in personalized medicine. In this context,
a possible future role of artificial intelligence (AI) can be evaluated which, through big data analysis,
can ease early diagnosis and guide physicians’ therapeutical choices for patient-tailored strategies.

This review aims to reorganize the knowledge known so far on the role of miRNAs in MCC
pathogenesis and progression, also trying to offer a starting point on a new scientific field concerning
the possible diagnostic perspectives and therapeutic approaches of these molecules. Also, new
perspectives on the poorly explored field of Al in MCC are provided.

2. Role of miRNAs in Merkel Cell Carcinoma

2.1. miR-375 and Merkel Cell Carcinoma

Several miRNAs have been described as dysregulated in MCC, for both MCCN and MCCP
subtypes. One of the most deeply studied miRNAs in MCC is hsa-miR-375 [23-31], which seems to
play a dichotomous function based on specific tumor type [32], since it can act as an oncogenic
miRNA or, conversely, as an anti-tumoral miRNA [33-36]. By conducting deep sequencing of RNA
from different sample groups, including normal skin, basal cell carcinoma (BCC) and MCC, it was
discovered that miR-375 is specifically associated with MCC, with its concentration being 60 times
higher compared to the non-MCC group (consisting of normal skin and BCC samples). Moreover,
the levels of miR-375 were independent of the viral state, thus suggesting that the presence of the
virus does not influence the expression of miR-375[29]. Confirming this hypothesis, Fan et al.
screened a set of sera from a group of MCC patients for circulating hsa-miR-375 and highlighted that
hsa-miR-375 levels strongly correlated to the tumor volume, hypotizing the possible involvement of
this miRNA in MCC pathogenesis [28]. Other studies highlighted that silencing hsa-miR-375 in MCC
cell lines did not affect cell proliferation, morphology, apoptosis, or oncogenic signaling pathways,
so it was proposed to play a more likely role in intercellular communication in MCC as an “exosome-
shuttle miRNA”[37]. It was found that when transferred horizontally, hsa-miR-375 induced
polarization of fibroblasts towards cancer-associated fibroblasts (CAFs) by downregulating genes
involved in fibroblast polarization, such as recombination signal binding protein for immunoglobulin
kappa | region (RBPJ) and TP53. These findings suggest that miR-375's function in MCC cells is to
induce a pro-tumorigenic microenvironment through fibroblast polarization, rather than directly
affecting MCC cells themselves [38]. However, other studies have shown different conclusions,
reporting both an intracellular role for hsa-miR-375 in MCC and a dual nature of this miRNA in
different pathophysiological conditions, particularly concerning MCPyV positivity [30,39].

2.1.1. miR-375 Related to the Viral State

Differently than what was stated before, just as the dual role of hsa-miR-375 in promoting and
inhibiting carcinogenesis has been reported, a similar dual role has been described in MCC
depending on MCPyV status, since an overexpression of hsa-miR-375 in MCCP tissues and cells
compared to MCCN has been observed [31,39]. The inhibition of hsa-miR-375 expression can reduce
cell growth and increase apoptosis in MCCP cells, while its ectopic expression can decrease
proliferation and migration in MCCN cells, resulting in proapoptotic effects and cell cycle arrest. The
functional expression of hsa-miR-375 seems to be mediated by MCPyV truncated LTAg through the
expression of atonal bHLH transcription factor 1 (ATOHI1), a key regulator of Merkel cell
development, which directly activates hsa-miR-375 expression during MCPyV-driven carcinogenesis
[40]. Demonstrating the upstream role played by ATOHI, some authors showed that hsa-miR-375
expression was enhanced following the forced overexpression of ATOH1 in MCCN cells [40].
However, the ATOH1 role is not still completely understood as it is downregulated during MCC
progression but overexpressed in MCCP carcinogenesis [41,42].

Another non-unique aspect concerns the different expression of hsa-miR-375 based on the
histological differentiation of MCCs. Hsa-miR-375 has been observed to exhibit high expression
levels in well-differentiated MCC cells, while it is silenced in undifferentiated and aggressive MCC
cells. When artificially induced in these aggressive MCC cells, hsa-miR-375 promotes neuroendocrine
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differentiation and reduces cell viability, migration, invasion, and survival, which suggests a
potential tumor-suppressive role for this miRNA. The inhibition of two target genes, NOTCH2 and
RBPJ, belonging to the Notch signaling pathway by hsa-miR-375, seems to contribute to the
neuroendocrine differentiation process, suggesting that hsa-miR-375-driven MCC may arise from a
cutaneous subpopulation of neuroendocrine cells, including both Merkel cells or their precursors.
Concerning MCPyV positivity, the suppression of hsa-miR-375 did not impact NOTCH2 expression
and cell proliferation in MCC cells, but it led to increased RBPJ expression, thus highlighting that
MCCP cells may rely on MCPyV LTAg/STAg for sustained growth and survival, unlike MCCN cells,
whose proliferation is likely driven by hsa-miR-375 [30].

In MCCP cells, functional inhibition of hsa-miR-375 expression can lead to reduced cell growth
and increased apoptosis while, on the other hand, ectopic expression of hsa-miR-375 in MCCN cells
can decrease proliferation and migration, resulting in proapoptotic effects and cell cycle arrest.
Simultaneously, a negative correlation has been observed between the expression of lactate
dehydrogenase B (LDHB), a target of hsa-miR-375 known to play important roles in cancer cell
growth and progression, and the expression of hsa-miR-375 in MCCP cells. Specifically, silencing
LDHB counteracted the growth effects caused by the inhibition of hsa-miR-375 in MCCP cells, while
LDHB inhibition reduced cell growth in MCCN cells [39]. Further experiments on MCCP cells
revealed that the expression of hsa-miR-375 is also promoted by two autophagy-related genes,
autophagy-related 7 (ATG7) and ubiquitin-binding protein p62 (p62). This suggests that MCPyV
oncoproteins might suppress autophagy in MCCP cells by targeting autophagy-related genes,
thereby protecting the cells from autophagy-induced cell death [27].

In conclusion, Hsa-miR-375 might function as a tumor suppressor in MCCN, while acting as an
oncomiR in MCCP. Figure 3 highlights the dual role of has-miR-375 in MCCP and MCCN.

cell proliferation

’/ apoptosis inhibition
upregulation -
—_—>

> cell migration K W

cell invasion

MCPyV-positive
Merkel cell carcinoma

promote neuroendocrine differentiation
upregulation reduced cell viability
e e
T

reduced cell migration and invasion
MCPyV-negative

>
Merkel cell carcinoma hsa-miR-375 \A reduced cell survival

hsa-miR-375

Figure 3. the possible dual role of hsa-miR-375 in MCCP and MCCN. In MCCP emerges its role as an
oncomiR, promoting cell proliferation, apoptosis inhibition, cell migration and invasion, while in
MCCN it acts as a tumor-suppressor miRNA, promoting neuroendocrine differentiation and
reducing cell viability, migration and survival. Created with BioRender.com.
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2.2. Other miRNAs Dysregulated in Merkel Cell Carcinoma

The biological role of other several miRNAs in MCC is yet to be fully explored, despite their
reported dual role as tumor-promoting and tumor-inhibiting molecules. In an initial study, using
next-generation sequencing, Ning et al. analyzed the microRNAome of three MCCs, with unknown
MCPyV status, one melanoma, one squamous cell carcinoma (SCC), one BCC, and one normal skin
sample, aiming to distinguish miRNAs that are specifically associated with MCC. Their findings
revealed that eight miRNAs were upregulated in MCC (miR-502-3p, miR-9, miR-7, miR-340, miR-
182, miR-190b, miR-873, and miR-183), whereas three miRNAs were downregulated when compared
to non-MCC cutaneous tumors and normal skin (miR-3170, miR-125b, and miR-374c)[43].

Among these microRNAs, hsa-miR-182, hsa-miR-190b, hsa-miR-183, and hsa-miR-340 were also
found to be overexpressed in a single MCCP cell line compared to various non-MCC cells. However,
the functional roles of these microRNAs in MCC and their relationship with MCPyV require further
investigation, since the expression patterns of several miRNAs have been found to differ between
MCCP and MCCN tumors [43]. Specifically, hsa-miR-30a, hsa-miR-30a-3p, hsa-miR-30a-5p, hsa-miR-
34a, hsa-miR-769-5p, hsa-miR-142-3p, and hsa-miR-1539 were overexpressed in MCCP tumors, while
hsa-miR-203 was downregulated [44]. Conversely, miRNAs that exhibit higher expression levels in
MCCN, as compared to MCCP, include miR-125b, miR-374c, and miR-3170[43]. Among these, miR-
125b seems to play a dual role in suppressing and promoting cancer progression, while also down-
regulating the activation and cytotoxicity activity of y0 T cells as well as cells involved in anti-tumor
surveillance [45,46]. On the other hand, miR-374c has been described as a new miRNA in cervical
cancer, while miR-3170 was first detected in the miRNAome of melanoma and subsequently
observed in breast cancer as well [47,48].

A comparative analysis of the intracellular miRNA expression profiles in 10 MCCN and 16
MCCP by a miRNA microarray-based method revealed 36 over-expressed and 20 under-expressed
miRNAs in MCCP compared to MCCN [31]. Among these, miR-30a-3p, miR-30a-5p, miR-34a, miR-
375, and miR-769-5p showed a significant overexpression, while miR-203 exhibited a significant
underexpression, as confirmed by qRT-PCR. Regarding hsa-miR-30a-3p and hsa-miR-30a-5p,
functional studies conducted in MCCP cells have shown that the expression of these miRNAs can be
upregulated by MCPyV oncoproteins LTAg/STAg. These miRNAs were found to target Beclin 1
(BECN1), a protein involved in autophagy and cell death [27]. The upregulation of hsa-miR-30a-3p
and hsa-miR-30a-5p by MCPyV oncoproteins suggests a role in suppressing autophagy to protect
cancer cells from cell death, highlighting an oncomiR function for these miRNAs in MCCP.

The potential role of miR-203 in the development of MCC was investigated by overexpressing
miR-203 into three MCCN cell lines [31]. This led to a decrease in cell growth, an increase in the
number of cells in the G1 phase of the cell cycle, and a decrease in the number of cells in the G2 phase,
but with no noticeable impact on apoptosis compared to cells transfected with a miRNA mimic
control. The expression of the anti-apoptotic gene BIRC5 (survivin) was negatively regulated by the
over-expression of miR-203, but not inducing apoptosis. On the other hand, when miR-203 was over-
expressed in the MCCP WaGa cell line, it did not significantly affect cell proliferation, cell cycle
progression, or survivin expression levels, thus suggesting that miR-203 regulates the expression of
survivin in MCCN cell lines, but not in MCCP cell lines. These evidences indicate a tumor-
suppressive function for hsa-miR-203 in MCC, particularly in cases MCCN [49].

Another miRNA investigated for its established strong association with cancer is miR-20a-5p
[50]. This is usually due to dysregulation (overexpression or downregulation) of the upstream
processing machinery components, resulting in aberrant biosynthesis of miR-20a-5p [50]. On this
topic, a recent in vitro study investigating the involvement of the histone methyltransferase PR/SET
domain 8 (PRDMS8) in MCCN onset identified hsa-miR-20a-5p as a negative upstream regulator of
this gene. Hsa-miR-20a-5p was found to be downregulated in MCCN cells, thus leading to high levels
of PRDMS protein and the repressive histone mark H3 lysine 9 trimethylation, which is involved in
silencing tumor suppressor genes [51]. These findings highlight a novel epigenetic mechanism
involving the regulation of PRDMS by hsa-miR-20a-5p in MCCN development, suggesting hsa-miR-
20a-5p as a potential tumor suppressor miRNA candidate in MCCN treatment. Gravemeyer et al.
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demonstrated that MCCP exhibited lower expression of genes associated with EMT, a process

involved in the acquisition of migratory and invasive properties by cells. Concurrently, they found
higher expression levels of miRNA clusters, namely miR-200c-141 and miR-183-96-182, which are
known regulators of EMT [52].

Finally, the differential expression of miRNAs in primary and metastatic MCC has also been

investigated, thus highlighting that 92 miRNAs were over-expressed in metastatic MCC as compared
to primary tumors [31]. Among the miRNAs analyzed, miR-150 was identified as the only miRNA
significantly upregulated after qRT-PCR validation, despite miR-142-3p, miR-483-5p and miR-630
being initially identified as among the most upregulated [31]. Table 1 summarizes miRNAs
dysregulation in MCC. Figure 4 summarizes the main dysregulated miRNAs in MCCP.

Table 1. the main miRNAs dysregulation in MCC are summarized.

Authors miRNAs upregulated in MCC  Sample types miRNAs' role
' MCCP versus MCCN rr}1R—375 §erum level sho.we(.i h.lgh
Fanetal.[28] miR-375 . . diagnostic accuracy to discriminate tumor-
tissues and cel lines . . .
bearing and tumor-free patients with MCC.
miRNA-9 Enhancing tumor motility and promotin
miRNA-502-3p § tUOT MOy and promotng
MiRNA-7 colony formation.
. MCC tissues versus Specifically miR-182 was localized within
. miRNA-340 .
Ning et al.[43] MiRNA-182 non-MCC skin tumor tumor cells and, as expected from the qRT-
. and normal skin PCR data, expression in surrounding tissue
miRNA-190b .
. and normal skin was low compared to that
miRNA-873 in MCC cell
miRNA-183 neE
Downregulating the expression of gene
Renwicket ~ miRNA-205 MCC versus non-MCC tiﬁff;::gﬁigfizcﬁ? (‘g”g‘Ttl%e g?:ﬁz
al.[29] miRNA-375 tissue and cell lines P ) & . )
respective genes. Potential diagnostic role
by distinguish BCC from MCC
Xieetal[31] miR-150 MCC metastases versus Association with tumor metastasis and

primary tumor

disease-specific survival

miRNAs downregulated in

Authors MCC Sample types miRNAs’ role
miRNA-3170 MCC tissues versus
Ning et al.[43] miRNA-125b non-MCC skin tumor  Not reported.
miRNA-374c and normal skin
Authors miRNAs upregulatd in MCCP Sample types miRNAs’ role
miR-34a . . .
) miR-1539 MCCP versus MCCN Pc?551ble role in the (.)ncogene'sm of MCCP.
Veija et al.[44] . . Slight underexpression of miR-181d was
miR-30a tissues .
. detectable in MCCP
miR-142-3p
miR-200c-141 . .
Gravemeyer et miR-183-96-1832 MCCP versus MCCN - ablishment of a connection between the
. . neuroendocrine features of MCC and the
al.[52] miR-30a-5p cell lines lack of EMT
miR-375
Abrahametal. . MCCP versus MCCN  Roles of MiR-375 in neuroendocrine
miR-375 . . .
[30] cell lines differentiation
miR-30a-3p
Xie et al.[31] miR-769-5p MCCP versus MCCN  Specifically upregulated in MCCP
' miR-34a tissues compared to MCCN
miR-375
Author miRNAs disregulated in MCCN Sample types miRNAs’ role
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Veija et al.[44] miR-34a MCCP versus MCCN  Statistically significative reduction of miR-
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Xieetal[31]  miR-203 s versus Specific activity only in MCCN

Silencing of LDHB reduced cell growth in

MCCP versus MCCN  MCPyV- cell lines, while its silencing in

tissues and cel lines MCPyV+ cell lines rescued the cell growth
effect mediated by miR-375 inhibition
miR-20a-5p downregulation in MCCN led
to high levels of PRDMS protein, which is
involved in silencing tumor suppressor
gene.

Kumar et al.[39]miR-375

Orouji et al. [51]miR-20a-5p
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Figure 4. during MCPyV-driven carcinogenesis, MCPyV truncated LTAg mediates the functional
expression of hsa-miR-375 through ATOH1. Hsa-miR-375 promotes neuroendocrine differentiation
and reduces cell viability, migration, invasion, and survival, indicating a potential tumor-suppressive
role for this miRNA. The functional repression of NOTCH2 and RBPJ contributes to the
neuroendocrine differentiation process. Hsa-miR-375 does not impact NOTCH2-related cell
proliferation, while the inhibition of RBP] expression, through has-miR-375, leads to a pro-tumoral
microenvironment. Downregulation of TP53 causes cancer-associated fibroblast polarization.
Silencing LDHB counteracts the growth effects caused by the inhibition of hsa-miR-375 in MCCP cells.
Also, ATG7 and p62, two autophagy-related genes, are targeted by hsa-miR-375, thus suggesting that
MCPyV oncoproteins might suppress autophagy in MCCP cells. Also, hsa-miR-30a-3p and hsa-miR-
30a-5p can be upregulated by MCPyV oncoprotein LTAg/STAg. These miRNAs target, through
inhibition, BECN1 which is involved in autophagy and cell death, suggesting a role in suppressing
autophagy to protect cancer cells from cell death. Finally, the upregulation of miR-200c-141 and miR-
183-96-182 causes a lower expression of EMT-related genes. .

2.3. Exosomal miRNAs in Merkel Cell Carcinoma
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Exosomes, one of the three main types of extracellular vesicles (EVs)[53] are nanoscale vesicles,

having a round or oval shape [54] and ranging in diameter from 30 to 130 nm, which are actively
released through the fusion of multivesicular endosomes with the plasma membrane and persist in
various bodily fluids such as blood and lymph [55]. It is well-established that exosomes act as vehicles
for transporting various molecules, including DNA, miRNAs, mRNAs, proteins, lipids and circular
RNAs (circRNAs)[55]. Among these, miRNAs are highly abundant in exosomes due to their small
size of 19-24 nucleotides. Some miRNAs are specifically enriched in exosomes and are referred to as
“exosome-shuttle miRNAs”, including the already mentioned has-miR-375, playing a significant role
in the communication between tumor cells and stromal cells, and influencing various aspects of
tumor biology, including proliferation, angiogenesis, metastasis, immune responses, as well as the
activation of CAFs, which are present in the tumor microenvironment [55]. Exosome-shuttle miRNAs
contribute to the complex network of cellular interactions that shape tumor behavior and can have
profound effects on tumor progression and metastatic process, being recognized as crucial mediators
of molecular communication and material transfer between primary tumor sites and distant
metastasis sites [55]. Moving from these premises, exosomal miRNAs have gained attention as
promising cancer biomarkers for various cancers, including melanoma, breast, colon, prostate, renal,
and gastric cancer [56—62], due to their easy retrieval from body fluids, eliminating the need for tumor
biopsy [63-65]. However, limited research has been conducted on exosomal-miRNAs specifically in
MCC, and they have not yet been utilized as biomarkers.
Referring to the most studied miRNA, hsa-miR-375 has been demonstrated to induce fibroblast
polarization towards CAFs by regulating genes involved in fibroblast polarization, including RBP]J
and TP53[37]. This suggests that miR-375 in MCCP cells may induce a pro-tumorigenic
microenvironment, rather than directly affecting the MCCP cells themselves. Moreover, silencing
hsa-miR-375 in MCC cell lines had no significant effects on cell proliferation, morphology, apoptosis,
or oncogenic signaling pathways, thus ruling out an intracellular role for miR-375 in MCCP [38].

MiR-30a, miR-34, and miR-375 have been also reported in MCC [29]. Although miR-30 and miR-
375 were found in exosomes derived from MCC cell lines, it remains unknown whether these
miRNAs are present in non-transformed Merkel cells. Moreover, miR-30a and miR-34 have shown
increased levels in MCCP compared to MCCN cases, suggesting their potential application in
distinguishing between MCCP and MCCN [31,44]. Among the miRNAs previously identified in
intracellular MCC samples from MCC cell lines, the initial findings confirmed the presence of miR-
30a, miR-125b, miR-183, miR-190b, and miR-375 in the exosomes [23]. Moving to clinical applications,
to improve diagnosis, real-time PCR methods targeting exosomal miRNAs specific to MCCP could
replace conventional PCR using DNA extracted from tumor samples, with the advantage of
accessibility of body fluids like blood or urine, which are easier to obtain for patients compared to
biopsies, thus saving time and the need for invasive tests for patients. Figure 5 highlights exosomal
miRNAs dysregulated in MCC.
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Figure 5. exosomal miRNAs are extracted through liquid biopsies. miR-125b, miR-183 and miR-190b
are overexpressed in MCC; miR-30a and miR-34 have been associated to MCCP specifically while
has-miR375 induces fibroblast polarization towards CAFs, pro-tumoral microenvironment with no
effect on cell proliferation.

2.4. CircRNAs in Merkel Cell Carcinoma

CircRNAs are a class of non-coding RNA molecules that are characterized by their covalently
closed loop structure, lacking 5' caps and 3' polyadenylated tails and generated through a process
called “back-splicing”, where a downstream splice acceptor site is joined to an upstream splice donor
site, resulting in a circularized RNA molecule. CircRNAs have been implicated in various biological
processes, including gene expression regulation, RNA splicing modulation, and protein interaction
modulation [66]. Their presence and functional relevance have been discovered across different
species, suggesting their evolutionary conservation and potential biological significance [67,68].
CircRNAs exhibit cell-, tissue-, or disease-specific activities, leading to contrasting effects in different
contexts, acting as oncogenic drivers or tumor suppressors [69]. However, studies have reported
abnormal expression of circRNAs in cancer tissues, implicating their role in tumor initiation and
progression. The imbalances in circRNA levels in neoplastic diseases can be related to different
mechanisms that alter circRNA circularization during cancer development [70]. In fact, the
expression patterns of circRNAs have been extensively investigated in solid cancers such as epithelial
ovarian cancer, breast cancer, and esophageal squamous cell carcinoma [70]. Recent research has shed
light on the role of circRNAs in MCC pathogenesis [71], with specific circRNAs being identified as
dysregulated compared to healthy tissues [71], which seem to contribute to tumor progression
through various mechanisms. For instance, some circRNAs may act as sponges for miRNAs,
sequestering them and preventing their interaction with target mRNAs, thereby indirectly
modulating gene expression. Others circRNAs can interact with RN A-binding proteins and influence
their activities, modulating cellular processes and signaling pathways involved in MCC development
and progression [65]. Moreover, certain circRNAs have been found to participate in the regulation of
key cancer-related pathways, such as cell proliferation, apoptosis, migration, and invasion. By
affecting these pathways, circRNAs can influence the behavior of MCC cells, promoting tumor
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growth, metastasis, or immune evasion [65]. On this topic, a recent study conducted by Abere et al.
has revealed the presence of a circRNA called circMCV-T in the genome of MCPyV. These circRNAs
could counteract the effects of MCPyV-miR-M1, a miRNA encoded by the virus. Specifically,
circMCV-T is a circular RNA molecule that is 762 nucleotides long and is generated through the
process of back-splicing of the MCPyV transcript from the viral early region, which is expressed
simultaneously with the viral LTAg and inhibits MCPyV-miR-M1, thereby promoting LTAg
expression during viral replication. This intricate interplay between viral circRNAs, miRNAs, and
mRNA molecules modulates the replication of MCPyV DNA. However, the biological significance of
these RNAs in the context of MCCP is yet to be fully understood [71]. Yang et al. conducted a study
that identified protein-coding circALTO RNAs derived from both MCPyV and Trichodysplasia
spinulosa polyomavirus (TSPyV)[72]. In the case of MCPyV, two circRNAs (circALTO1 and
circALTO2) were found in the early region surrounding the ALTO gene in MCCP cell lines and
patient tumors, suggesting that MCPyV circALTO can enhance the transcriptional activity of specific
promoters.

We suggest that understanding the specific circRNAs involved in MCC and elucidating their
functional roles can provide insights into the underlying mechanisms of the disease and potentially
reveal novel therapeutic targets.

3. Possible Uses and Limitations of miRNAs in Merkel Cell Carcinoma

3.1. miRNAs possible Clinical Applications

MiRNAs are gaining clinical significance as early disease and prognostic biomarkers for their
ability to either enable early disease identification or predict patient outcomes, particularly using
liquid biopsies which are noninvasive and easily repeatable, allowing for efficient and repeated
quantification of miRNAs [73]. Despite encouraging data, only a few miRNAs have been attributed
with potential diagnostic and prognostic roles in MCC. Hsa-miR-375 has been extensively studied in
MCC tissues and cells [28-31], while limited data are available for other miRNAs, such as hsa-miR-
30a and hsa-mir-34a, which have been identified in MCC tissues and cells just in two independent
studies [31,44]. The prognostic importance of miRNAs in MCC has been demonstrated for hsa-miR-
150, which is associated with metastasis and poor prognosis [31], as well as circulating hsa-miR-375,
which has been suggested as a patient monitoring tool [28]. In fact, elevated levels of circulating hsa-
miR-375 have been observed in MCC patients compared to tumor-free patients, with high diagnostic
accuracy, indicating its potential as a reliable liquid biopsy-based biomarker for tumor burden in
MCC patients without restriction to MCPyV positivity. This data suggests the possible use of hsa-
miR-375 for therapy monitoring and the follow-up of MCC patients [28]. As already discussed, the
first-line treatment for mMCC includes immunotherapy, which is showing promising results in
mMCC treatment by targeting the PD1-PDL-1 pathway using anti-PD1 antibodies (pembrolizumab,
nivolumab) or anti-PDL-1 antibodies (avelumab)[74]. These therapies have demonstrated favorable
responses, with a six-month progression-free survival rate ranging from 40% to 85% and even
complete tumor resolution in some patients [75-80]. However, not all patients respond positively to
these therapies, highlighting the need for the development of additional treatment approaches. Drugs
targeting MCC-specific miRNAs or their target transcripts could be used in combination with the
already approved immunotherapy treatments, but unfortunately clinical trials involving miRNAs
have been initiated for various pathological conditions, although not specifically for MCC [81,82]. To
establish useful miRNA biomarkers, multicentric studies analyzing the microRNAome on a
significant number of MCC samples or biological fluids obtained from patients are mandatory to
correlate miRNA data with clinical features, tumor stage, viral status, expression of specific markers,
patient age, and gender.

3.2. miRNAs Limitations

Despite the presence of promising data, currently available studies on miRNA dysregulation in
MCC do not provide sufficient evidence to establish definitive conclusions in clinical applications,
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with the main limitation caused by incomplete and often conflicting results [83,84]. One of the
challenges in studying miRNAs in MCC is the lack of knowledge about the specific miRNA network
of normal Merkel cells, partly due to the rarity of Merkel cells and their unknown origin.
Additionally, there are too few Merkel cells in the skin to account for the high copies of the MCPyV
genome detected on healthy human skin [85]. Further studies, particularly using single-cell
transcriptomic/proteomic approaches, are needed to better characterize Merkel cells and identify the
cells of origin for MCC. Moreover, it remains unclear whether the miRNAs derived from MCC are
specifically expressed in MCC cells or also present in non-malignant Merkel cells [23]. Standard
tumor sampling may not effectively separate the tumor from histologically benign tissue, resulting
in contamination by nonmalignant cells such as epithelial, endothelial, white and blood cells, and
fibroblasts [86,87], which can impact the reliability of miRNA-based studies. Primary cell cultures
established from fresh MCC specimens can potentially reduce contamination bias during RNA
isolation by isolating RNA from tumor cells separately [86,87]. Finally, obtaining large sets of MCC
tissues is challenging due to the rarity of this cutaneous cancer, resulting in some studies being
conducted with a relatively small number of samples, thus leading to insufficient statistical power.
To overcome these challenges, multicenter studies should be designed to collect MCC tissues/liquid
biopsies from different centers, including both MCCP and MCCN samples.

4. Application of Artificial Intelligence in MCC

In recent years, advancements in the field of Al have shown promise in enhancing the diagnosis,
management, and assessment of skin cancers, sometimes performing better than dermatologists [88].
Machine learning (ML) models for skin cancer recognition can analyze medical images, including
dermoscopic images or photographs of skin lesions, identifying specific patterns and features of
MCC, thereby helping early detection and diagnosis, and potentially allowing for earlier intervention
and improved patient outcomes. However, some issues are emerging: when trained ML models are
deployed into real-life experience, the detection of rare but aggressive skin cancers, including MCC,
represents an important challenge, since these cancers are not well-covered in training datasets.
Aiming to overcome these limitations, a data set of MCC, amelanotic melanoma, and common benign
lesions was obtained by Steele et al. Modell (direct to consumer) returns a high/low-risk binary
output, while Model2 (search) provides a list of the top five diagnoses with prediction confidence.
However, in the direct-to-consumer model, approximately 20% of MCCs were misdiagnosed as low-
risk lesions, and the false-positive rate for common benign lesions was greater than 60%. This
limitation arises from the fact that these models are trained on the most frequent tumors and lesions,
excluding the rarest ones such as MCC, which limits their application in real-life clinical practice.
Indeed, models trained without MCC may erroneously learn that the red color is strongly suggestive
only for benign vascular lesions, obtaining excellent results during ML setup, but not diagnosing
MCC in clinical practice [89]. From this emerges the need to train these ML models also with specific
images and features specific to rare tumors.

Al models can also integrate clinical and genomic data to assess the prognosis, risk of recurrence
and metastasis in MCC patients. A study conducted by Cheng et al. identified and characterized the
landscape of cellular states and ecotypes in MCC based on a ML framework, highlighting that the
genes highly expressed in cellular states were significantly enriched in immune- and cancer hallmark-
related pathways. Transcriptional regulation analysis revealed the critical transcription factors (i.e.
E2F1, E2F3 and E2F7), which play important roles in regulating the TME of MCC, providing an initial
knowledge to understand the intrinsic subtypes of MCCs and the pathways involved in distinct
subtype oncogenesis [90]. Moreover, liquid-biopsies-based detection of miRNA biomarkers in Al-
based models for early-stage cancer subtyping and prognosis is emerging, which could be useful in
machine-based predictive modeling of cancer staging and progression [91]. In dermatological fields,
this line of research has been already developed in cutaneous melanoma, with miRNAs being
analyzed in a non-linear classification model to predict melanoma metastasis and recurrence [92].
Finally, in the future, Al algorithms could accelerate the identification and development of novel
therapeutic targets for MCC through the analysis of large datasets of genomic and molecular
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information or, conversely, could predict the efficacy of existing drugs or repurposed compounds.
Al systems, by analyzing complex datasets, can serve as decision support tools for oncologists and
dermatologists in the management of patients with MCC, providing evidence-based
recommendations and assisting physicians in treatment decisions. However, it is mandatory to
validate Al models rigorously and integrate them effectively into clinical practice to realize their full
potential in dermo-oncology. Finally, the “explainability”, the ability to understand the decisions or
predictions made by an ML model, particularly deep learning models, which are often seen as "black
boxes" due to their complex architectures and high amount of data, results crucial to understand,
validate, and potentially correct the decisions made by Al systems, especially in the oncological field.

5. Conclusions and Future Perspectives

Our review highlights the increasing significance of miRNAs in understanding MCC
pathogenesis and progression, encompassing both MCCP and MCCN subtypes. Several miRNAs are
being studied, and although some of them are showing promise as potential candidates for playing
a role in MCC pathogenesis and progression, their precise roles remain not fully elucidated. Specific
miRNA levels were correlated with MCCP, while others were correlated with MCCN. Some miRNAs
identified in the MCC have been found to play a dual function, acting as both oncogenes and tumor
suppressors in other cellular systems. Consequently, targeting the expression of these miRNAs may
present a double-edged sword, which could affect both pro-tumor and anti-tumor pathways.
Therefore, it is crucial to elucidate the precise roles of miRNAs in MCC to develop effective and
specific therapeutic future strategies. By understanding the specific contributions of miRNAs in the
MCC, it becomes possible to design interventions that selectively target oncogenic pathways while
sparing tumor suppressive mechanisms. Therefore, the need to conduct further functional
investigations to unravel the mechanistic involvement of miRNAs in MCC is arising. Monitoring
MCC patients based on miRNA profiles could offer valuable insights during therapy. Furthermore,
miRNAs have demonstrated potential as prognostic indicators for therapy resistance and are
emerging as viable targets for tumor treatment, but their implication in drug resistance and
therapeutic applications in MCC has not been explored. Nevertheless, miRNAs present several
limitations. These molecules are present in very low levels in biological samples, particularly in liquid
biopsies, and they are often not detected by PCR. The lack of understanding regarding the specific
miRNA network in normal Merkel cells is another limitation that could be addressed in the future
through single-cell transcriptomic and proteomic studies. Contamination from non-malignant cells
in MCC tissues could be mitigated by establishing primary cell cultures. Lastly, MCC is a very rare
cutaneous cancer, therefore the issue of small sample sizes in MCC studies has emerged. From this,
we suggest the need for multicenter investigations to increase sample size and statistical power.
Finally, a prospective role of Al in the analysis of miRNAs, especially based on ML systems, is
emerging in the dermato-oncology field, proving to be a possible future support for clinicians in the
early diagnosis, staging, and prognosis of MCC patients.
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