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A B S T R A C T

Merkel Cell Carcinoma (MCC) is an uncommon yet highly malignant form of skin cancer, frequently linked to the 
Merkel cell polyomavirus (MCPyV). This review comprehensively covers data from year 2000 to 2024, 
employing keywords such as MCC, MCPyV Oncoproteins, Immunohistochemistry, Southern Blot, Western Blot, 
Polymerase Chain Reaction (PCR), Digital Droplet PCR (ddPCR), Next-Generation Sequencing (NGS), and In Situ 
Hybridization (ISH). The search engines utilized were Google, PubMed Central, Scopus, and other journal da
tabases like ScienceDirect. This review is essential for researchers and the broader medical community as it 
consolidates two decades of research on the genetic and molecular profiling of MCC, particularly focusing on 
MCPyV’s role in its pathogenesis. It highlights the diagnostic advancements and therapeutic potential of tar
geting viral oncoproteins and provides insights into the development of both in vivo and in vitro models for better 
understanding MCC. The findings emphasize the significance of early detection, molecular diagnostics, and 
personalized treatment approaches, aiming to improve outcomes for patients with this malignant malignancy.

1. Introduction

Merkel Cell Carcinoma (MCC) is a rare but aggressive form of skin 
cancer that predominantly arises from the merkel cells, a specialized 
neuroendocrine cells found at the base of the epidermis layer of the skin 
[1,2]. These cells play an important role in the sensory motion [3]. MCC 
is known for its rapid growth and propensity for early metastasis, which 
makes it a particularly challenging or malignancy to treat [4]. Clinically, 
MCC tends to present as a painless, firm nodule on the skin, commonly 
appearing on areas of the body usually exposed to sun [5,6]. Patients at 
greater risk typically include the elderly, individuals with fair skin, those 
with a history of extensive sun exposure, or immunocompromised in
dividuals [7,8]. The diagnosis of MCC requires a high index of suspicion 
and typically involves a combination of physical examination, imaging 

studies, and confirmatory tissue biopsy [9,10]. Despite its aggressive 
nature, early-stage MCC can be managed effectively with surgical 
excision, often followed by radiation therapy [11,12]. These cases may 
further require systemic treatments such as chemotherapy or, more 
recently, immune checkpoint inhibitors, which have shown assurance in 
improving outcomes for patients with metastatic disease [13,14]. Due to 
its abnormality, research into MCC is ongoing, and clinicians are 
encouraged to report cases and treatment outcomes to enhance the 
understanding of this malignancy and enlighten better diagnostic and 
therapeutic strategies.

The timely identification and therapy are essential for enhancing 
patient longevity and well-being in MCC [15]. The genetic and molec
ular profiling of MCC holds significant value for advancing the under
standing, diagnosis, and treatment of the disease [16,17]. The molecular 
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characterization has illuminated the pathogenesis of MCC, dividing it 
into two main etiological categories, i.e., those caused by the clonal 
integration of MCPyV and those driven by ultraviolet light-induced 
mutations [18–20]. MCPyV-positive tumors typically have a better 
prognosis and are often associated with a different therapeutic response 
than MCPyV-negative tumors [21,22]. The virus-positive MCC generally 
exhibits fewer mutations and presents a distinct immuno-biological 
behavior, suggesting that viral oncogenes play a crucial role in tumor
igenesis in these cases [23]. On the other hand, MCPyV-negative MCC 
harbor a high mutational burden due to ultraviolet radiation-induced 
DNA damage. This high mutational load may make these tumors more 
amenable to immunotherapy, as the increased number of mutations 
could lead to the formation of more neoantigens that are recognizable by 
the immune system [24]. In addition, the genetic profiling has also 
facilitated the identification of key mutations in tumor suppressor genes 
and oncogenes, like p53 and retinoblastoma protein (pRB), which can 
drive carcinogenesis in MCC [25].

The genetic landscape of MCC is essential for the development of 
targeted therapies tailored to the molecular characteristics of an in
dividual’s tumor. Several molecular diagnosis can further aid in precise 
staging and decision-making for MCC patients. The presence of certain 
biomarkers can guide the use of adjuvant therapies following surgical 
resection or indicate the appropriateness of chemotherapy, radiation 
therapy, or immunotherapy [26]. As per the literatures, MCC exhibits 
considerable research gaps and challenges, specifically attributed to its 
infrequency and aggressive characteristics. The exact molecular path
ways that cause MCC to form after MCPyV infection are still not clear, 
which makes it difficult to identify the effective treatments. A deficiency 
in thorough understanding of prognostic variables impedes appropriate 
patient classification and treatment planning. Several literatures further 
recommended the interventional clinical trials are necessary to deter
mine the effectiveness of new therapeutics or medicines, i.e., 
PD-1/PD-L1 inhibitors, in treating MCC. The histological diagnosis of 
MCC is frequently difficult due to its resemblance to other malignancies, 
resulting in possible misdiagnosis.

The need for enhanced diagnostic indicators and methodologies is 
essential for early detection and intervention of MCC. Conversely, 
although the emphasis on the aggressive characteristics of MCC and its 
treatment modalities is crucial, it is equally important to investigate the 
psychosocial effects on patients, as these can profoundly influence their 
quality of life and adherence to therapy. As our molecular understanding 

of MCC deepens, it holds the promise of more effective and tailored 
interventions that could significantly improve outcomes for those 
affected by this aggressive skin cancer.

2. Role of MCPyV oncoproteins in MCC pathogenesis

MCPyV is intricately linked to the pathogenesis of MCC, particularly 
in virus-positive cases of the disease. In addition, approximately 80 % of 
MCC tumors exhibited this polyomavirus incorporated into their 
genome, indicating a critical involvement in tumor growth [27], as 
shown in Fig. 1. The oncogenic mechanism of MCPyV is associated with 
the virus’s ability to express viral oncoproteins, with the two basic 
proteins being Large T antigen and Small T antigen. These viral onco
proteins interfere with the host cell’s mechanism of action, promoting 
cellular proliferation and survival, which are essential steps in tumori
genesis [28]. Large T antigen of MCPyV possess several functions, most 
notably, the binding and inactivation of pRB, leading to a loss of cell 
cycle [29]. In normal cells, pRB regulates the cell cycle by controlling 
the transition from the G1 phase to the S phase. However, the Large T 
antigen disrupts this regulation, lead to proliferation [30]. Furthermore, 
the mutations or deletions in Large T antigen that stabilize its expression 
are often observed in MCC, implicating its sustained presence as 
necessary for the maintenance of the cancer [31]. The Small T antigen 
also contributes to the transformative potential of MCPyV via targeting 
protein phosphatase 2 A (PP2A), further causing dysregulation of 
cellular signaling pathways that are normally involved in controlling 
growth and apoptosis. Additionally, the Small T antigen can modulate 
gene expression and chromosomal instability, further contributing to 
cancer development [32]. However, the pathogenic role of MCPyV is not 
entirely comprehended. The mere presence of the virus is insufficient to 
cause MCC, as MCPyV is relatively common in the general population 
and is often asymptomatic [33].

In addition to the direct oncogenic effects of MCPyVLarge T and 
Small T antigens already discussed, there are other aspects of MCPyV’s 
role in the pathogenesis of MCC. The integration of MCPyV DNA into the 
host genome is a major event in the pathogenesis of MCC. This viral 
integration is clonal, indicating that it occurs early in the oncogenic 
process and before the clonal expansion of the tumor cells. The clonal 
integration suggests that the virus plays an early and causative role in 
the development of MCC [34]. Furthermore, MCPyV may contribute to 
the immune evasion of MCC cells. The virus has developed strategies to 

Fig. 1. Overview on role of MCPyV oncoproteins and other genetic factors in MCC pathogenesis and progression.
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minimize the expression of viral proteins and the production of viral 
particles, which helps the infected cells to avoid detection and elimi
nation by the host immune system. This immune evasion is aided by the 
loss of viral capsid protein expression in tumor cells, which lowers the 
immunogenicity of the virus-infected cells [35]. Simultaneously, 
MCPyV-positive MCCs possess an immune signal that resembles an 
"immune-privileged" site, suggesting that these tumors can suppress the 
local immune response. This suppression might be facilitated by the 
intracellular oncoproteins, which can inhibit interferon signaling, 
reducing the ability of the immune system to respond the tumor cells 
[36,37]. Additionally, the viral oncoproteins may also contribute to 
genomic instability. For instance, the Large T antigen has been described 
to bind and inactivate components of the DNA damage response, leading 
to genomic instability and accumulation of mutations, which can 
contribute to the carcinogenic process [38], as shown in Fig. 1.

The study of MCPyV’s role in MCC pathogenesis also provides in
sights into potential therapeutic targets. The viral mechanisms enables 
the development of potential therapeutic strategies such as vaccines 
targeting MCPyV antigens, antiviral therapies that can disrupt the 
functions of T antigens, or immunotherapy approaches to boost the 
immune system’s response against virus-infected cancer cells [39]. 
MCPyV’s involvement in the pathogenesis of MCC also includes its 
contributions to the tumor microenvironment and further impact on cell 
cycle regulation [28,40]. MCPyV can modulate the microenvironment 
to create conditions that are corelated to cancer growth and immune 
evasion. The virus may further influence the expression of various 
cellular factors, i.e., cytokines and chemokines, that can recruit or 
suppress various immune cells. This dynamic interaction with the host 
immune system can be pivotal in allowing the tumor progression [41]. 
Moreover, the MCPyV’s strategy for persistent infection involves the 
non-lytic shedding of viral particles from the host cell, which may 
contribute to the maintenance of a chronic inflammatory state in the 
skin of affected individuals [42,43]. The chronic inflammation has been 
widely recognized as a potential risk factor for various types of cancer 
[44,45], may provide additional signals necessary for MCC carcino
genesis [46], as shown in Fig. 1. On the regulatory level, the MCPyV 
oncoproteins can also have profound effects on the cell cycle. While the 
virus does not typically cause cell lysis, its impact on cellular controls 
such as apoptosis and the cell cycle can lead to unchecked cellular di
vision and a reduced capacity for the cells to undergo apoptosis, even in 
the presence of DNA damage or other cellular stressors [28,47]. The 
exploration on the role of MCPyV oncoproteins in MCC pathogenesis 
reveals additional layers of complexity of the virus interacts with host 
cellular mechanisms and contributes to tumor development. One sig
nificant aspect involves the interplay between MCPyV oncoproteins and 
host cellular metabolic pathways. Several tumor cells, including MCC, 
often exhibited altered metabolism to support rapid proliferation and 
survival under stressful conditions [4,48]. MCPyV oncoproteins may 
re-program cellular metabolism to favor anabolic processes, providing 
the necessary biomolecules and energy for sustained tumor growth. The 
viral oncoproteins can influence glycolysis and lipid biosynthesis path
ways, ensuring that the cancer cells have a steady supply of energy and 
structural components for new cell membranes [49,50].

In addition, another intriguing area of research is the epigenetic 
modifications induced by MCPyV infection. Viral oncoproteins can alter 
the host cell’s epigenetic landscape, leading to changes in gene expres
sion that favor oncogenesis. These modifications may include DNA 
methylation, histone modifications, and changes in non-coding RNA 
profiles. Such epigenetic changes can silence tumor suppressor genes or 
activate oncogenes, contributing to the transformation of normal cells 
into cancerous [51]. The investigation of these epigenetic alterations 
can provide insights into the early events of MCC pathogenesis and 
identify potential biomarkers for early detection and therapeutic targets 
[52,53]. The interaction between MCPyV oncoproteins and cellular 
stress response pathways also plays a critical role in MCC development 
[54]. MCPyV oncoproteins can manipulate the stress-induced cellular 

pathways to enhance cell survival and proliferation under stress condi
tions [55]. For instance, the Large T antigen can interfere with the 
unfolded protein response, preventing apoptosis in response to endo
plasmic reticulum stress. Similarly, the Small T antigen can modulate 
reactive oxygen species levels, allowing cancer cells to survive oxidative 
stress that would normally induce cell death [56]. Another potential 
avenue for understanding MCPyV’s role in MCC is the study of viral 
genetic diversity and its impact on tumor biology. Different strains or 
variants of MCPyV may have varying oncogenic potentials, influenced 
by mutations in the viral genome that affect the function of the T anti
gens. The analysis of the MCPyV genetic diversity in MCC patients can 
reveal correlations between specific viral variants and clinical outcomes, 
such as tumor aggressiveness, response to therapy, and overall prognosis 
[57]. However, the development of animal models and organoid systems 
for MCC research can significantly advance our understanding of 
MCPyV’s role in tumorigenesis. These models allow for the in vivo and in 
vitro study of virus-host interactions in a controlled environment, 
providing valuable insights into the molecular and cellular mechanisms 
of MCC [28,58].

3. Models for studying MCPyV-induced MCC

3.1. In vivo

Several research on in vivo models for studying MCPyV-induced MCC 
demonstrated significant insights, although not without its critics [28, 
59]. In a recent study, Verhaegen et al. characterized the transgenic 
mice that express the wild-type MCPyV small T antigen under an 
epidermis-specific promoter. These transgenic mice exhibited striking 
epithelial dysplasia, underscoring the oncogenic potential of the MCPyV 
small T antigen [60]. This finding highlights the role of the MCPyV small 
T antigen in driving carcinogenic processes within epithelial tissues, 
paving the way for further studies and potential therapeutic approaches. 
Additionally, Spurgers et al. reported that the expression of the MCPyV 
large T antigen in transgenic mice led to the development of tumors 
resembling human MCC, further highlighting the importance of the viral 
T antigens in MCPyV-driven carcinogenesis [28,60]. Although these 
transgenic mouse models have provided valuable insights into the 
oncogenic mechanisms of MCPyV, their utility is limited by the fact that 
they do not completely replicate the human MCC tumor microenviron
ment, play a critical role in disease pathogenesis [61]. To address these 
limitation, several researchers have developed xenograft models in 
which human MCC cell lines or patient-derived tumor samples are 
implanted into immunodeficient mice. These models have enabled the 
study of tumor growth, invasion, and metastasis in the context of a 
human tumor microenvironment, and have also been assessed to eval
uate the efficacy of novel therapeutic agents [62]. The humanized 
mouse models, which incorporate a functional human immune system, 
have emerged as a promising platform for studying the interplay be
tween MCPyV and the host immune response in the context of MCC [63]. 
These models have the potential to provide insights into the immune 
evasion mechanisms employed by MCPyV and facilitated the develop
ment of immunotherapeutic approaches for the management of MCC 
[63]. In recent years, humanized mouse models have gained significant 
attention as a powerful tool for studying the complex interplay between 
tumors, the immune system, and viral infections [64]. The incorporation 
of the functional human immune system into immunodeficient mice, 
exhibited numerous advantages for studying the pathogenesis of MCC 
and MCPyV. These models closely mimic the human immune response, 
offering a more accurate representation of immune interactions with 
MCPyV and MCC [65]. In addition, the researchers can also study 
MCPyV’s lifecycle within a human immune milieu, gaining insights into 
viral infection, replication, immune evasion, and tumor formation [55, 
66]. The investigation of the possible mechanisms of MCPyV evades the 
immune system may enhance treatment strategies, facilitate precision 
medicine by allowing for patient-specific treatment evaluation via the 
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engraftment of tumor samples derived from patients [67]. Additionally, 
the humanized mouse models facilitate the discovery of biomarkers for 
early detection, prognosis, and treatment response by examining the 
interactions between human immune cells and MCC tumor cells. 
Observing the natural disease progression of MCC in the context of a 
functioning immune system further informs patient care strategies. 
Thus, these advantages make humanized mouse models essential for 
modern biomedical research, particularly for diseases like MCC where 
the human immune system significantly influences disease development 
and response to treatment [68–70]. Therefore, it can be comprehended 
that the development of in vivo models for studying MCPyV-induced 
MCC has been critical for advancing our understanding of the underly
ing biology of this disease and evaluating potential therapeutic ap
proaches [28].

3.2. In vitro

Several researchers have further developed various in vitro organoid 
culture systems that may provide a more physiologically relevant plat
form for investigating the role of MCPyV in MCC [71]. These organo
typic cultures can recapitulate key features of the skin 
microenvironment, including the interaction of epithelial cells, fibro
blasts, and extracellular matrix components [71,72]. A recent study 
demonstrated that the ability to generate 3D skin grafts comprised of 
immortalized keratinocytes and fibroblasts, which could then be infec
ted with MCPyV [73]. This system allows for the examination of viral 
integration events and the effects of MCPyV on cellular differentiation 
and transformation. However, the detailed investigation is further 
required to optimize these in vitro organoid models to faithfully repro
duce the MCC condition [71]. Additionally, the development of 
patient-derived organoid models may provide opportunities to investi
gate individual disease heterogeneity and responses to targeted thera
peutics. The application of these advanced in vitro culture systems 
represents a promising approach to gain mechanistic insights into the 
role of MCPyV in MCC that have been difficult to elucidate using 
traditional cell line and animal models [60]. While in vitro organoid 
culture systems offer a promising platform for studying the role of 
MCPyV in MCC, there are opposing arguments to consider. Some re
searchers argue that in vitro models may not fully capture the complexity 
of the tumor microenvironment and the interactions between different 
cell type [74]. The absence of the dynamic in vivo conditions, such as 
immune responses and tissue structure, could limit the translational 
relevance of findings from in vitro studies. Additionally, there is a 
concern that the replication of tumor development in in vitro organoid 
models may not fully represent the actual disease process. Several critics 
further argue that the complexity of tumor-stroma interactions and the 
influence of systemic factors on tumor growth and progression may not 
be fully recapitulated in these artificial culture systems [75]. Further
more, while the inclusion of patient-derived organoid models is 
considered a potential avenue for studying individual disease hetero
geneity, the variability in organoid culture conditions and the challenges 
associated with maintaining consistency across different patient samples 
may introduce significant experimental variability and complicate data 
interpretation [76]. It is important to critically evaluate the limitations 
of in vitro organoid models in studying MCPyV’srole in MCC and 
consider complementary approaches to ensure a comprehensive un
derstanding of the disease mechanisms [77]. Thus, several in vitro 
organoid systems represent a promising approach for investigating the 
role of MCPyV in MCC, but their utility and limitations must be carefully 
considered.

4. Molecular diagnostic techniques

The advancements in genetic and molecular diagnostic methods 
have transformed the field of oncology. These methods have allowed 
healthcare professionals to gain a better understanding of the 

mechanisms behind cancer development and progression, leading to 
improved diagnosis, prognosis, and targeted treatments. This progress 
has significantly enhanced patient care and outcomes. Furthermore, 
these advancements have paved the way for personalized medicine 
tailored to individual patients’ unique genetic profiles. By analyzing 
specific gene mutations and expression patterns in each tumor, clini
cians can now prescribe more effective treatments with fewer side ef
fects. This approach holds great promise for improving survival rates 
and quality of life among cancer patients [78–81]. Fig. 2 further 
depicted the advanced diagnostic tools or techniques for the genetic and 
molecular understanding of MCC.

4.1. Immunohistochemistry for viral oncoproteins

Immunohistochemistry is a powerful tool for the detection and 
localization of specific proteins, including viral oncoproteins, within 
tissue samples. This technique utilizes the high specificity of antibodies 
to identify and visualize the presence of these proteins, which can serve 
as important biomarkers for various cancer types. By targeting viral 
oncoproteins, clinicians can gain valuable insights into the role of viral 
infections in the development of certain cancers, ultimately informing 
diagnostic and treatment strategies [82]. Immunohistochemistry has 
emerged as a valuable tool for the detection of MCPyV oncoproteins in 
MCC. The immunohistochemical analysis has revealed that the small T 
antigen and truncated large T antigen are consistently expressed in 
MCPyV-positive MCC; however, these are absent in MCPyV-negative 
tumors. This differential expression pattern has important implications 
for diagnosing and understanding MCC pathogenesis [83]. The level of 
expression of MCPyV oncoproteins has also been correlated with clinical 
outcomes in MCC patients. Several studies further demonstrated that the 
higher levels of MCPyV oncoprotein expression are associated with 
improved prognosis and better overall survival, suggesting that these 
viral proteins may play a role in the natural history of the disease [84]. 
This comprehension further raises significant queries about the potential 
therapeutic implications and the development of targeted interventions 
aimed at modulating MCPyV oncoprotein expression levels to improve 
patient outcomes.

In a recent investigation on the high sensitivity and specificity of 
immunohistochemical detection of MCPyV oncoproteins, provided a 
robust foundation for the clinical application of this investigative 
approach. As researchers continue to unravel the complexities of 
MCPyV-associated MCC, it is evident that the utilization of immuno
histochemistry in the study of viral oncoproteins not only offers essential 
diagnostic value but also serves as a catalyst for advancing our under
standing of the molecular mechanisms driving the disease. The identi
fication of MCPyV oncoproteins in MCC via immunohistochemistry 
encounters multiple constraints that impact precision. These obstacles 
arise from the intricacy of the virus’s expression patterns and the tech
nical facets of immunohistochemistry itself. The sensitivity of antibodies 
employed in immunohistochemistry might fluctuate considerably. A 
new monoclonal antibody identified MCPyV big T antigen in 97 % of 
MCC tumors, suggesting that current antibodies may lack universal ef
ficacy [85]. Conversely, other investigations indicated a mere 16.4 % 
detection rate of big T antigen in keratinocyte carcinomas, implying 
inconsistency in antibody efficacy among various tumor types [86]. 
Immunohistochemistry techniques may be affected by variables 
including tissue fixation, antigen retrieval methods, and the quality of 
antibodies employed, potentially resulting in inconsistent outcomes 
[87]. The presence of MCPyV DNA does not consistently correspond 
with protein expression, confounding the interpretation of immunohis
tochemistry results [86]. The existence of MCPyV antibodies in the 
general population hampers the specificity of IHC results, as analogous 
antibodies may be present in non-cancerous individuals [88]. The fast 
reduction of T-antigen antibodies in non-recurrent patients may hinder 
the identification of ongoing disease [88]. Notwithstanding these con
straints, continual progress in antibody creation and 
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immunohistochemistry techniques may improve the future detection of 
MCPyV oncoproteins. Nonetheless, the inconsistency in detection rates 
and the impact of technological variables continue to pose considerable 
hurdles in the domain. Future explorations into MCPyV oncoproteins 
through immunohistochemistry holds promise for shaping future ther
apeutic strategies and refining prognostic assessments in the manage
ment of MCC [89].

4.2. Southern blot

The Southern blot is a laboratory technique used to detect specific 
DNA sequences within a complex mixture of DNA. This technique 
further demonstrate the presence of particular nucleotide sequences and 
their pattern within the genome, which in the context of MCC, can be 
used to detect the clonal integration of MCPyV DNA within the host 
genome [65]. While not a routine clinical test due to its complexity and 
the advent of more modern techniques, the Southern blot may furnish or 
provide valuable information about viral integration, which is a hall
mark of viral-driven cancers [90]. The Southern blot technique, coined 
by Edwin Southern, involves transferring DNA fragments from a gel to a 
membrane and subsequently using probe hybridization to identify 
certain DNA sequences [91]. The method begins with DNA extraction 
and fragmentation, in which DNA is isolated from cells and then cleaved 
into smaller fragments with restriction enzymes. These enzymes cleave 
DNA at certain sequences, yielding fragments of different lengths. The 
DNA fragments that have undergone digestion are subsequently sorted 
based on their size using gel electrophoresis [92]. An electric current is 
passed through the gel, causing the DNA molecules to move towards the 
positive electrode. Smaller DNA fragments move quicker than bigger 
ones. The DNA fragments are subsequently transferred to a nitrocellu
lose or nylon membrane using a technique known as blotting. This step 
can be accomplished using several methods, including capillary action 
or vacuum transfer. A DNA probe specific to the MCPyV genomic 
sequence is labeled with a radioactive or chemiluminescent tag. This 
probe can then hybridize to the complementary MCPyV DNA sequence 
on the membrane. The membrane with transferred DNA is incubated 
with the labeled probe. The probe will bind, or hybridize, to any DNA 
fragments that contain the MCPyV sequence. The membrane is then 
washed to remove excess probes that have not been hybridized, reducing 
background noise and improving the specificity of the detection [93].

The hybridized probe-DNA complexes are visualized using X-ray film 

for radioactive probes, or specialized equipment for chemiluminescent 
tags. The analysis of the Southern blot provides information on the 
length and quantity of the DNA fragments that have hybridized with the 
probe. By comparing the pattern of bands on the blot to a ladder of 
known DNA fragment sizes, researchers can determine the molecular 
weight of the viral DNA within the sample and its integration pattern 
within the host genome [94].

In addition, this technique possesses several advantages in detecting 
MCPyV integration. It can reveal whether MCPyV DNA is present as 
episomal (non-integrated, circular DNA) or as integrated into the host’s 
genomic DNA, which is indicative of a clonal expansion of the virus- 
associated cancer cells. It can also provide an estimation of the copy 
number of the viral genome within the host cells based on the intensity 
of the bands on the X-ray film or chemiluminescent readout. Addition
ally, it gives information on the size of the integrated viral DNA frag
ments, which can suggest the genomic stability and possibly the 
evolution of the viral integration sites in the tumor cells [27]. However, 
the Southern Blot technique has its challenges and limitations, i.e., 
technically complex and time-consuming, making it less suitable for 
high-throughput or rapid diagnostics [91,95]. It requires a larger 
amount of DNA compared to PCR-based methods, and detecting low 
levels of integrated viral DNA can be challenging [96]. The multiple 
steps involved, from gel electrophoresis to transfer to membrane and 
exposure, are labor-intensive and require careful handling [92,97]. If 
using radioactive probes, there are safety considerations for handling 
and disposing of radioactive materials [98]. In the context of MCC, 
Southern blot is not commonly used in the routine clinical setting for the 
reasons mentioned above. Modern molecular techniques such as PCR or 
NGS have largely replaced it due to their higher sensitivity, specificity, 
and faster turnaround [99]. The Southern blot technique may be 
insufficiently sensitive to identify low viral loads or shortened variants 
of MCPyV big T antigen, which are common in MCC tumors [85,100]. In 
contrast, several contemporary techniques like quantitative PCR and 
immunohistochemistry exhibit enhanced sensitivity and specificity for 
identifying MCPyV in MCC, indicating a transition towards more so
phisticated methodology for precise diagnosis and study in this domain 
[28,85]. However, Southern blot still holds a place in research settings 
where understanding the detailed pattern of viral integration and the 
structure of the viral genome within host cells is important [98]. 
Southern blot can be a valuable tool for detecting clonal integration of 
MCPyV in MCC, providing insights into the molecular mechanisms of its 

Fig. 2. Summarizes the various advanced diagnostic tools for the detection of MCC.
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oncogenic process [101]. Despite this, the method is surpassed by newer 
technologies that offer a more practical and efficient approach for 
clinical diagnosis.

4.3. Western Blot

The Western blot, also known as immunoblotting, is a widely used 
analytical technique for detecting specific proteins in a sample. When 
discussing MCC and its association with the MCPyV, Western blotting 
can identify and confirm the expression of viral oncoproteins within cell 
or tissue samples [20]. The Western blot technique relies on the sepa
ration of proteins by gel electrophoresis, followed by the transfer to a 
membrane and subsequent detection using antibodies specific to the 
target protein [102]. The process begins with sample preparation. 
Samples containing proteins, such as tissue lysates from MCC, are pre
pared by adding a buffer and possibly denaturing agents to ensure 
proteins are in a linear form. The prepared samples are then loaded onto 
a polyacrylamide gel. Proteins are separated according to their size by 
applying an electric current, with smaller proteins traveling faster and 
further through the gel while larger proteins lag behind [103]. After 
electrophoresis, the separated proteins are transferred onto a mem
brane, typically made of nitrocellulose or polyvinylidene difluoride, 
ensuring that the proteins retain their original positions from the gel. 
The membrane is then incubated with a protein or other blocking agent 
that covers all nonspecific sites to prevent non-specific binding of anti
bodies [104]. Next, the membrane is incubated with a primary antibody 
that specifically binds to the target protein, for example, MCPyV onco
proteins. After washing away unbound antibodies, the membrane is 
incubated with a secondary antibody that binds to the primary antibody. 
This secondary antibody is usually linked to an enzyme or a fluorescent 
reporter [105]. Furthermore, the detection involves adding a substrate 
for the enzyme, which in the case of an enzyme-linked secondary anti
body, produces a visible signal through a chemical reaction. The in
tensity of the signal can be quantified to provide an estimate of protein 
abundance, and the size of the protein can be deduced by its position 
relative to a molecular weight marker run on the same gel [106]. While 
Western blot is sensitive, its detection limits may not be as low as those 
achieved by amplification-based method, i.e., Enzyme Linked Immu
nosorbent Assay (ELISA). The method requires relatively high-quality 
protein samples, as degradation can affect results. Additionally, very 
large or very small proteins can sometimes be difficult to transfer from 
the gel to the membrane or may not separate well during electropho
resis. The presence of a band must be verified to be the protein of interest 
through correct controls, and bands can sometimes be non-specific or 
difficult to interpret, especially if the antibody has cross-reactivity 
[107]. In the context of MCC, Western blot is not typically used for 
routine diagnostic purposes in clinical settings due to its 
time-consuming nature and requirement for specialized equipment. 
However, it is a powerful tool for research, helping to confirm the role of 
MCPyV oncoproteins in the pathogenesis of MCC. In research settings, 
Western blotting is indispensable for studying the expression levels of 
viral oncoproteins, understanding their role in cancer progression, and 
developing targeted therapies [108]. The Western blot technique serves 
as a crucial method for confirming the expression of MCPyV oncopro
teins and elucidating their role in the tumorigenesis of MCC. While it is 
more commonly employed in research due to its intricate procedure and 
need for analysis by experienced professionals, its contributions to the 
understanding of MCC on a molecular level are invaluable. However, the 
Western blot technique may fail to identify all MCPyV variants owing to 
shortened big T antigens, which may arise from mutations during viral 
integration [27]. Despite the emergence of more modern 
protein-detection techniques, Western blotting remains a fundamental 
tool in the study of MCPyV and its oncogenic mechanisms [109,110].

4.4. PCR

The virus, known as MCPyV, is a newly discovered human virus with 
oncogenic potential, meaning it can contribute to the development of 
MCC. The detection and study of MCPyV in various clinical samples, 
including respiratory tract secretions, has become an important area of 
research. One promising approach for studying MCPyV is through the 
use of PCR techniques. PCR is a powerful molecular biology technique 
that allows for the rapid and exponential amplification of specific DNA 
sequences. This technique has been employed to detect the presence of 
MCPyV DNA in samples from patients with MCC. PCR detects the 
presence of MCPyV DNA through several critical steps. Initially, DNA is 
extracted from clinical samples suspected to contain MCPyV, such as 
tissue biopsies from MCC tumors or cutaneous swabs [111,112]. The 
quality and purity of the extracted DNA are crucial for the successful 
application of PCR. Specific short sequences of DNA, known as primers, 
are then designed to match unique segments of the MCPyV genome. 
These primers are essential as they determine the specificity of the PCR, 
allowing it to target and amplify only MCPyV DNA if present in the 
sample. The PCR process begins with the denaturation step, wherein the 
DNA sample is heated to break the hydrogen bonds between the DNA 
strands, resulting in the separation of the double-stranded DNA into 
single strands [113]. The temperature is then lowered to allow the 
primers to bind or anneal to their complementary sequences on the 
single-stranded viral DNA. Next, a heat-stable DNA polymerase enzyme 
is used to synthesize new strands of DNA by adding nucleotides to the 
annealed primers, following the sequence of the template strand. This 
results in the generation of new copies of the specific DNA region 
flanked by the primers. These steps are repeated in cycles, typically 
25–35 times, leading to the exponential amplification of the target 
MCPyV DNA segment. With each cycle, the amount of DNA doubles, 
resulting in over a billion copies of the target sequence after 30 cycles. 
Then, the amplified DNA can be visualized using gel electrophoresis and 
confirmed through methods such as sequencing or hybridization with a 
labeled probe specific to MCPyV [114,115]. Quantitative PCR can also 
be used to quantify the viral load by measuring the amount of amplified 
DNA product in real-time during the PCR process. The highly sensitive 
nature of PCR allows for the detection of low levels of MCPyV DNA in 
clinical samples, providing insights into the virus’s role in the pathology 
of MCC. The rapid and specific detection capabilities of PCR make it an 
indispensable tool in the study and diagnosis of MCC [116,117]. On the 
other hand, some researchers argue that PCR may not always be reliable 
for the detection of MCPyV in clinical samples. The researchers further 
raised several potential issues such as PCR can produce false-negative 
results, especially in instances of low viral load or insufficient extrac
tion of viral DNA from formalin-fixed, paraffin-embedded (FFPE) tissues 
[118]. The lack of identifiable truncating mutations in the big T antigen 
sequence in certain tumours indicates that not all MCPyV-associated 
tumors have identical genetic modifications, which may result in vari
able PCR outcomes [119]. This further raises concerns about drawing 
definitive conclusions regarding this virus’s biology and clinical impli
cations based solely on PCR-based studies [111].

4.5. ddPCR

The ddPCR is a highly sensitive variation of traditional PCR that 
enables the absolute quantification of target DNA sequences. It is 
particularly useful in applications requiring high precision, such as 
measuring viral load in infections or detecting rare genetic events [120]. 
ddPCR works by partitioning a sample of DNA into thousands or even 
millions of individuals, nanoliter-sized droplets, with each droplet 
acting as an independent micro-PCR reactor. This partitioning allows for 
the segregation of DNA molecules, with ideally one or zero target DNA 
molecules in each droplet [121]. Sample preparation for ddPCR involves 
extracting DNA from biological samples, such as tissues or cells from 
patients with MCC. This step ensures that the DNA is suitable for 
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downstream applications. In the reaction mix, the extracted DNA is 
combined with PCR reagents. These reagents include primers specific to 
the target sequences, which may be MCPyV DNA, as well as fluorescent 
probes, nucleotides, and DNA polymerase [122]. Droplet creation is 
achieved by emulsifying the reaction mix with oil using a specialized 
droplet generator instrument. This process creates thousands of droplets 
that function as individual reaction chambers. PCR amplification occurs 
within these droplets. When the target DNA sequence is present, it 
generates fluorescent signals within the droplets during amplification. 
Following PCR amplification, a droplet reader analyses each droplet. 
The reader detects and counts droplets that contain amplified DNA 
(positive) compared to those without any amplification (negative). The 
final step, data analysis, uses the number of positive droplets to calculate 
the absolute concentration of the target DNA in the original sample 
[123,124]. The calculation of the absolute concentration of target DNA 
in a sample using ddPCR relies on poison statistical analysis to account 
for the distribution of DNA copies across droplets. After PCR amplifi
cation, the process begins with counting the number of positive droplets, 
which fluoresce due to the presence of amplified target DNA, and 
negative droplets, which do not fluoresce, indicating the absence of 
target DNA [125]. The next step involves calculating the fraction of 
negative droplets by dividing the number of negative droplets by the 
total number of droplets. This fraction is crucial for applying Poisson 
statistics. According to the Poisson distribution, if λ represents the mean 
number of target DNA molecules per droplet, then the fraction of 
negative droplets is given by e^(-λ) [126]. Solving for λ requires taking 
the natural logarithm of the fraction of negative droplets, expressed as- 

λ = − ln
(

Negative Droplets
Total Droplets

)

To determine the absolute concentration of target DNA molecules in 
the reaction, λ is multiplied by the total volume of the reaction. This 
calculation yields the total number of target DNA molecules. To find the 
concentration of target DNA in the original sample, this number is 
divided by the volume of sample DNA added to the reaction [127]. If the 
original sample was subjected to dilution before the reaction, the final 
concentration must be adjusted by multiplying by the dilution factor. 
The resulting concentration is typically reported in copies per µL or 
copies per mL of the original sample. It is important to note that ddPCR 
provides absolute quantification without the need for standard curves. 
The accuracy of ddPCR is highly dependent on precise droplet counting 
and the proper application of poisson statistics [128]. ddPCR offers 
several key advantages for detecting MCPyV in MCC. Due to its parti
tioning capability, ddPCR can detect very low amounts of viral DNA, 
making it incredibly sensitive and ideal for detecting MCPyV even when 
the virus is present at low levels [129]. One of the primary benefits of 
ddPCR is its ability to provide absolute quantification of target DNA 
molecules. Unlike quantitative PCR, ddPCR does not require a standard 
curve for quantification, which allows for more precise viral load mea
surements. Additionally, ddPCR reduces variability via utilizing indi
vidual droplets as separate reaction chambers, thereby minimizing the 
impact of potential PCR inhibitors and yielding highly reproducible 
results [130]. The clinical applications of ddPCR in MCC are significant 
due to its capacity for absolute quantification of MCPyV DNA. This can 
aid in several aspects of patient care. For diagnosis, ddPCR can detect 
MCPyV in tissue samples of MCC with high sensitivity, confirming the 
viral association with the carcinoma. In terms of prognosis, quantifying 
the viral load may correlate with disease outcomes, as patients with 
higher MCPyV loads might have different prognoses compared to those 
with lower levels of the virus. For treatment monitoring, ddPCR allows 
for the assessment of viral load over time, helping to determine the 
effectiveness of therapy. A decrease in MCPyV DNA levels could indicate 
a positive response to treatment, while stable or increasing levels may 
suggest resistance to treatment or disease progression [131]. Addition
ally, ddPCR can detect minimal residual disease after treatment, 

identifying very low levels of MCPyV DNA that may indicate the pres
ence of remaining cancer cells that have evaded treatment. Despite these 
advantages, there are challenges and limitations associated with the use 
of ddPCR. The technical complexity of setting up and interpreting 
ddPCR assays requires specialized equipment and expertise, which may 
not be available in all laboratory settings. The cost of ddPCR is higher 
than standard PCR methods due to the need for specialized equipment 
and consumables. Standardization across different laboratories is crucial 
to ensure consistency in measurements, necessitating uniform protocols 
for droplet generation and reading [132,133]. Moreover, although 
ddPCR is sensitive, it still requires a minimum quality and quantity of 
DNA, which can be difficult to obtain from certain types of samples. 
ddPCR represents a powerful advancement in the molecular diagnostics 
of MCC, particularly for the quantification and study of MCPyV. Its high 
sensitivity and precise quantification potential make it an invaluable 
tool for research and clinical management of MCC. However, consid
erations regarding its accessibility, cost, and the need for specialized 
technical expertise must be addressed when implementing ddPCR as a 
routine diagnostic assay [120,129]. ddPCR markedly improves the 
precision of MCPyV identification in MCC relative to conventional PCR 
techniques. This enhancement is chiefly because to ddPCR’s superior 
sensitivity and quantification abilities, facilitating more dependable 
detection of viral DNA in clinical specimens. Comparative research of 
quantitative Real-Time PCR (qPCR) and ddPCR revealed that qPCR 
discovered MCPyV in 35 % of MCC samples, whereas ddPCR recognised 
65 % of the samples as positive. ddPCR exhibited an elevated detection 
rate in tumours situated at UV-exposed locations, underscoring its effi
cacy in identifying MCPyV across diverse tumour habitats. Moreover, 
ddPCR facilitates accurate measurement of MCPyV DNA, which is 
essential for comprehending the viral load in tumours and its possible 
association with disease progression [129].

4.6. NGS

NGS represents a transformative advancement in the field of genomic 
studies, allowing for the comprehensive examination of genetic se
quences at an unprecedented scale and speed. In the context of MCC, 
NGS has become an invaluable tool for assessing the mutational land
scape, particularly in relation to the MCPyV, which is implicated in a 
significant proportion of MCC cases. As authors have discussed earlier 
also that, MCC is a rare but highly aggressive skin cancer that has been 
increasingly associated with MCPyV [18,53,134]. This virus contributes 
to oncogenesis through the integration of its DNA into the host genome, 
whereby it continually expresses its oncoproteins, including the large T 
antigen and small T antigen. These viral oncoproteins are capable of 
manipulating the host cell’s machinery, leading to unchecked cellular 
proliferation and tumorigenesis [135]. NGS technology has enabled 
researchers to explore the genetic underpinnings of MCC, providing 
insights into the role MCPyV plays in the MCC development. Through 
high-throughput sequencing, NGS offers a granular view of the genetic 
alterations and allows for the identification of MCPyV integration sites 
within the host genome. By sequencing both tumor and matched normal 
tissues, mutational patterns unique to the cancer can be isolated, 
revealing potential drivers of MCC [136]. Furthermore, the use of NGS 
facilitates the detection and characterization of oncogenic pathways 
modulated by the viral oncoproteins. For instance, the Large T antigen is 
known to inactivate tumor suppressor proteins such as pRb, which is 
crucial for cell cycle regulation. Detailed genomic analyses via NGS can 
illuminate the broader impacts of such viral-host interactions, contrib
uting to the molecular profile of MCC [28,137]. NGS also plays a pivotal 
role in uncovering the mutational burden and heterogeneity of MCC 
tumors, which are linked to patient prognosis and response to therapies. 
This information can be critical in guiding personalized treatment 
strategies, such as the use of immune checkpoint inhibitors, which have 
shown effectiveness against high mutational burden cancers. So, it can 
be said that the application of NGS in the study of MCC allows for a 
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comprehensive analysis of the genetic aberrations and the influence of 
MCPyV oncoproteins [138]. This approach not only accelerates the 
discovery of potential therapeutic targets but also refines the prognostic 
and diagnostic frameworks of MCC. NGS stands as a cornerstone tech
nology in the pursuit of tailoring personalized and more effective ther
apeutic regimes for patients with MCC [139]. However, some critics 
argue that the cost of NGS is prohibitive and may not be accessible to all 
patients. Additionally, they point out that the technology has limitations 
in accurately predicting treatment response in certain cases [140–142]. 
Although NGS can detect MCPyV in a considerable proportion of MCC 
patients, its capacity to differentiate between pathogenic and 
non-pathogenic viral presence is constrained.The lack of identifiable 
truncating mutations in the big T antigen of MCPyV in certain tumours 
prompts enquiries on its oncogenic function, suggesting that NGS may 
not discover all pertinent changes linked to tumorigenesis [119]. 
Next-generation sequencing may encounter difficulties in distinguishing 
between MCPyV-positive and MCPyV-negative MCC [143]. The exis
tence of mutations in additional genes (e.g., NF1, PIK3CA) in 
MCPyV-negative MCCs complicates the scenario, indicating that NGS 
results require careful interpretation. Despite its limitations, NGS is a 
potent instrument for detecting genetic variations in MCC, and contin
uous developments may improve its specificity and sensitivity in finding 
MCPyV-related modifications.

4.7. ISH

ISH is a laboratory technique used to detect specific nucleic acid 
sequences within fixed tissues and cells in their natural location [144]. 
For MCC, ISH can be particularly useful for identifying the presence of 
MCPyV DNA directly within the tumor tissues [145]. ISH is based on the 
complementary nature of DNA or RNA strands [146]. A labelled nucleic 
acid probe is designed to be complementary to the sequence of inter
est—in this case, MCPyV DNA. When the probe is applied to the tissue 
sample, it can hybridize (bind) specifically with the target sequence if it 
is present. The process begins with tissue preparation, where MCC tissue 
samples are fixed, typically embedded in paraffin, and sectioned thinly 
onto microscope slides. These preparations preserve morphology and 
immobilize the DNA or RNA targets [65]. A probe, either RNA or DNA, 
that has a sequence complementary to a segment of the MCPyV genome 
is synthesized. This probe is labelled with either a fluorescent tag or an 
enzyme that produces a chromogenic substrate. During the prehybrid
ization treatment, tissue sections are treated to make the DNA or RNA in 
the cells accessible to the probe. This may include deparaffinization, 
rehydration, and application of enzymes or chemicals to permeabilize 
cells [147]. The probe is then applied to the tissue sections and incu
bated under conditions that allow for specific binding between the probe 
and its target MCPyV DNA within the tissue. After incubation, slides are 
washed to remove unbound and non-specifically bound probes, leaving 
only the specifically bound probes attached to their target MCPyV DNA. 
Detection methods vary: for fluorescent in situ hybridization, the slides 
are examined under a fluorescence microscope; for chromogenic in situ 
hybridization, an enzyme reaction results in a colorimetric change that 
can be seen under a regular light microscope [148,149]. The pattern and 
intensity of the signal provide qualitative and quantitative data on 
MCPyV DNA presence and abundance. Experienced pathologists then 
interpret the signal, determining the presence and distribution of 
MCPyV within the tumor tissue. Signal intensity may also provide 
quantitative information regarding viral load. ISH offers several ad
vantages in MCC [147]. It allows for the detection of MCPyV within the 
actual context of the tissue architecture, showing exactly which cells 
contain the virus, which is important in confirming the diagnosis and 
understanding the biology of MCC [150]. Additionally, ISH provides 
both quantitative and qualitative information. Apart from revealing the 
presence of the virus, ISH can also give an idea of the viral load within 
the tumor cells. Moreover, the pattern of viral DNA distribution can 
provide insights into the biology of the infection and the tumor [151]. 

Modern ISH techniques, such as fluorescence in situ hybridization, can 
be highly sensitive and specific when carefully designed probes are used, 
making them well-suited to detect the low-abundance MCPyV DNA 
within MCC [152]. Furthermore, ISH can complement other molecular 
assays, like PCR and immunohistochemistry, by providing spatial in
formation that these other techniques cannot offer. However, there are 
challenges associated with ISH. The technique requires careful optimi
zation of probe design and hybridization conditions, as well as 
controlled processing of tissue samples to preserve nucleic acid integrity 
and tissue morphology [153]. The interpretation of ISH results can 
depend on the experience and skill of the pathologist, particularly with 
chromogenic substrates, where background staining and signal speci
ficity can sometimes be challenging to discern. Standardization across 
different laboratories is crucial for reproducible results, necessitating 
standardized probe design, hybridization protocols, and detection 
methodology [154]. While ISH is sensitive, it may not detect very low 
levels of MCPyV DNA that fall below the threshold of the utilized probes 
and detection methods. Additionally, the ISH process from tissue prep
aration to result interpretation can be lengthy compared to other tech
niques like PCR, potentially impacting its utility in clinical settings 
requiring rapid diagnostic turnaround [155]. ISH offers a unique 
approach to visualize and quantify MCPyV DNA in the context of MCC 
tissue sections. It is an essential tool for the diagnosis of MCC and con
tributes valuable information on the distribution and load of MCPyV 
within tumors. Despite its advantages, the application of ISH requires 
optimized protocols, experienced personnel, and may not always be 
suitable for the rapid diagnosis required in clinical practice [28,145]. 
Although ISH can detect viral presence, it may not consistently align 
with the true viral load or integration status, resulting in some mis
interpretations. ISH may be ineffective in identifying MCPyV in tumors 
with low viral levels or in instances where the virus is integrated into the 
host genome, as observed in roughly 80 % of MCC cases. Notwith
standing these constraints, alternative techniques as quantitative PCR 
and CRISPR-based diagnostics exhibit the potential for more dependable 
detection of MCPyV in MCC, possibly addressing the deficiencies of ISH 
[156].

5. Integrative approaches in MCC research

Integrative approaches in MCC research leverage the complexity of 
biological systems and the interplay between various factors contrib
uting to the disease. By utilizing various scientific and computational 
methods, researchers aim to gain a more comprehensive understanding 
of MCC development, progression, and treatment response[157].

5.1. Combined analysis of viral oncoproteins and tumor suppressor 
mutations

Combined analysis of viral oncoproteins and tumor suppressor mu
tations in MCC research involves examining the role of both these factors 
in the pathogenesis and development of the cancer. This comprehensive 
approach is essential because MCC can result from the interplay between 
the integration and expression of MCPyV oncoproteins, such as large T 
antigen and small T antigen, and the mutation or inactivation of cellular 
tumor suppressor genes [158,159]. The implications of combined 
analysis in MCC are significant. This examination underscores how the 
presence of the virus and mutations in the host genome can together 
push cells towards malignancy. Understanding these mechanisms can 
highlight specific proteins or pathways that might be intercepted with 
targeted therapies. By recognizing the combined molecular signatures of 
viral oncogenesis and cellular mutations, unique biomarkers can be 
identified, potentially leading to more accurate diagnosis and prognosis 
of MCC [160]. Identifying specific viral oncoproteins interacting with 
genetic mutations can aid in designing personalized treatment regimens 
that address the unique characteristics of an individual’s tumor. 
Creating predictive models based on the interaction between MCPyV 
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oncoproteins and host tumor suppressor mutations may also help predict 
disease course and treatment response [110]. Research perspectives 
highlight the importance of cell culture and animal models in studying 
the interaction between MCPyV oncoproteins and tumor suppressor 
gene mutations. Researchers use these models to observe the effects of 
these interactions on cellular behavior and tumorigenesis [71]. Func
tional studies involving the introduction or knockdown of oncoproteins 
and tumor suppressor genes in cell lines can provide direct evidence of 
their roles in MCC and determine the potential impact of therapeutic 
interventions. Advanced bioinformatics tools allow for the analysis of 
pathways affected by MCPyV oncoproteins and mutated tumor sup
pressors, offering insights into the network of interactions that could 
contribute to carcinogenesis and potential points of intervention [52]. 
Correlating the findings from combined molecular analyses with clinical 
data, such as patient outcomes and treatment responses, can validate the 
relevance of identified targets and biomarkers [161]. Challenges and 
future directions in this field include the complexity of integrating 
large-scale genomic and proteomic data sets to analyze both viral and 
host factors in MCC, which requires sophisticated computational re
sources and expertise. MCC tumors can be heterogeneous, meaning that 
the interplay between viral oncoproteins and tumor suppressor muta
tions might vary across different tumor regions and between patients, 
complicating the development of universal treatments [162]. Under
standing the mechanisms of resistance to current therapies is crucial, 
and combined analysis can shed light on whether changes in oncopro
tein expression or the emergence of new mutations contribute to treat
ment failure [108]. The combined analysis of viral oncoproteins and 
tumor suppressor mutations also offers a holistic view of the molecular 
dynamics at play in MCC [163]. It provides a pathway to novel thera
peutic interventions, enhances our understanding of the disease’s eti
ology, and potentially leads to improvements in the clinical 
management of MCC through more personalized approaches to treat
ment and care. These integrative efforts suggest a promising direction 
for ongoing and future MCC research [164].

5.2. Systems biology approaches to understanding MCC complexity

Systems biology is a comprehensive approach that aims to under
stand complex biological systems through the study of the interactions 
between their components. In the context of MCC, systems biology ap
proaches can provide an integrated view of how various cellular and 
molecular constituents interact and contribute to the disease’s 
complexity. This can include the influence of viral oncoproteins from the 
MCPyV, host genetic mutations, epigenetic changes, and the tumor 
microenvironment [89]. A holistic perspective in systems biology does 
not focus on individual genes, proteins, or pathways in isolation but 
instead looks at how they function collectively within the network that 
makes up the biological system [165]. In MCC research, this could 
include studying how viral oncoproteins perturb cellular signaling net
works and interact with host immune responses [135]. Integration of 
multi-omics data often involves combining data from genomics, tran
scriptomics, proteomics, and metabolomics. By combining these data 
types, researchers gain a multidimensional view of the biological pro
cesses involved in MCC. Genomics provides insights into DNA alter
ations, including mutations in tumor suppressor genes and the 
integration of viral DNA [166]. Transcriptomics reveals changes in RNA 
expression levels, indicating the genes that are upregulated or down
regulated due to MCPyV oncoproteins [167]. Proteomics offers a closer 
look at the functional proteins, how their expression is altered in MCC, 
and any post-translational modifications [16]. Metabolomics shows the 
metabolic changes in tumor cells, influenced by genetic mutations and 
viral interference with cellular pathways [168]. Advanced computa
tional methods are employed in systems biology to model the networks 
and systems identified through omics studies. This can help predict the 
behavior of the system under various conditions and understand disease 
progression. Simulations can also be used to test potential interventions 

in a virtual environment prior to experimental validation [169,170]. By 
constructing and analyzing interaction networks, such as 
protein-protein interaction networks, systems biology helps identify key 
regulatory nodes and pathways that could be potential targets for 
therapy. Network analysis can also shed light on robustness and 
vulnerability within the biological system, possibly uncovering points 
where the system can be manipulated to treat or prevent MCC [171]. 
Systems biology acknowledges that biological systems are dynamic. 
Positive and negative feedback loops, as well as regulatory mechanisms 
within the system, can be pivotal in understanding how MCC cells 
respond to environmental stresses or therapeutic interventions [172]. 
Changes in the tumor microenvironment, for instance, can lead to ad
justments in the behavior of cancer cells and may also influence the 
immune system’s ability to recognize and destroy tumor cells [173]. 
Signal pathway mapping involves the detailed mapping of signaling 
cascades affected by both the presence of MCPyV and the mutations 
within host cellular pathways. It includes understanding which path
ways are activated or inhibited and how these cascades interact with 
each other to promote carcinogenesis or tumor maintenance [174]. 
Through the global analysis of cellular systems, systems biology ap
proaches can help identify biomarkers that predict disease outcomes or 
response to therapy. This could profoundly impact patient stratification 
for different treatments and clinical trial design. Understanding the 
systematic changes in MCC due to interactions of viral oncoproteins and 
genetic changes can uncover unexpected drug targets. It can also reveal 
why certain drugs might work or fail, potentially guiding drug reposi
tioning. Furthermore, it can inform the development of combination 
therapies that target multiple aspects of the cancer’s biology. By iden
tifying specific pathways or network nodes altered in individual pa
tients’ tumors, systems biology may eventually lead to personalized 
medicine approaches tailored to the unique molecular profile of each 
patient’s cancer. It could also help define therapeutic window
s—optimal times to administer treatment based on the biology of the 
tumor and its microenvironment. Systems biology models can help track 
how MCC progresses over time, including the processes that lead to 
metastasis. By modeling the evolutionary pathways of cancer cells, re
searchers can better understand how to interrupt these processes [175]. 
The comprehensive nature of systems biology presents challenges, pri
marily in handling and interpreting vast amounts of complex data. These 
challenges necessitate the development of new bioinformatics tools and 
cross-disciplinary collaboration. Moreover, there is a need for 
high-quality and standardized data to fuel reliable systems biology 
models. As technology advances and more data become available, sys
tems biology is expected to provide deeper insights into the complexity 
of MCC. Integrating this understanding into clinical practice could lead 
to more effective, personalized, and dynamic treatment strategies, 
improving care for patients with this challenging disease. Fig. 3 further 
explain the various signaling molecules and their role in MCC.

6. Future directions

Genetic and molecular profiling in MCC, with a focus on the MCPyV 
oncogenes, is critical for advancing the diagnosis and treatment of this 
aggressive skin cancer. These profiles extensively detail genomic alter
ations, expression of viral oncoproteins, and molecular changes within 
tumor cells, promising significant benefits to human health [176]. The 
diagnostic accuracy can be achieved through advanced molecular 
profiling techniques, leading to the development of highly sensitive and 
specific diagnostic tests for MCC. The detection of MCPyV oncoproteins 
and other genetic abnormalities unique to MCC can result in earlier and 
more accurate diagnoses, essential for better prognosis and personalized 
treatment plans [177]. The early detection and screening may become 
feasible as molecular profiling techniques become more refined and 
accessible. This could include analyzing specific biomarkers or applying 
liquid biopsy techniques to detect traces of MCPyV DNA or mRNA in 
blood samples, particularly in at-risk populations [178]. Several 
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targeted therapeutics can be designed by understanding the role of 
MCPyV oncoproteins in MCC pathogenesis. These targeted therapies, 
aimed at viral proteins such as the large T and small T antigens, could 
lead to more effective treatments with fewer side effects by inhibiting 
their functions or downstream signaling pathways [179]. Upon admin
istration of a nanovaccine, the body’s innate immune system will 
recognize oncoproteins as exogenous entities, triggering the production 
of antibodies in response to their distinct physiochemical characteristics 
[180]. Vaccine development is a promising future direction, potentially 
including preventive vaccines against MCPyV and therapeutic vaccines 
designed to elicit an immune response against MCC tumors expressing 
MCPyV antigens [181]. In this context, the personalized medicine can be 
guided by molecular profiling, tailoring treatment to the unique char
acteristics of each patient’s tumor. By understanding the mutational 
landscape and the presence of viral oncoproteins, clinicians can choose 
the most effective treatments and adjust them as the tumor evolves 
[182]. Predictive modeling, based on detailed genetic and molecular 
information, can forecast tumor progression and response to treatment, 
allowing for more informed decision-making and proactive disease 
management [183]. Companion diagnostics can identify patients most 
likely to benefit from new treatments targeting specific molecules or 
pathways. Genetic and molecular profiling, including MCPyV status, can 
also help clinicians better stratify patients according to their risk of 
recurrence or aggressive disease, guiding clinical decisions and 

potentially reducing overtreatment [177]. Understanding the tumor 
microenvironment and its influence on MCC progression, particularly 
how it is affected by MCPyV oncoproteins, might open new therapeutic 
strategies. The interactions between tumor cells and their microenvi
ronment could disrupt immune evasion mechanisms employed by MCC. 
Advanced immunotherapies can be optimized using genetic and mo
lecular profiling to identify new immune-related targets [184]. This 
approach could include personalized cancer vaccines or engineered 
T-cell therapies tailored to individuals’ MCPyV status [185]. Technology 
advancements in sequencing and bioinformatics analysis will probably 
reduce costs and increase the accessibility of comprehensive genetic and 
molecular profiling, making precision medicine a more standard part of 
care for MCC and other cancer types [186,187]. Molecular profiling can 
significantly influence the design of clinical trials by identifying patient 
subgroups with specific molecular characteristics who are most likely to 
respond to new drugs or therapies, enhancing trial efficiency and the 
likelihood of regulatory approval [188]. Functional genomics research 
will focus on understanding the effects of identified mutations on 
cellular behavior, leading to the discovery of new therapeutic targets 
and drugs that correct dysfunctional molecular pathways. Profiling the 
genetic evolution of MCC during treatment could uncover mechanisms 
behind treatment resistance, guiding the development of combination 
therapies that prevent or overcome resistance. The interdisciplinary 
research approaches, combining the expertise of clinicians, molecular 

Fig. 3. Summarized the immune response against tumors is influenced by signaling molecules on immune cells like T cells, antigen-presenting cells (APCs), and MCC 
cells. The body’s adaptive antitumor immunity relies on the presentation of tumor antigens on the MHCs of either tumor cells or APCs. In the case of MCC, tumor- 
associated antigens can be viral protein products in Merkel cell polyomavirus (MCPyV)-positive MCC or, in MCPyV-negative tumors, neoantigens resulting from 
somatic mutations. In virus-positive MCC tumor cells, the presentation of antigens by MHC complexes is often suppressed through epigenetic silencing. Several 
signaling pathways have the potential to enhance either (e.g., OX40–OX40L) or inhibit antitumor immunity (e.g., programmed cell death protein 1 (PD-1)– pro
grammed cell death protein 1 ligand 1 (PD-L1)). These different immune signaling pathways could serve as potential targets for therapy, i.e., CTLA-4, cytotoxic T 
antigen 4; GITR, glucocorticoid-induced TNFR-related protein; SIRP α, signal-regulatory protein α; TCR, T cell receptor [110].
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biologists, and computer scientists, will be crucial for translating genetic 
and molecular findings into clinical practice [189,190]. Investigating 
the epigenetic landscape of MCC, including DNA methylation patterns 
and histone modifications, can provide a fuller picture of regulatory 
changes due to MCPyV oncoproteins, leading to therapies that reverse 
aberrant epigenetic modifications [191]. Targeting epigenetic regula
tors for cancer therapy: mechanisms and advances in clinical trials. 
Enhanced risk management can be achieved through molecular 
profiling, allowing clinicians to determine which patients are at greater 
risk of metastasis and allocate aggressive treatments accordingly. This 
approach can minimize the burden on patients with less aggressive 
disease [187]. Molecularly informed surgery and radiotherapy can be 
guided by the genetic and molecular characteristics of MCC, optimizing 
surgical margins and the precision of radiotherapy to effectively target 
tumor cells while minimizing damage to healthy tissues [12,192]. 
Metabolic targeting, based on a better understanding of altered meta
bolism in MCC, could lead to novel therapies, particularly if viral 
oncoproteins influence metabolic pathways. Bioinformatics and data 
sharing will accelerate discovery and the translation of genetic and 
molecular knowledge into clinical practice through the development of 
sophisticated tools and publicly available databases [193]. Neoadjuvant 
and adjuvant therapies can be optimized using profiling to identify the 
most effective treatments for individual patients, improving overall 
survival rates by shrinking tumors before surgery or preventing recur
rence afterward [194,195]. Healthcare policy and reimbursement must 
evolve to ensure patients have access to diagnostic technologies and that 
profiling costs are covered by insurance providers as molecular profiling 
becomes integral to cancer care [196]. International collaboration and 
standardization are key to ensuring consistent and replicable research 
findings that can be universally applied to benefit patients worldwide 
[197,198]. Educational initiatives will be necessary to keep healthcare 
professionals updated on the latest scientific advancements and their 
practical applications in patient care [199,200]. Ethical, legal, and so
cial implications of genetic and molecular profiling must be addressed, 
including genetic privacy and discrimination. Initiatives focused on 
ethical management, genetic counseling, and safeguarding patient rights 
are essential for responsible data handling and patient care practices 
[201]. Quality of life studies can lead to improvements in symptom 
management and patient well-being by developing targeted therapies 
with fewer side effects than conventional chemotherapy [202–204]. 
Health disparities research may explain differences in MCC incidence 
and outcomes among different populations, leading to targeted public 
health interventions and equitable healthcare delivery [205]. 
Combining molecular profiling with imaging can enhance tumor 
detection, monitoring, and treatment planning, leading to more 
personalized and timely interventions [206]. AI and machine learning 
can analyze complex molecular datasets to uncover patterns and pre
dictive markers, leading to breakthroughs in predicting disease trajec
tories and treatment responses [207]. Genetic therapy advances could 
develop strategies to correct or suppress defective genetic components 
of carcinoma cells or enhance the immune response against tumor cells, 
guided by MCPyV’s impact on genetic stability and function [108,208]. 
Understanding the links between molecular profiles, patient lifestyle, 
and environmental exposures could yield insights into MCC etiology and 
progression, identifying modifiable risk factors for disease prevention
[15].These prospective directions represent a convergence of pioneering 
research, clinical practice, and technology poised to significantly 
enhance our understanding of MCC and improve patient outcomes. As 
cancer research evolves, integrating novel diagnostic techniques and 
discovering biomarkers and therapeutic targets hold promise for making 
MCC a more treatable and potentially preventable disease.

7. Discussion

Skin cancers of the aggressive MCC variety have a greater chance of 
metastasis, recurrence, and death. Over the past twenty years, the 

prevalence of MCC has almost tripled. For a given stage of MCC, the 
overall survival rate for people with MCC is 70 %. The MCC risk factors 
are immunosuppression, old age, and exposure of UV. Most patients 
have radiation therapy first, then extensive surgical excision; only 
chemotherapy is administered if there is metastasis and positive lymph 
nodes [209]. Patients with MCC have a longer survival percentage if 
they receive an early diagnosis. Gene expression profiling-based mo
lecular subtyping of cancers has influenced the development of 
subtype-specific targeted therapies as well as subtype-specific diagnosis 
and prognosis [210]. In order to have a thorough understanding of the 
genes and pathways involved in MCC, it is necessary to analyze the 
molecular heterogeneity of MCC. Additionally, it will open up new 
possibilities for targeting MCC patients who fit particular subtypes.

We have discovered some MCC causing elements in our investiga
tion. Differentiated gene signatures in the development of MCC were 
found using MCPyV oncoproteins and gene set enrichment analysis. 
MCCs showed that overexpression of BCL-2 and CD56 genes was 
accompanied by overexpression of genes related to cell cycle, spliceo
some, replication of nucleotides, and mismatch DNA repair, among 
other processes. On the other hand, TILs, SSTR2, CD56, and BCL-2 were 
identified as the overexpressed pathways by gene ontology and gene set 
enrichment analysis (Table 1). It has been discovered that in a number of 
cancer tissues, including bladder cancer and hepatocellular carcinoma, 
among others, the cycle of expression, repression, and repression of 
genes i.e. PD-1/PD-L and CTLA-4 is a significant carcinogenic compo
nent [211].

Table 1 
MCC causing elements and therapeutic agents.

Factors involved 
in MCC

Indication Examples of 
potential 
therapeutic agents

Reference

Intratumoral 
CD8+ T-cells 
(TILs)

Ligand CTLA− 4 and 
PD-L1/PD− 1that 
bring back the activity 
of cytotoxic T cells

Anti CTLA− 4 
(Ipilimumab) and 
anti PD− 1 
(Pembrolizumab)

[223,224]

CD8+ T-cells 
specific to viral 
antigens

Exhibit elevated levels 
of ligand PD-L1 
tumor-specific 
expression that vary 
in response to 
therapy.

Ipilimumab and 
Pembrolizumab

[225]

Adoptive 
immunotherapy

Autologous T-cell 
therapy

Aldesleukin [226]

Tyrosine kinases, 
including 
PDGFR, 
VEGFR2, and 
cKIT

Focusing on pathways 
for aberrant cell 
growth and 
proliferation

Imatinib; pazopanib; 
Cabozantinib

[227,228]

Overexpression of 
BCL− 2

Inducing apoptotic 
death

Oblimersen sodium; 
ABT− 263

[229,230]

MCC Survivin 
expression

Cytostatic response in 
MCC xenografts

Xenografts with 
YM155

[231]

Somatostatin 
receptor type 2 
(SSTR2)

Bind to SSTR2 in both 
functional and 
nonfunctional 
neuroendocrine 
tumors to produce 
antiangiogenic, 
antisecretory, and 
antiproliferative 
effects.

Octreotide [232]

CD56 (NCAM) 
expression on 
the cell surface

Antibody-drug 
conjugates and 
immunocytokines

Lorvotuzamab 
mertansine 
(IMGN901)

[233]

Tenascin-C and 
interleukin 
(IL)− 2

Angiogenesis IL− 2 is a 
strong immune 
stimulant, and 
tenascin-C is a marker 
that is expressed in the 
reactive stroma of 
many solid tumors.

F16-(IL)− 2 
immunocytokine; 
F16-IL2 in 
conjunction with 
paclitaxel

[234]
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Additionally, we discovered several known target genes and possible 
therapeutic drugs associated with them for the treatment of MCCs. 
PTCH1, CDKN2A, AURKA, BRCA1, and MCL1 are among these genes in 
subtype 1, and MCL1 in subtype II [212]. In order for MCC patients to be 
resistant to PD-L1/ PD-1 suppression and to have low infiltration of 
CD8+ T cells, HDACis functions to accelerate stunted HLA class-I 
expression. This aids the tumors’ ability to elude the host’s immune 
system [212]. Thus, PTCH1 and HDACi inhibitors may be beneficial for 
patients with subtype I MCC. Further information regarding chemo
therapy resistance in different types of cancer has been described 
regarding the expansion of BCL2-class antiapoptotic proteins such as 
MCL1, BCL2, and BCL-xL [212]. ABT-263 effectively reduced various 
pro-survival BCL-2 proteins in 10 out of 11 MCC xenografts in one 
investigation, providing significant evidence for the curative effect of 
these compounds on targeting of MCC [213]. It was discovered that 
Sabutoclax, another pan-active BCL2 inhibitor, may target each of the 
five anti-apoptotic proteins. Following up on the potential that MCL1 
inhibition appears to offer as specific inhibitors of MCL1 [214].

In this work, we examined two approaches for identifying MCPyV in 
melanoma and MCC samples. The efficacy of the MCPyV monoclonal 
antibody, which targets the big T-antigen (clone CM2B4), varied from 
39.0 % to 90.0 % [215]. The preanalytic changing parameters, such as 
tissue fascination and viral replica levels in the tumor cells, also have an 
impact on the sensitivity of IHC [216]. Research that compares MCPyV 
detection by PCR and IHC typically show appropriate concordance. 
Based on our findings and those of other research, we concluded that 
PCR was more responsive than IHC [216–218]. Additionally, we iden
tified MCPyV-associated melanoma samples exclusively by PCR. Mo
lecular profiling on MCCs has been the subject of few, if any, 
controversial studies. Patients with lower levels of malignant cells’s KIT, 
had longer survival times than those with higher expression of the KIT 
receptor tyrosine kinase in primary MCCs; nevertheless, activating 
mutations in KIT have not been found in MCCs [219,220].

In a different study, the molecular genetics of MCPyV-positive and 
-negative tumors were examined. It was found that MCPyV-positive 
MCCs have comparatively few mutations and lack a clear UV signa
ture, supporting the oncogenic significance of T-antigens as the primary 
drivers of these cancers [221]. The immune checkpoint inhibitor re
sponse’s molecular landscape was described in a sizable genomics 
investigation conducted in MCC. MCPyV sequences were found exclu
sively in subjects with a low tumor load. A response was seen in 50.0 % 
of high VTB tumors and 41.0 % of low VTB and MCPyV-positive tumors 
[17]. In contrast, VTB was higher in positive samples of MCPyV because 
fewer MCPyV-negative cases were evaluated.

Our investigation of gene expression revealed that MCL1 inhibitors 
greatly aided MCC when BCL-2 family proteins were present. In a similar 
vein, imatinib, another possible blocker of the intended MCC, was also 
discovered. It is believed that patients with metastatic MCC and inop
erability issues can benefit from imatinib inhibitor therapy [222]. These 
findings suggested that these inhibitors and diagnostic methods would 
be helpful for MCC patients.

8. Conclusion

This review has highlighted significant advancements in the under
standing and treatment of MCC, particularly emphasizing the role of 
MCPyV. The integration of molecular profiling, innovative diagnostic 
techniques, and personalized medicine approaches has shown promise 
in improving patient outcomes and guiding treatment strategies. This 
article serves as a comprehensive resource for researchers worldwide by 
providing a holistic view. It integrates multi-omics data and systems 
biology approaches, offering a detailed perspective on the molecular 
dynamics of MCC. This can guide future research directions and the 
development of novel therapeutic interventions. The discussion on 
advanced diagnostic techniques, such as immunohistochemistry and 
molecular profiling, can result in the development of more accurate and 

efficient diagnostic tools. Additionally, emphasizing the need for inter
disciplinary and international collaboration encourages the pooling of 
resources and expertise to overcome current research challenges. For the 
general public, the advancements discussed in this article translate to 
improved patient care. Personalized medicine approaches tailored to the 
unique genetic profiles of patients can lead to more effective treatments 
with fewer side effects, enhancing overall survival rates and quality of 
life. The development of biomarkers for early detection and prognosis 
can lead to timely interventions, potentially reducing the burden of 
advanced MCC. Furthermore, insights into the tumor microenvironment 
and immune evasion mechanisms pave the way for novel immuno
therapies, offering new hope for patients with MCC.

CRediT authorship contribution statement

Harpreet Singh: Writing – original draft, Conceptualization, Formal 
analysis. Sourav mohanto: Writing – original draft, Writing – review & 
editing, Formal analysis, Visualization, Software. Anil Kumar: Writing – 
original draft, Project administration, Formal analysis. Arun Kumar 
Mishra: Writing – original draft, Project administration. Arvind 
Kumar: Writing – original draft, Writing – review & editing, Visuali
zation, Conceptualization, Formal analysis. Amrita Mishra: Writing – 
original draft, Project administration, Methodology, Formal analysis. 
Mohammed Gulzar Ahmed: Writing – original draft, Writing – review 
& editing, Supervision, Data curation. Mukesh Kr. Singh: Writing – 
original draft, Visualization, Resources, Formal analysis. Amrendra 
Pratap Yadav: Writing – original draft, Formal analysis, Validation, 
Supervision. Shivani Chopra: Writing – original draft, Formal analysis, 
Data curation. Hitesh Chopra: Writing – review & editing, Supervision, 
Writing – original draft, Formal analysis.

Declaration of Competing Interest

The authors declare that they have no known competing financial 
interests or personal relationships that could have appeared to influence 
the work reported in this paper.

References

[1] J.C. Becker, A. Stang, J.A. DeCaprio, L. Cerroni, C. Lebbé, M. Veness, P. Nghiem, 
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T. Venceslau, M.C. Rochael, L. Pantaleão, Detection of Merkel cell polyomavirus 
in tumor cells and peritumoral lymphocytes of non-melanoma skin cancer by 
Immunohistochemistry, GSC Adv. Res. Rev. 13 (2022) 162–168, https://doi.org/ 
10.30574/gscarr.2022.13.1.0282.

[88] K.G. Paulson, J.J. Carter, L.G. Johnson, K.W. Cahill, J.G. Iyer, D. Schrama, J.C. 
Becker, M.M. Madeleine, P. Nghiem, D.A. Galloway, Data from Antibodies to 
Merkel Cell Polyomavirus T Antigen Oncoproteins Reflect Tumor Burden in 
Merkel Cell Carcinoma Patients, 2023. https://doi.org/10.1158/0008-5472. 
c.6501566..
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P. Hoang, Merkel cell carcinoma of unknown primary: immunohistochemical and 
molecular analyses reveal distinct UV-signature/MCPyV-negative and high 
immunogenicity/MCPyV-Positive Profiles, Cancers 13 (2021), https://doi.org/ 
10.3390/cancers13071621.

[90] M.E. Verhaegen, P.W. Harms, J.J. Van Goor, J. Arche, M.T. Patrick, D. Wilbert, 
H. Zabawa, M. Grachtchouk, C.-J. Liu, K. Hu, M.C. Kelly, P. Chen, T.L. Saunders, 
S. Weidinger, L.-J. Syu, J.S. Runge, J.E. Gudjonsson, S.Y. Wong, I. Brownell, 
M. Cieslik, A.M. Udager, A.M. Chinnaiyan, L.C. Tsoi, A.A. Dlugosz, Direct cellular 
reprogramming enables development of viral T antigen-driven Merkel cell 
carcinoma in mice, J. Clin. Invest. 132 (2022), https://doi.org/10.1172/ 
JCI152069.

[91] M.-M. Chang, Plasmid-to-plasmid Southern blot analysis validates the presence of 
nucleotide binding site (nbs) sequences in cloned plasmids, Biochem. Mol. Biol. 
Educ. A Bimon. Publ. Int. Union Biochem. Mol. Biol. 50 (2022) 373–380, https:// 
doi.org/10.1002/bmb.21642.

[92] M.R. Green, J. Sambrook, Analysis of DNA by southern blotting, Cold Spring 
Harb. Protoc. 2021 (2021), https://doi.org/10.1101/pdb.top100396.

[93] W. Liu, N.A. Krump, C.B. Buck, J. You, Merkel cell polyomavirus infection and 
detection, J. Vis. Exp. (2019), https://doi.org/10.3791/58950.

[94] L.F. Lincz, F.E. Scorgie, M.B. Garg, J. Gilbert, J.A. Sakoff, A simplified method to 
calculate telomere length from Southern blot images of terminal restriction 
fragment lengths, Biotechniques 68 (2020) 28–34, https://doi.org/10.2144/btn- 
2019-0082.

[95] T. Brown, Southern blotting, Curr. Protoc. Protein Sci. 13 (1998), https://doi.org/ 
10.1002/0471140864.psa04gs13. A.4G.1-A.4G.8.

[96] N.K. Mohd-Ismail, Z. Lim, J. Gunaratne, Y.-J. Tan, Mapping the Interactions of 
HBV cccDNA with Host Factors, Int. J. Mol. Sci. 20 (2019), https://doi.org/ 
10.3390/ijms20174276.

[97] T.A. Brown, Southern blotting and related DNA detection techniques, in: ELS, 
John Wiley & Sons, Ltd, 2001, https://doi.org/10.1038/npg.els.0000996.

[98] G.F. Codner, V. Erbs, J. Loeffler, L. Chessum, A. Caulder, N. Jullien, S. Wells, M.- 
C. Birling, L. Teboul, Universal Southern blot protocol with cold or radioactive 
probes for the validation of alleles obtained by homologous recombination, 
Methods 191 (2021) 59–67, https://doi.org/10.1016/j.ymeth.2020.06.011.

[99] G. Mellars, K. Gomez, Mutation detection by Southern blotting, Methods Mol. 
Biol. 688 (2011) 281–291, https://doi.org/10.1007/978-1-60761-947-5_19.

H. Singh et al.                                                                                                                                                                                                                                   Pathology - Research and Practice 271 (2025) 155869 

14 

https://doi.org/10.3390/ijms22158346
https://doi.org/10.3390/ijms22158346
https://doi.org/10.3390/ijms222111464
https://doi.org/10.3390/cells12030380
https://doi.org/10.3390/cells12030380
https://doi.org/10.1128/jvi.01907-22
https://doi.org/10.1093/jxb/erac011
https://doi.org/10.1093/jxb/erac011
https://doi.org/10.3892/ol.2019.10163
https://doi.org/10.3892/ol.2019.10163
https://doi.org/10.15252/embj.2019101654
https://doi.org/10.15252/embj.2019101654
https://doi.org/10.17650/2313-805X-2023-10-2-8-16
https://doi.org/10.17650/2313-805X-2023-10-2-8-16
https://doi.org/10.1038/jid.2015.4
https://doi.org/10.3390/ijms21114118
https://doi.org/10.38125/OAJBS.000197
https://doi.org/10.38125/OAJBS.000197
https://doi.org/10.3390/cancers15112989
https://doi.org/10.3390/v15020478
https://doi.org/10.1371/journal.ppat.1008562
https://doi.org/10.6061/clinics/2018/e558s
https://doi.org/10.1038/s41598-018-21200-8
https://doi.org/10.1038/s41598-018-21200-8
https://doi.org/10.1146/annurev.pathol.3.121806.154244
https://doi.org/10.18632/oncotarget.4500
https://doi.org/10.1016/j.trecan.2018.07.003
https://doi.org/10.3390/v13010138
https://doi.org/10.1021/acsbiomaterials.3c01969
https://doi.org/10.1038/s41467-023-37187-4
https://doi.org/10.1002/jps.22257
https://doi.org/10.1002/jps.22257
https://doi.org/10.1146/annurev-cancerbio-030518-055702
https://doi.org/10.1146/annurev-cancerbio-030518-055702
https://doi.org/10.1186/s40164-018-0122-9
https://doi.org/10.1186/s40164-018-0122-9
https://doi.org/10.1002/biot.201300492
https://doi.org/10.1038/s41571-018-0002-6
https://doi.org/10.1038/s41571-018-0002-6
https://doi.org/10.3389/fmolb.2018.00076
https://doi.org/10.3390/cancers12041009
https://doi.org/10.1016/j.metabol.2014.10.027
https://doi.org/10.1016/j.metabol.2014.10.027
https://doi.org/10.1007/s11899-019-00533-9
https://doi.org/10.1016/j.coviro.2015.08.010
https://doi.org/10.1016/j.coviro.2015.08.010
https://doi.org/10.3389/fonc.2022.1020805
https://doi.org/10.3389/fonc.2022.1020805
https://doi.org/10.1172/JCI64116
https://doi.org/10.1016/j.abd.2023.12.002
https://doi.org/10.30574/gscarr.2022.13.1.0282
https://doi.org/10.30574/gscarr.2022.13.1.0282
https://doi.org/10.3390/cancers13071621
https://doi.org/10.3390/cancers13071621
https://doi.org/10.1172/JCI152069
https://doi.org/10.1172/JCI152069
https://doi.org/10.1002/bmb.21642
https://doi.org/10.1002/bmb.21642
https://doi.org/10.1101/pdb.top100396
https://doi.org/10.3791/58950
https://doi.org/10.2144/btn-2019-0082
https://doi.org/10.2144/btn-2019-0082
https://doi.org/10.1002/0471140864.psa04gs13
https://doi.org/10.1002/0471140864.psa04gs13
https://doi.org/10.3390/ijms20174276
https://doi.org/10.3390/ijms20174276
https://doi.org/10.1038/npg.els.0000996
https://doi.org/10.1016/j.ymeth.2020.06.011
https://doi.org/10.1007/978-1-60761-947-5_19


[100] A.S.W. Loke, P.F. Lambert, M.E. Spurgeon, Current In vitro and in vivo models to 
study MCPyV-associated MCC, Viruses 14 (2022) 2204, https://doi.org/10.3390/ 
v14102204.

[101] N. Fischer, J. Brandner, F. Fuchs, I. Moll, A. Grundhoff, Detection of Merkel cell 
polyomavirus (MCPyV) in Merkel cell carcinoma cell lines: cell morphology and 
growth phenotype do not reflect presence of the virus, Int. J. Cancer 126 (2010) 
2133–2142, https://doi.org/10.1002/ijc.24877.

[102] T. Mahmood, P.-C. Yang, Western blot: technique, theory, and trouble shooting, 
N. Am. J. Med. Sci. 4 (2012) 429–434, https://doi.org/10.4103/1947- 
2714.100998.

[103] R. Sule, G. Rivera, A.V. Gomes, Western blotting (immunoblotting): history, 
theory, uses, protocol and problems, Biotechniques 75 (2023) 99–114, https:// 
doi.org/10.2144/btn-2022-0034.

[104] B.T. Kurien, R.H. Scofield, Common artifacts and mistakes made in 
electrophoresis, Methods Mol. Biol. 869 (2012) 633–640, https://doi.org/ 
10.1007/978-1-61779-821-4_58.

[105] D.A. Griffiths, H. Abdul-Sada, L.M. Knight, B.R. Jackson, K. Richards, E. 
L. Prescott, A.H.S. Peach, G.E. Blair, A. Macdonald, A. Whitehouse, Merkel cell 
polyomavirus small T antigen targets the NEMO adaptor protein to disrupt 
inflammatory signaling, J. Virol. 87 (2013) 13853–13867, https://doi.org/ 
10.1128/JVI.02159-13.

[106] L. Pala, T. Sirec, U. Spitz, Modified enzyme substrates for the detection of 
bacteria: a review, Molecules 25 (2020), https://doi.org/10.3390/ 
molecules25163690.

[107] J.J. Bass, D.J. Wilkinson, D. Rankin, B.E. Phillips, N.J. Szewczyk, K. Smith, P. 
J. Atherton, An overview of technical considerations for Western blotting 
applications to physiological research, Scand. J. Med. Sci. Sports 27 (2017) 4–25, 
https://doi.org/10.1111/sms.12702.
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[181] T. Gambichler, D. Schrama, R. Käpynen, S.S. Weyer-Fahlbusch, J.C. Becker, 
L. Susok, F. Kreppel, N. Abu Rached, Current progress in vaccines against Merkel 
cell carcinoma: a narrative review and update, Vaccines 12 (2024), https://doi. 
org/10.3390/vaccines12050533.

[182] B.K. Das, A. Kannan, G.J. Velasco, M.D. Kunika, N. Lambrecht, Q. Nguyen, 
H. Zhao, J. Wu, L. Gao, Single-cell dissection of Merkel cell carcinoma 
heterogeneity unveils transcriptomic plasticity and therapeutic vulnerabilities, 
Cell Rep. Med. 4 (2023) 101101, https://doi.org/10.1016/j.xcrm.2023.101101.

[183] V. Prakash, L. Gao, S.J. Park, Evolving applications of circulating tumor DNA in 
Merkel cell carcinoma, Cancers 15 (2023), https://doi.org/10.3390/ 
cancers15030609.

[184] S. Bhatia, O. Afanasiev, P. Nghiem, Immunobiology of Merkel cell carcinoma: 
implications for immunotherapy of a polyomavirus-associated cancer, Curr. 
Oncol. Rep. 13 (2011) 488–497, https://doi.org/10.1007/s11912-011-0197-5.

[185] V. Leko, S.A. Rosenberg, Identifying and targeting human tumor antigens for T 
cell-based immunotherapy of solid tumors, Cancer Cell 38 (2020) 454–472, 
https://doi.org/10.1016/j.ccell.2020.07.013.

[186] C. Yam, B.B.Y. Ma, T.A. Yap, Global implementation of precision oncology, JCO 
Precis. Oncol. 5 (2021), https://doi.org/10.1200/PO.21.00001.

[187] E.R. Malone, M. Oliva, P.J.B. Sabatini, T.L. Stockley, L.L. Siu, Molecular profiling 
for precision cancer therapies, Genome Med. 12 (2020) 8, https://doi.org/ 
10.1186/s13073-019-0703-1.

[188] O. Kuznetsova, M. Ivanov, A. Tryakin, A. Lebedeva, E. Ignatova, M. Fedyanin, 
Comprehensive multigene profiling impact on clinical decisions in patients with 
advanced cancers: a multicenter, retrospective analysis, J. Clin. Oncol. 41 (2023) 
e15163, https://doi.org/10.1200/JCO.2023.41.16_suppl.e15163.

[189] M. Ikegami, Prognostic benefit of comprehensive genomic profiling in clinical 
practice remains uncertain, Cancer Sci. 114 (2023) 3053–3055, https://doi.org/ 
10.1111/cas.15826.

[190] A. Melguizo-Garín, M.D. Benítez-Márquez, I. Hombrados-Mendieta, M.J. Martos- 
Méndez, Importance of social support of parents of children with cancer: a 
multicomponent model using partial least squares-path modelling, Int. J. Environ. 
Res. Public Health 20 (2023), https://doi.org/10.3390/ijerph20031757.

[191] Y. Cheng, C. He, M. Wang, X. Ma, F. Mo, S. Yang, J. Han, X. Wei, Targeting 
epigenetic regulators for cancer therapy: mechanisms and advances in clinical 
trials, Signal Transduct. Target. Ther. 4 (2019) 62, https://doi.org/10.1038/ 
s41392-019-0095-0.

[192] P. Ghadjar, J.H. Kaanders, P. Poortmans, R. Zaucha, M. Krengli, J.L. Lagrange, 
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