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The small tumor antigen of Merkel 
cell polyomavirus accomplishes cellular 
transformation by uniquely localizing 
to the nucleus despite the absence of a known 
nuclear localization signal
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Abstract 

Background  Merkel Cell Carcinoma (MCC) is an aggressive skin cancer that is three times deadlier than melanoma. 
In 2008, it was found that 80% of MCC cases are caused by the genomic integration of a novel polyomavirus, Merkel 
Cell Polyomavirus (MCPyV), and the expression of its small and truncated large tumor antigens (ST and LT-t, respec-
tively). MCPyV belongs to a family of human polyomaviruses; however, it is the only one with a clear association 
to cancer.

Methods  To investigate the role and mechanisms of various polyomavirus tumor antigens in cellular transforma-
tion, Rat-2 and 293A cells were transduced with pLENTI MCPyV LT-t, MCPyV ST, TSPyV ST, HPyV7 ST, or empty pLENTI 
and assessed through multiple transformation assays, and subcellular fractionations. One-way ANOVA tests were used 
to assess statistical significance.

Results  Soft agar, proliferation, doubling time, glucose uptake, and serum dependence assays confirmed ST to be 
the dominant transforming protein of MCPyV. Furthermore, it was found that MCPyV ST is uniquely transforming, 
as the ST antigens of other non-oncogenic human polyomaviruses such as Trichodysplasia Spinulosa-Associated Poly-
omavirus (TSPyV) and Human Polyomavirus 7 (HPyV7) were not transforming when similarly assessed. Identification 
of structural dissimilarities between transforming and non-transforming tumor antigens revealed that the uniquely 
transforming domain(s) of MCPyV ST are likely located within the structurally dissimilar loops of the MCPyV ST unique 
region. Of all known MCPyV ST cellular interactors, 62% are exclusively or transiently nuclear, suggesting that MCPyV 
ST localizes to the nucleus despite the absence of a canonical nuclear localization signal. Indeed, subcellular fractiona-
tions confirmed that MCPyV ST could achieve nuclear localization through a currently unknown, regulated mecha-
nism independent of its small size, as HPyV7 and TSPyV ST proteins were incapable of nuclear translocation. Although 
nuclear localization was found to be important for several transforming properties of MCPyV ST, some properties were 
also performed by a cytoplasmic sequestered MCPyV ST, suggesting that MCPyV ST may perform different transform-
ing functions in individual subcellular compartments.
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Conclusions  Together, these data further elucidate the unique differences between MCPyV ST and other polyomavi-
rus ST proteins necessary to understand MCPyV as the only known human oncogenic polyomavirus.

Keywords  Merkel cell polyomavirus, Merkel cell carcinoma, Cellular transformation, Trichodysplasia spinulosa 
polyomavirus, Human polyomavirus 7, Nuclear localization

Background
Merkel Cell Carcinoma (MCC) was first described in 
the 1970s as a rare, aggressive skin cancer, likely a con-
sequence of ultraviolet radiation-induced mutations in 
cell cycle-regulation genes [1–3]. However, in 2008, a 
novel human polyomavirus, subsequently termed Mer-
kel Cell Polyomavirus (MCPyV), was found to be inte-
grated within, and the etiologic agent of, ~ 80% of MCC 
tumors [4]. Further investigation identified MCPyV as 
a ubiquitous, asymptomatic human virus that, in rare 
cases of immunosuppressed individuals, could inte-
grate into the human genome and lead to the develop-
ment of cancer [5–9].

The small, 5.3 kb dsDNA genome of MCPyV is divided 
into an early region and a late region (ER and LR, respec-
tively) by a bidirectional promoter [4, 10]. Due to its con-
strained genomic size, the ER utilizes alternative splicing 
and overprinting to generate 4 viral proteins, including 
the large tumor antigen (LT), small tumor antigen (ST), 
alternate large T open reading frame (ALTO), and the 
57kT protein, while the LR encodes the VP1 and VP2 
structural proteins [10–12]. Although all of these viral 
proteins are expressed for successful viral replication in 
the normal MCPyV viral lifecycle, in MCC, only a trun-
cated LT (LT-t) and ST are expressed and necessary for 
the viability of MCC tumors, suggesting a role for these 
proteins in tumorigenesis and maintenance [4, 13, 14]. 
Several researchers have identified transforming capa-
bilities of both ST and LT-t, including, but not limited to, 
perturbation of MYCL and Rb, respectively [10, 15–19].

MCPyV belongs to a family of 14 known human pol-
yomaviruses but is currently the only one with a clear 
association to cancer [20, 21]. However, polyomaviruses 
of other species, such as Simian Virus 40 (SV40) and 
Raccoon polyomavirus (RacPyV), have been found to be 
oncogenic in rodents and raccoons, respectively [22–26]. 
As one of the most intensively studied oncogenic viruses, 
the study of SV40 oncogenesis has led to the develop-
ment of several transformation assays, which have sub-
sequently been used to direct the study of MCPyV 
transformation and tumorigenesis.

Transformation is defined as the acquisition of 
expanded proliferation and/or survival potential of a cell 
[27]. Many in  vitro transformation assays exist, includ-
ing soft agar assays, focus formation, doubling time, 

proliferation rate, serum dependence, and metabolic 
assays, each of which assesses different aspects and path-
ways involved in cellular transformation that may col-
lectively contribute to tumorigenesis in vivo. In order to 
accomplish cellular transformation, viral proteins bind 
and perturb cellular pathways that allow for expanded 
proliferation and survival potential [28, 29]. Cellular 
proteins and pathways operate in specific subcellular 
compartments, including the cytoplasm, nucleus, and 
membrane [30, 31]. As localization influences the regu-
lation and activity of specific proteins and pathways, it 
is tightly regulated [31, 32]. Therefore, protein localiza-
tion to the nucleus is tightly regulated and restricted to 
proteins containing a nuclear localization signal (NLS), 
as this is where the DNA is contained, and gene expres-
sion is initiated [33]. Of note, SV40 LT and ST are both 
capable of nuclear localization, in addition to MCPyV LT 
[34–36].

Herein, we employed an alternative approach to elu-
cidate the mechanism of transformation of MCPyV 
T antigens. As opposed to previous approaches of 
comparing similarities between SV40 and MCPyV 
T antigens, several transformation assays on various 
oncogenic and non-oncogenic human polyomavirus 
tumor antigens were performed to identify the unique 
domains and mechanisms of MCPyV T-antigen medi-
ated oncogenesis. Together, we identified MCPyV ST 
to be predominantly and uniquely transforming when 
compared to MCPyV LT-t and the ST of other, skin-
tropic human polyomaviruses. Furthermore, MCPyV 
ST was found to uniquely localize to the nucleus, con-
sistent with its known interaction with cellular nuclear 
proteins, despite the absence of a canonical NLS. This is 
in contrast to non-oncogenic human polyomavirus ST 
proteins, which localize exclusively to the cytoplasm. 
The nuclear localization of MCPyV ST was found to 
be responsible for many, but not all, MCPyV ST trans-
forming properties, suggesting MCPyV ST binds to 
and perturbs many pathways in both the cytoplasm 
and nucleus to accomplish cellular transformation. 
Together, these data further increase our understand-
ing of MCPyV ST-mediated cellular transformation and 
may prove influential in further discoveries of MCPyV 
ST-mediated oncogenesis and the consequent develop-
ment of MCPyV-targeted MCC therapies.
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Methods
Plasmids and mutagenesis
Codon-optimized constructs with a Kozak sequence were 
subcloned into pLENTI-puro (Addgene #39,481) to cre-
ate MCPyV ST ko/co, TSPyV ST ko/co, and HPyV7 ST 
ko/co, which were transduced into Rat-2 cells. pLENTI-
puro empty and pLENTI-puro MCPyV LT-t (MKL-1 
truncation, amino acids 1–330) were also transduced into 
Rat-2 cells. The Q5 NEB Mutagenesis Kit (New England 
Biolabs) was used to add an NES from the Mitogen-Acti-
vated Protein Kinase Kinase (MAPKK) (LQKKLEELEL) 
or NLS from SV40 (SPKKKRKVE) followed by a 
(GGGGS)2 flexible linker to the 5’ end (N-terminus) of 
pLENTI-puro MCPyV ST ko/co to create pLENTI-puro 
NES-MCPyV ST ko/co and pLENTI-puro NLS-MCPyV 
ST ko/co. pMTBS (donated by Dr. Christopher Buck, 
NIH) was used to transfect 293A cells with MCPyV ST. 
TSPyV ST and HPyV 7 ST were subcloned into pCS2 to 
transfect 293A cells. Empty pLENTI and pCS2 were used 
as negative controls.

Tissue culture, transductions and transfections
Adenovirus-transformed human embryonic kidney cells 
(HEK293A), 293TNs, and Rat-2 cells were cultured in 
1 × DMEM (ThermoFisher Scientific) supplemented with 
10% fetal bovine serum (FBS) (Neuromics), GlutaMax 
(ThermoFisher Scientific), Non-Essential Amino Acids 
(NEAA) (ThermoFisher Scientific), and 100 units/mL 
penicillin–streptomycin (ThermoFisher Scientific). MCC 
virus-positive MKL-1 cells were cultured in 1 × RPMI 
(ThermoFisher Scientific) supplemented similarly as 
stated above. All cell lines were incubated at 37 °C in 5% 
CO2.

293TN cells were transfected with the lentiviral enve-
lope and packaging plasmids psPAX2 (Addgene #12,260) 
and pMD2.G (Addgene #12,259) and lentiviral transfer 
plasmid pLENTI-puro using TransIT-293 Transfection 
reagent (Mirus). Viral harvests were conducted at 24 and 
48 h post-transfection. Rat-2 cells were transduced with 
the pseudotyped lentiviruses supplemented with 4  μg/
mL polybrene (SantaCruz Biotechnology) and selected 
with 4 μg/mL puromycin (ThermoFisher Scientific) 48 h 
post-transduction.

HEK293 cells were transfected with pMTBS and pCS2-
ST at ~ 80% confluence using TransIT-293 transfection 
reagent (Mirus). Cells were harvested for downstream 
applications 48 h post-transfection.

Immunoblotting and antibodies
Cell lysates were prepared in RIPA lysis buffer (Ther-
moFisher Scientific) supplemented with a protease 
inhibitor cocktail (ThermoFisher Scientific) on ice, fol-
lowed by sonication at 20% amplitude and centrifugation 

at 16,000 × g for 15  min. A BCA assay (ThermoFisher 
Scientific) was performed to determine protein con-
centrations for normalization in 2 × SDS sample buffer 
(ThermoFisher Scientific) at 1 μg/μL followed by boiling 
at 95 °C. 30 μg of protein was loaded in an 8–16% SDS-
PAGE gel (ThermoFisher Scientific) and transferred to 
an Immobilon-P PVDF membrane, followed by a 1  h 
block in 4% milk and overnight primary antibody incu-
bation with Ab5 (donated by James DeCaprio, Harvard 
University) diluted at 1:1000 for MCPyV ST, HPyV7 ST, 
and TSPyV ST, and MCPyV LT, HSP90 (Cell Signaling 
Technologies, 4874S) (1:5000), HDAC2 (Cell Signaling 
Technologies, 2540S) (1:5000), Na/K-ATPase (Cell Sign-
aling Technologies, 3010S) (1:2500), or actin (Cell Signal-
ing Technologies, 5125S) (1:10,000). After TBST washes, 
membranes were incubated in 4% milk supplemented 
with either anti-mouse IgG HRP-conjugated secondary 
antibody (Cell Signaling Technologies, 7076P2) (1:10,000) 
or anti-rabbit IgG HRP-conjugated secondary antibody 
(Cell Signaling Technologies, 7074P2) (1:10,000) at room 
temperature for 1 h. Following secondary washing, pro-
teins were detected using Femto (ThermoFisher Scien-
tific) and a ChemiDoc Imaging System (Bio-Rad).

Transformation assays
Soft agar assays were performed in triplicate according 
to the JOVE online protocol at 50,000 cells/well [37]. The 
top layer of 1 × DMEM was supplemented with puromy-
cin. The cells were monitored for three weeks, followed 
by imaging with a Nikon Ti2 Eclipse microscope (Nikon).

Metabolism experiments were performed in triplicate 
using a Glucose Uptake-Glo Assay Kit (Promega) accord-
ing to manufacturer instructions at 10,000 cells/96-well.

Serum dependence experiments were performed 
by plating 50,000 cells/6-well in triplicate in complete 
DMEM supplemented with either 10%, 5%, or 1% FBS 
(Neuromics). Cells were quantified at days 2, 5, and 10. 
Puromycin-supplemented media was changed every 
3 days or as needed in later time points.

Proliferation rate experiments were conducted by plat-
ing 50,000 cells/6-well in triplicate. Cells were quantified 
at days 2, 4, 8, 14, 20, and 28. Doubling time was evalu-
ated between days 0 and 28 to be representative of the 
entire experiment. Puromycin-supplemented media was 
changed every 3 days or as needed in later time points.

RT‑qPCR
RNA was isolated from Rat-2 cells transduced with codon 
optimized MCPyV ST, HPyV7 ST, TSPyV ST, or empty 
pLENTI control. RNA extraction was performed by first 
resuspending the pellet in TRIzol, followed by phase sep-
aration with chloroform. The resultant supernatant was 
then centrifuged at 12,000 × g for 15  min at 4  °C. After 
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centrifugation, the aqueous phase was removed, and iso-
propanol was used to precipitate the RNA, followed by 
ethanol washes, air-drying of the RNA pellet, and elution 
in nuclease-free water. Contaminant DNA was removed 
from the samples using the TURBO DNA-free Kit (Invit-
rogen) per manufacturer instructions. RT-qPCR was per-
formed using the Applied Biosystems StepOne RT-qPCR 
system (ThermoFisher Scientific). Samples were run in 
duplicate with a master mix containing 2 × One Step  
RT-PCR buffer, TaKaRa Ex Taq HS, PrimeScript RT 
Enzyme Mix, High Rox Dye, and RNAse Free Water, 
which are all supplied in the One Step PrimeScript  
RT-PCR Kit (TaKaRa). Primers and probes were designed 
and supplied using the Integrated DNA Technologies 
PrimerQuest Tool. MCPyV ST: Forward—CCT​TAA​GCA​
CCA​CCC​TGA​TAAA, Reverse – CTG​AGC​GCA​GCT 
​TAT​GTA​TGT, Probe – ACC​CTG​TGG​TCA​AAG​TTC​
CAA​CAG​A (6-FAM/ZEN/IBFQ). TSPyV ST: Forward – 
TGT​CCC​TTA​AAT​ATC​ACC​CTGAC, Reverse – AAC​TC 
C​TGC​CTT​GCA​TTA​TAGA, Probe – CTG​TGG​CAG​AA 
A​TTG​CAG​GAA​GGC​ (6-FAM/ZEN/IBFQ). HPyV7 ST: 
Forward – AGG​AAC​TCA​TGG​AGC​TTA​TTGG, Reverse 
– CGC​CCT​TAT​CTG​GGT​GAT​ATTT, Probe – TCA​GCA​
CAA​AGT​AAG​ACT​GGC​GTC​A (6-FAM/ZEN/IBFQ). Rat 
GAPDH: Forward – CCC​TGT​TGC​TGT​AGC​CAT​ATT, 
Reverse – ACT​CCC​ATT​CTT​CCA​CCT​TTG, Probe – TT 
G​TCA​TTG​AGA​GCA​ATG​CCA​GCC​ (6-FAM/ZEN/IBFQ). 
Samples were run per the following cycling conditions: 
42 °C for 5 min, 95 °C for 10 s, and 40 rounds of 95 °C for 
5 s and 60.0 °C for 31 s. The delta delta Ct was calculated 
for each Tag, and the 2^-(delta delta Ct) of each was plot-
ted and compared on a log2 scale.

Subcellular fractionation
Subcellular fractionations were conducted using a Sub-
cellular Fractionation Kit (ThermoFisher Scientific) fol-
lowing a manufacturer-modified protocol. In short, cells 
were plated at 1 × 106 in 4 10 cm plates 24 h prior to har-
vest through trypsinization (ThermoFisher Scientific) for 
adherent cells. Provided fractionation extraction buffers 
were supplemented with a 1 × protease inhibitor cock-
tail and used to fractionate the cell sample as instructed 
with the addition of extra wash steps to lessen fraction 

contamination. Following protein extraction, lysates were 
quantified and run in a western blot as described previ-
ously. Controls included Heat Shock Protein 90 (HSP90) 
for the cytoplasmic fraction, Sodium Potassium ATPase 
(Na+/K+ ATPase) for the membrane fraction, and His-
tone Deacetylase 2 (HDAC2) for the nuclear soluble 
fraction.

Statistical methods
Statistical analyses were conducted using the Jamovi sta-
tistical computer software, Version 2.3. All experiments 
were repeated in triplicate. One-way ANOVA analyses 
were used, and a p-value < 0.05 was considered to indi-
cate a statistically significant difference.

Results
The ST unique region is responsible for the dominant 
transforming properties of MCPyV ST
In order to investigate the mechanism(s) of MCPyV cel-
lular transformation, we first sought to assess various 
transforming capabilities of the MCPyV tumor antigens 
(TAgs) expressed in virus positive MCC (VP-MCC): ST 
and LT-t. As done previously by others, Rat-2 cells were 
transduced with pseudotyped lentiviruses containing 
plasmids encoding MCPyV ST, LT-t, or empty pLENTI 
control [38]. After confirmation of protein expression 
(Fig.  1A), soft agar assays were performed to assess the 
ability of the MCPyV TAgs to induce anchorage-inde-
pendent cellular proliferation, a common property of 
cancerous cells that promotes tumor formation and 
metastasis [39]. Consistent with the work of others, 
MCPyV ST was capable of inducing anchorage-inde-
pendent growth, whereas MCPyV LT-t was incapable of 
colony formation (Fig. 1B and C) [38, 40].

Because cellular transformation can be defined by prop-
erties other than anchorage-independent growth, addi-
tional transformation assays were performed between the 
MCPyV TAgs to further define the specific transforming 
properties of both MCPyV ST and LT-t. It has been fre-
quently described that compared to healthy cells, cancer-
ous cells have an increased glucose uptake to support their 
increased metabolic rate and cellular division [41, 42]. 
Consistently, MCPyV ST expression significantly increased 

Fig. 1  The ST unique region is responsible for the dominant transforming properties of MCPyV ST. Rat-2 cells were transduced with MCPyV LT-t, 
MCPyV ST, or pLENTI control and protein expression was confirmed (A). Various transformation assays were performed including soft agar assays 
(B and C), glucose uptake (D), proliferation rate (E), doubling time (F), and serum dependence (G) (grey – pLENTI, coral – MCPyV ST, blue – MCPyV 
LT-t). The percent change in serum dependence doubling time (solid bars) was normalized (dashed bars) by glucose uptake compared to pLENTI 
control (H). MCPyV ST protein structure was determined by PyMol and colored to show the common-T (blue) and ST unique (pink) regions (I). Each 
point represents mean ± the standard error of independent triplicates. One-way ANOVA * p < 0.05; ** < 0.01; *** p < 0.001, significantly different 
from pLENTI

(See figure on next page.)



Page 5 of 15Thevenin et al. Virology Journal          (2024) 21:125 	

Fig. 1  (See legend on previous page.)
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the glucose uptake of Rat-2 cells, whereas MCPyV LT-t did 
not (Fig.  1D). Similarly, MCPyV ST was also capable of 
significantly increasing the proliferation rate and decreas-
ing the doubling time of Rat-2 cells (Fig. 1E and F); how-
ever, these assays demonstrated that MCPyV LT-t was also 
capable of significantly increasing the cellular proliferation 
rate and decreasing the doubling time compared to control 
cells, albeit to a lesser degree than MCPyV ST. These data 
support the transforming properties of both MCPyV ST 
and LT-t, consistent with the necessity of both ST and LT-t 
to be expressed for the viability of VP-MCC cells.

Finally, the serum dependence of Rat-2 cells was com-
pared between control, ST, and LT-t expressing cells, 
as cancerous cells are frequently described as capa-
ble of maintaining cellular proliferation in the absence 
of the growth factors and nutrients found in serum 
[43]. Consistent with proliferation rate experiments 
containing the normal 10% serum supplementation 
(Fig.  1E), both ST and LT-t were capable of signifi-
cantly increasing proliferation in 10% serum; however, 
MCPyV LT-t exhibited less proliferation than MCPyV 
ST with reduced serum concentrations of either 5% or 
1% (Fig. 1G). To illustrate the effect of reducing serum 
concentrations on the proliferation of the control, ST, 
and LT-t expressing cells, the percent change in dou-
bling time was calculated going from 10 to 1%, 10% to 
5%, and 5% to 1% serum. Although the percent change 
in doubling time between these different serum con-
centrations was not significantly different between con-
trol, ST, and LT-t expressing cells when going from 10 
to 1% serum, normalization by glucose uptake (Fig. 1D) 
found MCPyV ST to significantly decrease the percent 
change in doubling time upon serum reductions to 1% 
(Fig. 1H). Together, these data found serum concentra-
tions to affect the proliferation of ST-expressing cells 
the least, despite these cells having the highest meta-
bolic rate as inferred by glucose uptake.

Upon confirmation of ST as the dominant trans-
forming protein of MCPyV, we sought to elucidate 
the domain(s) responsible for this phenotype. Both 
MCPyV ST and LT-t share the same start codon and 
are created through the alternative splicing of the same 
mRNA [11]. Therefore, both ST and LT-t share the same 

N-terminal amino acid sequence, referred to as “com-
mon-T”, whereas they differ in their C-terminal amino 
acid sequence, which is referred to as the “ST- and LT 
– unique regions” (Fig. 1I). The finding of ST to be the 
dominant transforming protein of MCPyV led to the 
hypothesis that the domain(s) responsible for these 
unique transforming properties are likely located in 
the ST-unique region, as location within the common-
T region would suggest MCPyV LT-t to have similar 
transforming properties. Together, these data confirm 
ST as the dominant transforming protein of MCPyV by 
assessment of various transformation properties such as 
anchorage-independent growth, metabolism, prolifera-
tion rate, doubling time, and serum independence, and 
that the domain(s) responsible for anchorage-independ-
ent growth, glucose uptake, and serum independence 
are likely found in the ST unique region.

The structurally dissimilar loops in the ST unique region 
of MCPyV ST may be responsible for the uniquely 
transforming capabilities of MCPyV ST when compared 
to other skin‑tropic human polyomaviruses
Upon confirmation of ST being the dominant trans-
forming protein of MCPyV, likely a result of activities 
in the ST unique region, we sought to further eluci-
date the region(s) of MCPyV ST responsible for vari-
ous transformation properties. As noted, MCPyV ST 
belongs to a family of 14 known human polyomavi-
ruses, but is the only polyomavirus found to be directly 
responsible for the development of cancer [20, 21]. 
Therefore, we sought to determine whether the ST 
antigens of other, skin tropic, human polyomaviruses, 
such as Human Polyomavirus 7 (HPyV7) (Deltapoly-
omavirus septihominis) and Trichodysplasia Spinulosa-
Associated Polyomavirus (TSPyV) (Alphapolyomavirus 
octihominis), were also capable of any of the mecha-
nisms of cellular transformation similar to MCPyV ST. 
Rat-2 cells were transduced to express MCPyV, TSPyV, 
or HPyV7 ST (Fig. 2A). Although it appeared that both 
HPyV7 and TSPyV ST proteins were expressed in lower 
quantities than MCPyV ST, it is likely that the anti-
body used to detect these proteins has higher affinity to 
MCPyV ST, as it was developed through its recognition 

(See figure on next page.)
Fig. 2  The structurally dissimilar loops in the ST unique region of MCPyV ST may be responsible for the uniquely transforming capabilities 
of MCPyV ST when compared to other skin-tropic human polyomaviruses. Rat-2 cells were transduced with MCPyV ST, HPyV7 ST, TSPyV ST, 
or pLENTI control, and protein expression was confirmed (A). Various transformation assays were performed, including soft agar assays (B and C), 
glucose uptake (D), proliferation rate (E), doubling time (F), and serum dependence (grey – LENTI, coral – MCPyV ST, purple – HPyV7 ST, yellow 
– TSPyV ST). The percent change in serum dependence doubling time (solid bars) was normalized (dashed bars) by glucose uptake compared 
to pLENTI control (H). MCPyV ST, HPyV7 ST, and TSPyV ST protein structures were determined and aligned using PyMol and black arrows denote 
the structurally dissimilar regions in protein structure (I). Each point represents mean ± the standard error of independent triplicates. One-way 
ANOVA * p < 0.05; ** < 0.01; *** p < 0.001, significantly different from pLENTI



Page 7 of 15Thevenin et al. Virology Journal          (2024) 21:125 	

Fig. 2  (See legend on previous page.)
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of the MCPyV ST antigen; however, each T antigen was 
similarly codon optimized and under the control of the 
same CMV promoter.  Furthermore, RT-qPCR analysis 
found the RNA levels of TSPyV and HPyV7 ST to be 
similar or slightly higher than MCPyV ST (Supplemen-
tary Figure 1).

Consistent with TSPyV and HPyV7 not being found 
to be associated with cancer, expression of HPyV7 and 
TSPyV ST proteins in Rat-2 cells failed to significantly 
induce anchorage-independent growth above control 
cells (Fig. 2B and C). Furthermore, the metabolic rate, 
as measured by glucose uptake, of HPyV7 and TSPyV 
ST were lower than that of MCPyV ST (Fig. 2D). Inter-
estingly, although the proliferation rate, doubling time, 
and serum dependence of HPyV7 ST were more simi-
lar to control cells, TSPyV ST induced a cellular pro-
liferation rate, doubling time, and serum dependence 
similar to that of MCPyV ST, further demonstrating 
that transformation is a combination of many cellu-
lar abnormalities that are not necessarily connected 
(Fig. 2E, F, G, and H).

Together, our results indicate that MCPyV ST can 
uniquely induce anchorage-independent growth, increase 
glucose uptake and proliferation rate, and reduce dou-
bling time and serum dependence when compared to 
HPyV7 ST; however, although TSPyV ST was incapable of 
inducing anchorage-independent growth and increased 
glucose uptake, it was able to increase cellular prolifera-
tion and reduce doubling time and serum dependence. 
In an effort to determine the domain(s) responsible for 
the unique transforming capabilities of MCPyV ST, an 
amino acid alignment of MCPyV, TSPyV, and HPyV7 ST 
was performed (Supplementary Figure 2). Unfortunately, 
although all evolutionarily related ST proteins, they 
contained exceptionally different amino acid sequences 
that made it extremely difficult to identify MCPyV ST 
unique domains possibly responsible for transformation 
(HPyV7 ST and TSPyV ST are 33% and 39% identical to 
MCPyV ST, respectively). Despite dissimilar amino acid 
sequences, MCPyV, TSPyV, and HPyV7 ST proteins were 
found to have very similar protein structures upon pro-
tein structure alignment (Fig.  2I). Consistent with the 
common T region being hypothesized to not contain 
the domain(s) necessary for MCPyV ST transformation 
(Fig.  1I), the common-T structure of the transforming 
MCPyV ST, and non-transforming TSPyV and HPyV7 
ST were very similar. However, despite their similarity, 
MCPyV, TSPyV, and HPyV7 ST contained structurally 
dissimilar loops in the ST-unique region, consistent with 
the previous hypothesis of the transforming domains 
being found in the ST-unique region (Fig. 1I). Together, 

these data suggest that the unique transforming capabili-
ties of MCPyV ST may be a result of the activities of the 
structurally dissimilar loops in the unique region.

MCPyV ST binds to many nuclear cellular proteins
Previous studies of the MCPyV viral life cycle and 
MCPyV ST-mediated cellular transformation have iden-
tified many MCPyV ST cellular interactors [13, 15, 16, 38, 
40, 44–49]. Interestingly, when reviewing these findings, 
we found that 74% of the previously identified MCPyV ST 
cellular interactors are nuclear proteins (Fig. 3A). These 
findings were unexpected, as the amino acid sequence 
of MCPyV ST does not contain a known, canonical 
NLS, nor do many cellular localization programs such 
as PSORTII, seqNLS, and BaCelLO predict MCPyV ST 
to exhibit nuclear localization (Fig. 3B and C). Although 
MCPyV LT has been found to localize to the nucleus as a 
result of its NLS, the NLS of LT is found in the LT unique 
region, and mutation of the common-T region of LT did 
not affect its nuclear localization (Fig.  3D) [34]. There-
fore, in addition to transformation, the potential nuclear 
localization of MCPyV ST may also be due to the activity 
of a domain found in the ST unique region.

MCPyV ST uniquely localizes to the nucleus independent 
of size
In order to determine whether MCPyV ST can localize 
to the nucleus in the absence of a canonical NLS, subcel-
lular fractionations (SCF) were performed. Rat-2 cells 
transduced with pLENTI MCPyV ST were fractionated 
into cytoplasmic, nuclear, and membrane fractions, with 
MCPyV ST being found to localize to both the cytoplasmic 
and nuclear subcellular compartments (Fig. 4A). Although 
a small amount of MCPyV ST protein was detected in the 
membrane fraction, it is consistent with the level of HSP90 
cytoplasmic contamination within the membrane frac-
tion, and is likely a false signal. To confirm this finding 
in another cell line, 293As transfected with pMTBS also 
identified MCPyV ST to localize to the cytoplasmic and 
nuclear fractions, with membrane localization again likely 
a result of cytoplasmic contamination (Fig. 4B). Of note, it 
was consistently found that SCF experiments in 293A cells 
frequently led to more contamination than Rat-2 cells; 
however, the results from both cell lines confirmed both 
MCPyV ST cytoplasmic and nuclear localization.

To confirm these findings in a physiologically relevant 
cell line, an SCF was performed in MKL-1 cells, a virus-
positive MCC cell line. Interestingly, in a VP-MCC cell 
line, endogenous MCPyV ST localized exclusively to 
the nucleus (Fig.  4C). This finding was consistent with 
exogenous MCPyV ST nuclear localization in Rat-2 and 



Page 9 of 15Thevenin et al. Virology Journal          (2024) 21:125 	

293A cells, but inconsistent with shared cytoplasmic 
localization.

As shown previously, MCPyV ST is uniquely trans-
forming when compared to other human, skin-tropic 
polyomaviruses such as TSPyV and HPyV7 ST (Fig.  2). 
To determine whether MCPyV ST is also unique in its 
ability to localize to the nucleus despite the absence of a 
canonical NLS, SCFs were performed on Rat-2 and 293A 
cells transfected with pCS2 TSPyV ST or pCS2 HPyV7 ST. 
Interestingly, both TSPyV ST (Fig. 4D and E) and HPyV7 
ST (Fig. 4F and G) exclusively localized to the cytoplasm 
in both Rat-2 and 293A cells. These data suggest that 
MCPyV ST is unique in both its transforming capac-
ity and nuclear localization. Furthermore, the domain(s) 
responsible for the unique transformation and nuclear 
localization of MCPyV ST may be found in the structur-
ally dissimilar loops of the ST unique region (Fig. 2I).

MCPyV ST nuclear localization is important 
for anchorage‑independent growth, increased 
metabolism, and decreased serum dependence of MCPyV 
ST, but is expendable for proliferation rate and doubling 
time
In order to determine whether nuclear localization of 
MCPyV ST is necessary for cellular transformation, both 

a cytoplasmic and nuclear sequestered MCPyV ST were 
created by adding the NLS from  SV40, or the nuclear 
export signal (NES) from Mitogen-Activated Protein 
Kinase Kinase (MAPKK), to MCPyV ST (NLS-ST and 
NES-ST, respectively). Importantly, localization domains 
were added to the N-terminus of MCPyV ST to ensure the 
furthest distance from the likely transforming domains 
within the structurally dissimilar loops of the MCPyV ST 
unique region in the C-terminus (Figs. 1I and 2I). Further-
more, localization domains were added with the addition 
of a flexible linker to decrease the likelihood of the added 
domain interfering with the structure and/or functions of 
MCPyV ST. To ensure the expression and stability of the 
MCPyV ST localization mutants, a confirmation western 
blot was performed and found the localization mutants 
and wild-type MCPyV (WT-ST) to all be expressed; how-
ever, protein densitometry revealed NLS-ST and NES-ST 
to be expressed at 41% and 59% of WT-ST, respectively. 
SCF experiments in Rat-2 cells confirmed the appropri-
ate localization of WT-ST and the localization mutants 
(Fig. 5B). Similar to WT-ST, NLS-ST retained localization 
to both the nucleus and the cytoplasm, with a higher prev-
alence of nuclear localization. More importantly, NES-ST 
localized exclusively to the cytoplasm, necessary to assess 

Fig. 3  MCPyV ST binds to many nuclear cellular proteins. The localization of known MCPyV ST cellular interactors were recorded, with 31% being 
nuclear (orange), 26% being cytoplasmic (blue), and 43% that are both cytoplasmic and nuclear (A). The amino acid sequence of MCPyV ST contains 
no known canonical NLS (B). Online amino acid and protein subcellular localization predictor tools were utilized to predict the localization of MCPyV 
ST (C). The location of the MCPyV LT-t NLS is found within the MCPyV LT-t unique region (orange), but no known NLS is found within the common-T 
region (red) or ST unique region (blue) (D)
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the importance of nuclear localization in MCPyV ST-
mediated cellular transformation.

To assess the effect of localization on MCPyV ST-
mediated cellular transformation, various transforma-
tion assays were performed comparing WT-ST, NLS-ST, 
and NES-ST, followed by normalization based on protein 

densitometry. NLS-ST was capable of forming colonies 
above WT-ST post-normalization, whereas NES-ST also 
led to colony formation, but in fewer numbers (Fig. 5 C 
and D). Normalized glucose uptake of NLS-ST was sig-
nificantly higher than that of WT-ST, whereas the glu-
cose uptake of NES-ST was similar to that of WT-ST, 

Fig. 4  MCPyV ST uniquely localizes to the nucleus independent of size. Rat-2 (A) and 293A (B) cells were transduced and transfected, respectively, 
with MCPyV ST and a subcellular fractionation was performed to isolate proteins for the cytoplasmic (C), membrane (M), and nuclear (N) 
fractions. A subcellular fractionation for MCPyV ST was also performed on the VP-MCC cells, MKL-1 (C). Rat-2 and 293A cells were also transduced 
and transfected, respectively, with TSPyV ST (D and E) and HPyV7 ST (F and G), followed by subcellular fractionation. HSP90 was used 
as a cytoplasmic control, Na+/K+-ATPase was used as a membrane control, and HDAC2 was used as a nuclear control

Fig. 5  MCPyV ST nuclear localization is important for anchorage-independent growth, increased metabolism, and decreased serum dependence 
of MCPyV ST, but is expendable for proliferation rate and doubling time. Rat-2 cells were transduced with MCPyV ST (ST-WT), a cytoplasmic 
sequestered MCPyV ST (NES-ST), a nuclear sequestered MCPyV ST (NLS-ST), or pLENTI control, and protein expression was confirmed with protein 
densitometry (A). A subcellular fractionation was performed to verify localization of the wildtype ST and localization mutants. Subcellular 
fractionations included cytoplasmic (C), membrane (M), and nuclear (N) fractions, with HSP90 acting as a cytoplasmic control, NA+/K+-ATPase 
as a membrane control, and HDAC2 as a nuclear control (B). Various transformation assays were performed, including soft agar assays (C and D), 
glucose uptake (E), proliferation rate (F), doubling time (G), and serum dependence (H) (grey – pLENTI control, coral – MCPyV ST, maroon – 
NES-ST, teal – NLS-ST). The number of soft agar colonies (D), glucose uptake (E), and doubling time (G) were normalized based on protein levels 
determined by densitometry (solid bars – unnormalized, dashed bars – normalized) (A). The percent change in serum dependence doubling time 
(solid bars) was normalized (dashed bars) by densitometry determined protein levels and glucose uptake compared to wildtype MCPyV ST (I). Each 
point represents mean ± the standard error of independent triplicates. One-way ANOVA * p < 0.05; ** < 0.01; *** p < 0.001, significantly different 
from MCPyV ST

(See figure on next page.)
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Fig. 5  (See legend on previous page.)
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suggesting nuclear localization of MCPyV ST may influ-
ence the ability of MCPyV ST to increase cellular metab-
olism (Fig.  5E). The proliferation curves of WT-ST and 
both localization mutants were significantly increased 
when compared to the empty pLENTI transduced con-
trols, but were not significantly different from each other 
(Fig. 5F). However, the protein-level normalized doubling 
times of NLS-ST and NES-ST were both significantly 
faster than WT-ST, with NLS-ST having the fastest dou-
bling time (Fig. 5G).

No significant differences were observed when com-
paring the proliferation rate curves of WT-ST compared 
to the localization mutants at differing serum concen-
trations, likely as a result of the differing protein lev-
els and metabolic rates of each ST (Fig.  5H). Therefore, 
the percent change in doubling time between differing 
serum concentrations was calculated and normalized by 
both the protein levels (Fig. 5A) and glucose uptake rates 
(Fig. 5E) of each ST (Fig. 5I). Together, WT-ST and NES-
ST were each found to have similar changes in the per-
cent doubling time between 10 and 1% serum containing 
media, whereas NLS-ST was found to have a significantly 
lower percent change in the doubling time between 10 
and 1% serum-containing media. Together, these data 
suggest nuclear localization of ST is largely responsible 
for the ability of MCPyV ST to proliferate in the absence 
of serum despite having an increased metabolic rate, as 
inferred by an increased glucose uptake. In conclusion, 
these data suggest that cellular proliferation and dou-
bling time may be a combined result of both nuclear and 
cytoplasmic localization, whereas increased anchorage 
independent growth, metabolism, and decreased serum 
dependence may be influenced by the nuclear localiza-
tion of MCPyV ST.

Discussion
The mechanism(s) of MCPyV-mediated cellular trans-
formation and tumorigenesis have been investigated 
since the discovery of MCPyV in 2008; however, many of 
these early analyses were hindered by using the approach 
of comparing the similarities between the human onco-
genic polyomavirus MCPyV, and the simian oncogenic 
virus SV40. The findings of the current study and of 
others that ST is the dominant transforming protein 
of MCPyV is opposite to SV40, in which ST plays only 
a supportive or accessory role, with LT being the domi-
nant transforming protein [50]. Similarity comparisons 
between the dissimilar SV40 and MCPyV are responsible 
for many years spent investigating MCPyV ST binding 
to PP2A and Fbw7, which have been found to be irrel-
evant for transformation by MCPyV ST [44, 45]. Further-
more, we found MCPyV ST to be uniquely transforming 
among skin-tropic human polyomaviruses ST antigens, 

consistent with MCPyV being the only human polyoma-
virus clearly associated with cancer. Together, these data 
refute the method of identifying mechanisms of MCPyV 
transformation through similarity comparisons to SV40, 
and support the alternative dissimilarity approach of 
investigating the differences between MCPyV ST and the 
ST of other non-oncogenic human polyomaviruses to 
identify the unique mechanisms of MCPyV ST mediated 
transformation.

The dissimilarity approach can also be applied when 
comparing MCPyV ST and LT-t, as they share a common 
T region, have their own unique regions, and accom-
plish dissimilar patterns of transformation. Through this 
approach, we were able to narrow down the location of 
the domain(s) responsible for MCPyV ST transformation 
to the ST unique region. Although transformation assays 
performed on Rat-2 cells expressing the ST unique region 
alone may be able to confirm this finding, it is likely that 
the absence of common-T may influence the structure of 
the ST unique region, and it is possible that domain(s) 
within the common-T region may be necessary to facili-
tate the activities of the ST unique region.

Although the discovery that MCPyV is uniquely onco-
genic among human polyomaviruses was discouraging 
at the genesis of MCPyV oncogenesis research, the dis-
similarity approach exploited it for our benefit. Compre-
hensive transformation assay analysis of TSPyV ST and 
HPyV7 ST identified that although the ST of HPyV7 and 
TSPyV were not as robustly transforming as MCPyV ST, 
TSPyV ST was capable of achieving some properties of 
cellular transformation, further supporting the fact that 
cellular transformation is a collection of properties rather 
than a single entity, and that the ability to induce several 
transforming properties may translate to being able to 
accomplish tumorigenesis in  vivo. Furthermore, struc-
tural alignments allowed us to further narrow down the 
unique transforming domains of MCPyV ST to the struc-
turally dissimilar loops consistent with the unique region 
of MCPyV ST. It is currently hypothesized that the simi-
lar transforming capabilities of MCPyV and TSPyV ST 
may reside in domains shared by MCPyV and TSPyV ST, 
but not found in HPyV7 ST. Alternatively, TSPyV ST and 
MCPyV ST may accomplish similar methods of cellular 
transformation through distinct mechanisms.

The identification of MCPyV ST binding to several 
nuclear proteins suggested nuclear localization despite 
the absence of a canonical NLS in MCPyV ST. Surpris-
ingly, subcellular fractionation confirmed nuclear locali-
zation of MCPyV ST in various cell lines, whereas the 
non-oncogenic TSPyV and HPyV7 ST proteins were 
confined to the cytoplasm, further proving the useful-
ness of the dissimilarity hypothesis. Although MCPyV ST 
is under the 30  kDa size necessary for passive diffusion 
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through the nuclear pore, the finding that 30 kDa TSPyV 
and HPyV7 ST proteins are cytoplasmic confirms that 
MCPyV ST localization to the nucleus is regulated [51]. 
Interestingly, MCPyV ST exhibited both nuclear and cyto-
plasmic localization in transduced Rat-2 and 293A cells, 
yet it was exclusively nuclear in VP-MCC cells. Although 
it is possible that the differences in MCPyV ST localiza-
tion between the cell lines may be an artifact of differing 
cell lines, hypotheses to explain these differences include 
the following: First, it is possible that the mechanism of 
MCPyV ST nuclear translocation is saturated in Rat-2 and 
293A cells, overexpressing exogenous ST, leading to spill-
over into the cytoplasm. Second, the presence of MCPyV 
LT-t in MKL-1 cells, but not Rat-2 and 293A cells, may 
enhance the efficiency of MCPyV ST nuclear localization. 
Although both hypotheses require further experimenta-
tion, it is clear from these experiments that MCPyV ST is 
capable of uniquely localizing to the nucleus despite the 
absence of a canonical NLS. It is noteworthy to mention 
that Rat-2 cells used within this study are non-human, 
immortalized cells, and thus may have limited compara-
tive value to primary human cells. Furthermore, 293A 
cells express the adenovirus E1 protein which has been 
shown to affect SV40 replication; however, this has not yet 
been investigated for MCPyV, HPyV7, or TSPyV [52].

It can be hypothesized that the noncanonical NLS or 
domain responsible for MCPyV ST nuclear localiza-
tion is found in the MCPyV ST unique region, as previ-
ous investigation into MCPyV LT-t nuclear localization 
identified the common T region to not be responsible 
for nuclear localization [34]. As the function of an NLS 
is dependent on both structure and function, it is possi-
ble that the MCPyV ST NLS is located in the highly dis-
similar amino acid sequence or the structurally dissimilar 
loops between MCPyV, TSPyV, and HPyV7 ST.

Although most of the attention regarding MCPyV-medi-
ated oncogenesis has been directed towards ST, it is clear 
that the large T antigen is also important due to its neces-
sity for the viability of MCC cells and its ability to influ-
ence cellular proliferation and doubling time, despite not 
inducing anchorage-independent growth, metabolism, and 
serum dependence. Due to the sharing of the common-T 
region between LT and ST, the domain(s) responsible for 
inducing proliferation rate and doubling time may be found 
in the common T region; however, it is more likely that ST 
and LT-t accomplish this through different mechanisms 
attributed to their common-T region, as they affected Rat-2 
cells dissimilarly, despite similar protein expression levels. 
It is likely that perturbation of Rb by the Rb binding domain 
of MCPyV LT-t contributes to these phenotypes; however, 
this has not yet been directly assessed.

Finally, the export of MCPyV ST to the cytoplasm 
did not ablate all properties of cellular transformation, 
suggesting a potential role of MCPyV in both the cyto-
plasm and nucleus. However, it is not currently under-
stood how this finding translates to the observation of 
MCPyV ST being exclusively nuclear in VP-MCC cells, 
and therefore warrants further investigation. Further-
more, although normalized NES-ST was still capable 
of anchorage-independent growth, increased glucose 
uptake, and reduced serum dependence, NLS-ST nor-
malization led to anchorage-independent growth, glu-
cose uptake, and serum dependence significantly higher 
than WT-ST and NES-ST. Although protein levels of 
WT-ST and NLS-ST differed, the ratio of WT-ST and 
NLS-ST in the cytoplasmic and nuclear compartments 
were similar. Therefore, it is of great interest why NLS-
ST was capable of increasing transformation above 
WT-ST in some assays but not others.

Conclusions
Together, it has been found that elucidating mechanisms 
of transformation guided by a dissimilarity approach may 
prove useful in identifying otherwise hidden, unique 
mechanisms of MCPyV oncogenesis, such as the unique 
nuclear localization of MCPyV ST. Cellular transforma-
tion was found to be multi-variable and not simply a 
positive or negative characteristic of viral proteins, con-
sistent with our understanding of the role of viral pro-
teins in viral replication. Further investigation into the 
mechanisms and role of MCPyV nuclear localization 
in transformed and MCC cells will further enhance our 
understanding of the natural viral life cycle and MCPyV-
mediated oncogenesis necessary for basic virology and 
the treatment of MCC.
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