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Abstract: Merkel cell polyomavirus (MCPyV) is the major cause of Merkel cell carcinoma (MCC),
an aggressive skin cancer. MCPyV large T-antigen (LTag) and small T-antigen (sTag) are the main
oncoproteins involved in MCPyV-induced MCC. A hallmark of MCPyV-positive MCC cells is the
expression of a C-terminal truncated LTag. Protein kinase A (PKA) plays a fundamental role in a
variety of biological processes, including transcription by phosphorylating and thereby regulating
the activity of transcription factors. As MCPyV LTag has been shown to be phosphorylated and
acts as a transcription factor for the viral early and late promoter, we investigated whether LTag
can be phosphorylayted by PKA, and whether this affects the transcript activity of LTag. Using a
phosphorylation prediction algorithm, serine 191, 203, and 265 were identified as putative phos-
phorylation sites for PKA. Mass spectrometry of in vitro PKA-phosphorylated peptides confirmed
phosphorylation of S203 and S265, but not S191. Full-length LTag inhibited early and late promoter
activity of MCPyV, whereas the truncated MKL2 LTag variant stimulated both promoters. Single
non-phosphorylable, as well as phosphomimicking mutations did not alter the inhibitory effect
of full-length LTag. However, the non-phosphorylable mutations abrogated transactivation of the
MCPyV promoters by MKL2 LTag, whereas phosphomimicking substitutions restored the ability of
MKL2 LTag to activate the promoters. Triple LTag and MKL2 LTag mutants had the same effect as the
single mutants. Activation of the PKA signaling pathway did not enhance MCPyV promoter activity,
nor did it affect LTag expression levels in MCPyV-positive Merkel cell carcinoma (MCC) cells. Our
results show that phosphorylation of truncated LTag stimulates viral promoter activity, which may
contribute to higher levels of the viral oncoproteins LTag and sTag. Interfering with PKA-induced
LTag phosphorylation/activity may be a therapeutic strategy to treat MCPyV-positive MCC patients.

Keywords: Merkel cell carcinoma; Merkel cell polyomavirus; large T-antigen; PKA; phosphorylation; forskolin

1. Introduction

Merkel cell carcinoma (MCC) is a highly aggressive cutaneous neuroendocrine cancer
caused by either UV light exposure (approximately 20% of the cases) or by a human
polyomavirus assigned Merkel cell polyomavirus (MCPyV). Characteristic features for
MCPyV-positive MCCs are the integration of the viral genome and expression of a C-
terminal truncated variant of one of the viral proteins, large T-antigen (LTag) [1,2]. LTag
is necessary for viral DNA replication, by binding to repeated 5′-GRGGC-3′ motifs in the
origin of replication, but also by its intrinsic helicase/ATPase activity and by recruiting
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cellular proteins involved in replication. Moreover, LTag controls the activity of the viral
early and late promoter, which governs transcription of the early genes and late genes,
respectively. The early genes encode LTag, small t-antigen (sTag), 57 kT, and ALTO, whereas
the late genes encode the capsid proteins VP1 and VP2 [3–5]. LTag and sTag are oncoproteins
that play a role in tumorigenesis and tumor progression [6–9].

MCPyV LTag is a817 amino acids long and has a statistical overrepresentation of the
serine (S), threonine (T), and 24 tyrosine (Y) residues in the N-terminal domain (Figure 1).
These residues form putative phosphoacceptor sites for protein kinases. Previous studies
have shown that LTag can be phosphorylated at several residues, but which protein kinases
are responsible for phosphorylation, and the biological consequence of phosphorylation are
incompletely known (Supplementary Figure S1 and Supplementary Table S1). Mutations of
some residues resulted in increased stability of LTag (S147A and S239A; [10,11]), whereas
others partially inhibited the growth of MCPyV-positive cells (S219A; [12]). The T297A
mutant displayed increased binding to the viral origin of replication and increased replica-
tion of viral DNA compared to wild-type LTag, whereas the opposite was observed for the
T299A mutant [13]. S816 was shown to be phosphorylated by ataxia-telangiectasia mutated
protein kinase and the S816A mutation partially reversed inhibition of C33A cell growth
compared to wild-type LTag, and reduced apoptosis [10,14]. The S220A mutant inhibited
growth of the MCPyV-positive MKL-1 MCC cell line and impaired binding to the retinoblas-
toma protein. Moreover, this mutant showed increased half-life and LTag-dependent viral
DNA replication compared to wild-type LTag [10–12,15].

Int. J. Mol. Sci. 2023, 24, x FOR PEER REVIEW 2 of 19 
 

 

1. Introduction 
Merkel cell carcinoma (MCC) is a highly aggressive cutaneous neuroendocrine can-

cer caused by either UV light exposure (approximately 20% of the cases) or by a human 
polyomavirus assigned Merkel cell polyomavirus (MCPyV). Characteristic features for 
MCPyV-positive MCCs are the integration of the viral genome and expression of a C-
terminal truncated variant of one of the viral proteins, large T-antigen (LTag) [1,2]. LTag 
is necessary for viral DNA replication, by binding to repeated 5′-GRGGC-3′ motifs in the 
origin of replication, but also by its intrinsic helicase/ATPase activity and by recruiting 
cellular proteins involved in replication. Moreover, LTag controls the activity of the viral 
early and late promoter, which governs transcription of the early genes and late genes, 
respectively. The early genes encode LTag, small t-antigen (sTag), 57 kT, and ALTO, 
whereas the late genes encode the capsid proteins VP1 and VP2 [3–5]. LTag and sTag are 
oncoproteins that play a role in tumorigenesis and tumor progression [6–9]. 

MCPyV LTag is a817 amino acids long and has a statistical overrepresentation of the 
serine (S), threonine (T), and 24 tyrosine (Y) residues in the N-terminal domain (Figure 1). 
These residues form putative phosphoacceptor sites for protein kinases. Previous studies 
have shown that LTag can be phosphorylated at several residues, but which protein ki-
nases are responsible for phosphorylation, and the biological consequence of phosphory-
lation are incompletely known (Supplementary Figure S1 and Supplementary Table S1). 
Mutations of some residues resulted in increased stability of LTag (S147A and S239A; 
[10,11]), whereas others partially inhibited the growth of MCPyV-positive cells (S219A; 
[12]). The T297A mutant displayed increased binding to the viral origin of replication and 
increased replication of viral DNA compared to wild-type LTag, whereas the opposite 
was observed for the T299A mutant [13]. S816 was shown to be phosphorylated by ataxia-
telangiectasia mutated protein kinase and the S816A mutation partially reversed inhibi-
tion of C33A cell growth compared to wild-type LTag, and reduced apoptosis [10,14]. The 
S220A mutant inhibited growth of the MCPyV-positive MKL-1 MCC cell line and impaired 
binding to the retinoblastoma protein. Moreover, this mutant showed increased half-life and 
LTag-dependent viral DNA replication compared to wild-type LTag [10–12,15]. 

 
Figure 1. Amino acid sequence of MCPyV full-length large T-antigen (strainR17b; accession number 
NC_0102777). Putative phosphoacceptor serine (S), threonine (T), and tyrosine (Y) residues are high-
lighted in red, green, and blue, respectively. The sequence of the truncated large T-antigen variant 

Figure 1. Amino acid sequence of MCPyV full-length large T-antigen (strainR17b; accession number
NC_0102777). Putative phosphoacceptor serine (S), threonine (T), and tyrosine (Y) residues are
highlighted in red, green, and blue, respectively. The sequence of the truncated large T-antigen variant
MKL2 from a MCPyV-positive MCC tumor is identical except for S in position 20, phenylalanine (F)
in position 263, alanine (A) in position 274, and stop (*) at residue 276. The PKA consensus motifs
(RxxS) are highlighted in grey and the putative phosphoacceptor site is boxed. The functional CR1
domain (yellow), DnaJ domain (orange), hVam6p (red), pRb binding domain (blue), and NLS (purple)
are boxed. The MCPyV large T-antigen unique regions MUR1 and MUR are underlined by a full line,
and the origin binding domain is underlined by a dashed line. The C-terminal part of large T-antigen
encompasses the ATPase/helicase activity.
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Phosphorylation of proteins is a major posttranslational modification, and it may regu-
late several functions of a protein such as its subcellular localization, activity, stability, and
interaction with other partners [16]. Phosphorylation occurs on Ser, Thr, and Tyr residues
by specific protein kinases. Many signaling pathways transmit, amplify, and convert sig-
nals through phosphorylation of a cascade of proteins, ultimately resulting in a cellular
response [17,18]. Ser/Thr phosphorylation is typical for the mitogen-activated protein
kinase (MAPK) pathways which consist of a cascade of the Ser/Thr kinases MAPK kinase
kinase, MAPK kinase, MAPK, and MAPK-activated protein kinase (MAPKAPK) which
phosphorylate and activate their downstream kinase to ultimately phosphorylate target
proteins resulting in cellular responses [19]. Tyr phosphorylation is typical for receptor ty-
rosine kinases (RTKs) pathways. RTKs are receptors with intrinsic Tyr kinase activity. Upon
ligand binding, RTKs form dimers and transphosphorylate the subunits at Tyr residues,
further transmitting the signal into the cell to trigger a downstream effect [20]. One of the
major intracellular signaling pathways is the cAMP-dependent protein kinase pathway
or the protein kinase A (PKA) pathway. PKA is a tetrameric enzyme that consists of two
regulatory subunits that bind cAMP, and two catalytic subunits with protein kinase activity.
Binding of cAMP to the regulatory subunits results in the release of the catalytic subunits,
which can then phosphorylate substrates at S or T, in the consensus motif RXXS/T [21]. One
of the major substrates of PKA is the transcription factor CREB (cAMP response element
binding protein) [22,23]. The cAMP-dependent protein kinase/CREB pathway has been
demonstrated to activate the promoter of human polyomavirus BK [24], and mouse poly-
omavirus LTag can activate CREB binding sites [25]. MCPyV LTag has been shown to be
phosphorylated, and acts as a transcription factor for the viral early and late promoter. As
PKA can phosphorylate and modulate the activity of transcription factors, we investigated
whether LTag can be phosphorylated by PKA, and explored whether this post-translational
modification had an effect on the transcript activity of full-length LTag and a truncated
LTag variant, expressed in the MKL2 MCC cell line. Briefly, our results show that in vitro
phosphorylation of S203 and S265 by PKA and PKA mediated phosphorylation affected
the transcriptional activity of the truncated MKL2 LTag variant, but not of full-length LTag.

2. Results
2.1. Identification of Putative PKA Phosphoacceptor Sites

Phosphorylation is one of the major post-translational modification mechanisms to
regulate the behavior of a protein [26]. MCPyV LTag has been shown to be a phospho-
protein, but little is known about the protein kinases that mediate phosphorylation of
LTag [12–14]. More than three hundred putative and proven cellular substrates of PKA
have been described [27–30]. This prompted us to examine whether MCPyV LTag could be
a PKA substrate. Using NetPhos 3.1 program to predict the PKA phosphorylation site [31],
four putative PKA phosphoacceptor sites were identified (Figure 1): S122 (RKPS PKA mo-
tif), S191 (RESS PKA motif), S203 (RNSS PKA motif), and S265 (RSSS PKA motif). S191 and
S203 are conserved in almost all MCPyV LTag sequences deposited in GenBank, whereas
S265 is not present in truncated LTag version of MCPyV-positive MCCs (see Supplementary
Table S2). Mass spectrometry analysis of ectopically expressed truncated LTag, from the
MCC cell line WaGa, showed that phosphorylation of S265, and at least one amino acid
within a peptide fragment containing S202, S203, and T205 was phosphorylated. No phos-
phorylation was detected for S122 and S191 [12]. We decided to investigate S191, S203, and
S265 because they had a high prediction score (0.685, 0.671, and 0.578, respectively), are the
acceptor residues in the PKA consensus RXXS/T, and are conserved in all available LTag
sequences. S122 was not considered because it had a lower prediction score (0.486), was
not found to be phosphorylated by mass spectrometry studies [12], and is not conserved in
known MCPyV LTag sequences [32,33].
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2.2. Mass Spectrometry of In Vitro Phosphorylated Peptides Suggest S203 and S265 as PKA
Phosphoacceptor Residues

To test whether PKA could phosphorylate S191, S203, and S265, two peptides were
synthesized. Peptide one encompassed S191 and S203, whereas peptide 2 contained S265
(see Section 4.6 for the peptide sequences). Before running an in vitro kinase assay on
the peptides, we analyzed the peptides (2.5 µg) and the recombinant catalytic subunit of
PKA (1 µg) on an acryl amide gel and visualized the peptides by Coomassie blue staining
(Figure 2). A clear band of > 37 kDa is observed in the lanes with the recombinant catalytic
subunit of PKA and corresponds well to the calculated molecular mass of 42.5 kDa [34].
The diffuse bands represent peptide 1 (33 amino acids) and 2 (21 residues), respectively.
After in vitro analysis of kinase with the recombinant catalytic subunit of PKA, the peptides
were subjected to mass spectrometry. The results showed that phosphorylation occurred
on S202 and/or S203 and on S264 and/or S265. No phosphorylation was found on S191
(Supplementary Table S2 and Supplementary Figure S2).
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Figure 2. Coomassie staining of peptide 1, peptide 2, and the catalytic subunit of PKA. Five mg
peptide was incubated with PKA for 30 min and thereafter run on an acryl amide gel. Proteins were
stained with Coomassie blue. The molecule mass marker is shown (in kDa).

2.3. Mutating S191, S203 and S265 Has No Significant Effect the Inhibitory Effect ofMCPyV
Full-Length LTag on the Viral Early and Late Promoter

Previous studies in other cell lines have shown that MCPyV LTag represses the MCPyV
early and the late promoter [10,35]. We therefore tested the effect of LTag on the MCPyV
early and late promoter activity, in HaCaT cells. HaCaT cells are a spontaneously immor-
talized human keratinocyte cell line derived from adult skin [36]. Because keratinocytes
have been suggested to be a cell of origin for Merkel cell carcinoma, we decided to use this
cell line (reviewed in [37,38]. The promoter sequences are part of the non-coding control
region, which overlap with sequences required for viral DNA replication. Viral replication
is stimulated by LTag. To avoid replication of the luciferase reporter plasmids containing
either the early or the late promoter sequences in the presence of LTag, replication deficient
origin was used, as previously described [10]. The luciferase reporter plasmids contain-
ing the replication deficient NCCR are referred to as mutE and mutL, respectively, and a
schematic presentation of the NCCR with the mutation is shown in Figure 3.
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Figure 3. The NCCR of MCPyV with the origin of replication (ORI). The sequence of the ORI is
shown and the CC into AA mutation, to generate mutE and mutL, is depicted in red. The early and
late orientation of the NCCR is indicated. The vertical lines represent LTAg binding motifs (GRGGC).
Putative binding sites for the transcription factors Sp1 (yellow trapezium), NF1 (green diamond), and
STAT (blue triangle) are shown. The red triangles represent TATA boxes. AT is an AT-rich sequence.

The LTag of polyomaviruses works as an activator and repressor of the early and late
viral promoter, depending on the concentration. At low concentrations, LTag will activate
the early promoter and thereby stimulate its own expression. At the same time, it will
repress the late promoter. At higher concentrations, LTag represses the early promoter
and activates the late promoter (reviewed in [39]). Therefore, we wanted to perform dose-
response studies with different concentrations of LTag (respectively MKL2) expression
plasmids. HaCaT cells were co-transfected with the luciferase reporter plasmid with the
mutE or mutL promoter, and a possible dose-dependent effect of LTag was investigated,
by co-transfecting with either 100 ng or 400 ng expression plasmid, for LTag. Higher
concentrations were not examined because our previous studies had shown promoter
interference between the stronger CMV (cytomegalovirus) promoter which drives LTag
expression and the MCPyV of early and late promoters [40]. Both the early and late
promoter activity decreased in the presence of full-length LTag. Single mutants replacing
serine by non-phosphorylable alanine (A) or phosphomimicking aspartic acid (D) also
significantly inhibited early and late promoter activity. No significant differences were
found between wild-type full-length LTag and the mutants, and between the mutants,
except for LT-S203D, which was a stronger inhibitor than LT-S203A on the early promoter
(Figure 4). Western blot results showed that the non-mutated and single mutants of LTag
were expressed at comparable levels (Supplementary Figure S3A).

Similarly, LTag with triple non-phosphorylable mutations (LT-3A) or phoshphomim-
icking substitutions (LT-3D) inhibited MCPyV early and late promoter activity, and no sig-
nificant difference between wild-type LTag and the triple mutants and between 3LT-A and
LT-3D, respectively, was measured (Figure 5). Western blot analysis demonstrated that non-
mutated and triple mutated LTag are expressed at similar levels (Supplementary Figure S4).
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Figure 4. Full-length LTag and single mutants in the PKA phosphoacceptor sites inhibit MCPyV
early and late promoter activity. HaCaT cells were co-transfected with 1 µg luciferase reporter
plasmid containing the replication deficient early (A,B), or late promoter (C,D) and 100 ng (A,C),
or 400 ng (B,D), empty vector (EV), or expression plasmid for full-length LTag, or the single non-
phosphorylable (S replaced by A) or phosphomimicking (S substituted by D) mutants in S191,
S203, and S265, respectively. Each bar represents the average of three independent parallels with
standard deviation. Statistically significant differences with empty expression vector are indicated
(* p < 0.05; ** p < 0.01; *** p < 0.001; ns = not significant). Luciferase values were corrected for protein
concentration of the sample and the corrected value for the empty vector was arbitrarily set as 100%.
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Figure 5. Full-length LTag and triple mutants inhibit MCPyV early and late promoter activity. HaCaT
cells were co-transfected with 1 µg luciferase reporter plasmid containing the replication deficient
early (A,B), or late promoter (C,D) and 100 ng (A,C), or 400 ng (B,D) empty vector (EV), or expression
plasmid for full-length LTag, the tripe mutants 3A (LT-3A) or 3D (LT-3D). Each bar represents the
average of three independent parallels with standard deviation. Statistically significant differences
with empty expression vector are indicated (* p < 0.05; ** p < 0.01; and *** p < 0.001). Luciferase values
were corrected for protein concentration of the sample and the corrected value for the empty vector
was arbitrarily set as 100%.

2.4. Non-Phosphorylable and Phosphomimicking Substitutions of the PKA Phosphoacceptor Sites
Have Opposite Effect on MKL2 LTag Induced Activation of the MCPyV Promoters

Because MCPyV-positive MCCs express C-terminal truncated LTag, we examined the
role of the putative PKA sites in the truncated LTag variant expressed in the virus-positive
MCC cell line MKL2. Single mutations with the replacement S203A and S265A reduced
transactivation of the MCPyV early promoter by MKLK2LTag, whereas substitutions S203D
and S265D restored the induction of the early promoter by MKL2 LTag. Mutations of S191
did not affect stimulation of the early promoter by MKL2 LTag (Figure 6A). However, at
higher concentrations of transfected plasmid (400 ng versus 100 ng), both the S191A and
S191D partially reduced transactivation of the early promoter, compared to non-mutated
MKL2 LTag (Figure 6B). MKL2 LTag stimulated MCPyV late promoter activity, whereas the
MKL2-S191A and the MKL2-S203A mutants exerted an inhibitory effect on this promoter
(Figure 6C,D). The S265A MKL2 LTag mutant retained the ability to stimulate the late
promoter. S191D and S265D MKL2 LTag mutants reduced late promoter activity compared
to MKL2 LTag, whereas the phosphomimicking S203D mutants behaved as non-mutated
MKL2 LTag, and restored the inhibitory effect observed for MKL2-S203A (Figure 6C,D).
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Figure 6. Single substitutions in PKA phosphoacceptor residues alter MKL2 LTag’s effect on MCPyV
early and late promoter. Cells were co-transfected with luciferase reporter plasmid containing the
replication deficient early (A,B) or late promoter (C,D), and 100 ng (A,C) or 400 ng (B,D) empty
vector (EV), or expression plasmid for MKL2 LTag or single mutants in the residues S191, S203, and
S265, respectively. Statistically significant differences with empty expression vector are indicated
on top of the bar, whereas differences between MKL2 LTag and the mutants and between the A
and D mutants are indicated on top of the horizontal lines (* p < 0.05; ** p < 0.01; and *** p < 0.001;
ns = not significant). Luciferase values were corrected for protein concentration of the sample, and
the corrected value for the empty vector was arbitrarily set as 100%.

Next, we tested the effect of MKL2 LTag with triple mutations. Simultaneous substitu-
tion of S191, S203, and S265 into Ala (MKL2-3A) abrogated transactivation of the early and
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late promoter, whereas triple Asp substitutions (MKL2-3D) partially restored MKL2 LTag’s
ability to stimulate the MCPyV early and late promoter (Figure 7).
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Figure 7. Alanine substitutions abrogate whereas aspartic acid replacements of the PKA phosphoac-
ceptor residues restore MKL2 LTag’s ability to induce the MCPyV early and late promoter. HaCaT
cells were co-transfected with a luciferase plasmid containing the non-replicative early promoter
(mutE) and 100 ng (A) or 400 ng (B) expression plasmids. (C) and (D) as (A) and (B), respectively, but
cells were transfected with a luciferase plasmid containing the MCPyV late promoter (mutL). Each
bar represents the average of three independent parallels with standard deviation. Statistically signif-
icant differences with empty expression vector are indicated on top of the bar, whereas differences
between MKL2 LTag and the mutants and between the 3A and 3D mutant are indicated on top of
the horizontal lines (* p < 0.05; ** p < 0.01; and *** p < 0.001. Luciferase values were corrected for the
protein concentration of the sample, and the corrected value for the empty vector was arbitrarily set
as 100%.

2.5. Mutations in PKA Phosphoacceptor Sites of MKL2 LTag Affect Transactivation of the Cellular
Promoters CCL17 and IL33

We had previously shown that the expression of CCL17 and IL33 is enhanced in
MCPyV-positive MCC tumors and MCC cell lines (including MKL2 MCC cells), compared
to virus-negative tumors and cell-lines, and that the CCL17 and IL33 promoters are acti-
vated by MCPyV MKL2 [41,42]. This prompted us to examine whether mutations in the
PKA sites influence MKL2 LTag to transactivate cellular promoters. Expression of MKL2
LTag transactivated the CCL17 and IL33 promoters in HaCaT cells (Figure 8). The triple
MKL2-3A mutation abrogated transactivation, whereas the phosphomimicking MKL2-3D
mutant partially restored transactivation of both promoters. These results indicate that
PKA-mediated phosphorylation regulates the transcriptional activity of MKL2 LTag.
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Figure 8. Mutations in the PKA phosphoaccpetor sites of MKL2 LTag affect transactivation of the
CCL17 and IL33 promoters. Cells were co-transfected with a luciferase reporter plasmid containing
the sequences −2535/+40 of the CCL17 promoter or −1050/+45 of the IL33 promoter, and empty
expression vector (EV) or expression vector for MKL2, MKL2-3A, or MKL2-3D LTag. The bars
represent the average of three independent parallels ± SD. The statistically significant difference
between promoter activity in the presence of EV and MKL2 (respectively MKL2-3A and MKL2-3D) is
shown on top of the bars, whereas differences between MKL2 and the mutants and between MKL2-3A
and MKL2-3D are given on top of the lines. * p < 0.05, ** p < 0.01, and *** p < 0.001, ns = not significant.

2.6. Activation of the cAMP-Dependent Protein Kinase Pathway Does Not Affect MCPyV
Promoter Activity

The observation that putative PKA phosphorylation sites in MKL2 LTag have an
impact on its transcriptional activity urged us to test whether expression of LTag can
be regulated by PKA. Therefore, we examined whether the MCPyV promoter is cAMP-
responsive. Transfected HaCaT cells were serum-starved for 24 h and then exposed to 10
µM forskolin, an activator of adenylyl cyclase [43]. One hour later, cells were harvested,
and luciferase activity was measured. Neither the early nor the late promoter were induced
by forskolin, whereas a minimal promoter with cAMP response elements (CRE) was
stimulated approximately 3-fold (Figure 9).
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Figure 9. Activation of the PKA pathway does not induce the MCPyV early and late promoter.
HaCaT cells were transfected with a luciferase reporter plasmid containing either the MCPyV early
or late promoter, or a minimal promoter with four copies of the cAMP response element consensus
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sequence (CRE). Cells were serum-starved for 24 h and then treated with 10 µM forskolin (FSK)
for 1 h. Luciferase activity was corrected for protein concentration in each sample, and promoter
activity in the absence of forskloin was set as 100%. Each bar is the average of three independent
parallels ± SD. The statistical significance between non-treated and forskolin treated cells is shown
with ns = not significant and *** p < 0.001. The results of a representative experiment are shown.

2.7. Activation of the PKA Pathway Does Not Affect LTag Expression Levels

The MCPyV-positive MCC cell line WaGa was treated with forskolin. Cells were
serum-starved for 18 h and then exposed to 10 µM forskolin. MCPyV LTag expression
levels were analyzed 30 min, 60 min, 180 min, 360 min, and 24 h after forskolin treatment.
No increase in LTag levels was observed compared to mock treated cells for any of the time
points (Figure 10 and results not shown). ERK2 was used as a loading control because it has
been shown to be a reliable control protein for equal protein loading, and ERK2 expression
levels are not affected by forskolin [44–46]. Similar results were obtained in MS1 cells,
another virus positive MCC cell line. No change in MS1 LTag levels were observed in these
cells treated for 30 min, 60 min, 180 min, 360 min, and 24 h (Supplementary Figure S5).

Int. J. Mol. Sci. 2023, 24, x FOR PEER REVIEW 12 of 19 
 

 

late promoter, or a minimal promoter with four copies of the cAMP response element consensus 
sequence (CRE). Cells were serum-starved for 24 h and then treated with 10 μM forskolin (FSK) for 
1 h. Luciferase activity was corrected for protein concentration in each sample, and promoter activ-
ity in the absence of forskloin was set as 100%. Each bar is the average of three independent parallels 
+ SD. The statistical significance between non-treated and forskolin treated cells is shown with ns = 
not significant and *** p < 0.001. The results of a representative experiment are shown. 

2.7. Activation of the PKA Pathway Does Not Affect LTag Expression Levels 
The MCPyV-positive MCC cell line WaGa was treated with forskolin. Cells were se-

rum-starved for 18 h and then exposed to 10 μM forskolin. MCPyV LTag expression levels 
were analyzed 30 min, 60 min, 180 min, 360 min, and 24 h after forskolin treatment. No 
increase in LTag levels was observed compared to mock treated cells for any of the time 
points (Figure 10 and results not shown). ERK2 was used as a loading control because it 
has been shown to be a reliable control protein for equal protein loading, and ERK2 ex-
pression levels are not affected by forskolin [44–46]. Similar results were obtained in MS1 
cells, another virus positive MCC cell line. No change in MS1 LTag levels were observed in 
these cells treated for 30 min, 60 min, 180 min, 360 min, and 24 h (Supplementary Figure S5). 

 
Figure 10. Activation of the PKA pathway does not affect LTag expression levels in the MCC cell 
line WaGa. Cells were serum-starved for 18 h and then exposed to 10 mM forskolin for the time 
points shown. WaGa cells express a truncated LTag of approximately 45 kDa. ERK2 was used as a 
loading control. The molecular marker is shown in the lane on the left. 

  

Figure 10. Activation of the PKA pathway does not affect LTag expression levels in the MCC cell line
WaGa. Cells were serum-starved for 18 h and then exposed to 10 mM forskolin for the time points
shown. WaGa cells express a truncated LTag of approximately 45 kDa. ERK2 was used as a loading
control. The molecular marker is shown in the lane on the left.

3. Discussion

LTag of polyomaviruses is indispensable for genome replication but is also necessary
for expression of their genes [3]. Phosphorylation has been shown to affect these activities
for the LTag of the polyomaviruses SV40, JC, and murine polyomavirus [47–50]. Several
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phosphorylation sites have been identified in MCPyV LTag (Supplementary Figure S1), but
the protein kinases that mediate these phosphorylations remain largely unidentified, nor
has the effect on LTag’s transcriptional activity been examined. Using the NetPhos 3.1 pro-
gram to predict PKA phosphorylation site, we identified three putative PKA phosphoryla-
tion sites in MCPyV LTag (S191, S203, and S265), and confirmed in vitro phosphorylation
of S203 and S265 by mass spectrometry. Studies with mutants in these sites altered LTag’s
effect on the early and late MCPyV promoter. As previously shown in HEK293 cells, hu-
man dermal fibroblasts, and the MCPyV-negative MCC line MCC13 cells, full-length LTag
inhibited both the MCPyV early and late promoter [10,35]. The truncated LTag variant
MKL2, however, modestly stimulated the MCPyV promoters. The conversion of full-length
LTag, as a repressor, into MKL2, as a transcriptional activator, results from the deletion of
the C-terminal region, which contains the DNA binding domain. The mechanism by which
MKL2 activates the MCPyV promoters is not known, but may involve binding of cellular
transcriptional activating proteins, that are not recruited by full-length LTag. The difference
in transcriptional activity of LTag and MKL2 will translate in different concentrations of
these proteins. LTag autorepresses its own expression, whereas MKL2 will enhance its
own expression. The higher expression levels of MKL2 may therefore be high enough
to inhibit retinoblastoma proteins and interfere with other cellular processes required for
transformation. Moreover, increased transcriptional activity of MKL2 LTag stimulated the
activity of the CCL17 and IL-33 promoters (1.5 and 2.0-fold, respectively). Our previous
studies have shown that these cytokines are highly expressed in MCPyV-positive MCC,
but their role in MCC remains unsolved [41,42]. However, CCL17 and IL-33 are involved
in different cancers [51–53].

Mutations that prevent phosphorylation (S into A) or that mimic phosphorylation
(S into D) of the residues 191, 203, and 265 did not alter the transcription repression of
both promoters. Kwun and colleges observed similar results for S147A, S220A, and S293
mutants. Mutants in which these residues were replaced by D were not examined [10]. We
also examined the transcription activity of a truncated LTag which is expressed in virus-
positive MCC tumors. The truncated MKL2 Ltag variant stimulated MCPyV early and late
promoter activity in HaCaT cells. This is in accordance with our previous results which
showed that truncated Ltag MKL1 and MS1 increased the activity of the MCPyV promoters
in human dermal fibroblast and MCC13 cells [35]. It is not known why full-length Ltag
hampers, whereas truncated increases MCPyV promoter activity. All sequenced truncated
Ltag isolated from MCC tissue or cells lack their DNA binding domain, preventing them
from binding viral DNA. The viral DNA:LTag interaction may negatively interfere with
MCPyV promoter activity. Another possibility is that truncated and full-length LTag
bind with different cellular proteins. These interactions may turn full-length LT into a
repressor complex, whereas truncated LTag may form a transcriptional activation complex.
A different conformation than full-length LTag and phosphorylation of truncated LTag may
also influence the interaction with other proteins. A biological consequence of invigorating
early promoter activity by truncated LTag is the increase of its own expression levels, as well
as that of the other oncoprotein sTag, which may contribute to the development of MCC.

Although proteomic analysis failed to detect phosphorylation of S191 (this study
and [12]), substitution of this residue into Ala or Asp altered the transcriptional activity
of MKL2 LTag. It is possible that this residue is not a bona fide PKA phosphoacceptor
site, but that the mutation induces a conformational change or affects binding of its inter-
action partner, resulting in altered activity of the protein. The lack of detection of S191
phosphorylation could also be due to other reasons such as the sensitivity of the method,
the inability of PKA to bind (we used an oligopeptide with N-terminal location of S191),
or inaccessibility of S191 because of the conformation of the truncated LTag studied by
Schrama and his colleges [12]. Finally, phosphorylation of S265 may be required before
S191 becomes phosphorylated, which could not be achieved in our study because peptide
1 contained S191 and S203, but lacked S265. Sequential phosphorylation whereby one
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phosphorylation primes the phosphorylation of another site has been reported for other
proteins [54–57].

The effect of mutations in the PKA phosphoacceptor sites of MCPyV LTag on the
interaction cellular proteins, including retinoblastoma protein, hVam6p, Skp2, and on other
cellular processes such as proliferation, apoptosis, cell mobility, and invasion remains to be
examined. Xiao et al. showed that introducing a PKA site in SV40 LTag by site directed
mutagenesis stimulated the rate of nuclear import of LTag [58]. Another study using a
MCPyV truncated LTag with the mutations S246A/S247A/S254A/T257A/S265A/T271A
did not alter nuclear import of the protein [12]. This suggests that S265 is not involved in
subcellular localization of truncated LTag. We have not examined whether mutations in
the PKA sites influenced subcellular localization of full-length or truncated LTag. MKL2
LTag has a molecular mass < 60 kDa, which would allow passive diffusion into the nucleus
without the requirement of a nuclear localization signal and the importin system [59].
Therefore, PKA may not regulate their nuclear entrance. In vivo phosphorylation of these
sites has not been confirmed, but development of phosphospecific antibodies may be a
technical challenge due to the amino acid sequence of LTag with overrepresentation and
consecutive occurrence of serine residues.

4. Materials and Methods
4.1. Cells

The human keratinocyte cell line HaCaT was purchased from Cell Lines Services
(Eppelheim, Germany, cat. No. 300493) and maintained in Dulbecco’s modified Eagle’s
medium (Sigma-Aldrich, Saint-Louis, MO, USA, cat. No. D5796), with 10% fetal bovine
serum (FBS; Life Technologies Limited, Pailey, UK), in the presence of 100 µg/mL strepto-
mycin and 100 units/mL penicillin. Immortalized human dermal fibroblasts fHDF/TERT166
(Evercyte, Vienna, Austria, cat. no. CHT-031-0166) were kept in DMEM/Ham’s F12 (1:1)
(Biochrom, Berlin, Germany; cat. no. F4815), 10% FBS, 2mM GlutaMaxTM-I (Gibco; cat.
no. 35050-038) and 100 µg/mL G418 (Santa Cruz Biotechnology, Dallas, TX, USA; cat. no.
sc-29065). The MCPyV-positive cell lines MS1 and WaGa were grown in RPMI medium
(Sigma-Aldrich), with 10% FBS and 100 µg/mL streptomycin and 100 units/mL peni-
cillin [60,61]. The WaGa cell line was a kind gift from Dr. JC Becker (University Duisburg-
Essen, Germany). Cells were kept in a humidified CO2 incubator at 37 ◦C. Opti-MemTM

was obtained from ThermoFisher Scientific (Waltham, MA, USA, cat. no. 31985070).

4.2. Plasmids

The luciferase reporter plasmid with the consensus NCCR of MCPyV in early (pGL3-
cons-E) and late (pGL3-cons-L) orientation have been previously described [62]. These
plasmids were used to make non-replicating competent plasmids by a double point mu-
tation in a LTag binding motif in the NCCR, which has been demonstrated to prevent
LTag-mediated replication [10]. In this work, these plasmids are referred to as pmutE-LUC
and pmutL-LUC, respectively. The empty expression vector pcDNA3.1(+) was purchased
from Invitrogen (ThermoFisher Scientific) and the pCRE-LUC vector was from Stratagene
(San Diego, CA, USA). The MCPyV expression vectors for full-length LTag and truncated
MKL2 and MS1 LTag, and the luciferase reporter plasmid containing the CCL17 promoter
fragment, spanning nucleotides −2535/+40 or the IL33 −1050/+50 promoter sequence,
have been previously described [39,40]. Site-directed mutagenesis was used to generate
plasmids expressing mutants of LTag and MKL2. For the triple MKL2 LTag mutants, single
mutants were made, subsequently double mutants, and finally triple mutants. Site-directed
mutagenesis was used to introduce a stop codon in the expression plasmids for full-length
LTag and its single mutants S191A, S191D, S203A, and S203D, thereby creating expression
vectors for MCC350 LT and its single mutants. All primers used in site-directed mutage-
nesis were obtained from Sigma-Aldrich and are given in Supplementary Table S3. All
mutations were verified by sequencing.
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4.3. Forskolin Stimulation

Cells were serum starved for 18 h by keeping them in Opti-MeMTM medium with
0.5% human albumin (Albunorm Octapharma, Vienna, Austria). Forskolin (Sigma-Aldrich;
cat. no. F6886) was added to a final concentration of 10 µM, and cells were harvested at
different time points, as mentioned in the result section.

4.4. Transfection and Luciferase Assay

HaCaT cells were seeded out in 12-well culture plates. At the time of transfection,
the cells were approximately 70% confluent. A total of 1 µg luciferase reporter plasmid
DNA was used per well and polyethylenimine (PEI linear MW25,000, transfection grade,
cat. no. 23966-1, Polysciences, Warrington, PA, USA). DNA was mixed with 150 mM
NaCl and the mixture of DNA:150 mM NaCl was then added to PEI:150 mM NaCl. The
ratio DNA:PEI used was 1:2. This mixture was left for 15 min at room temperature and
then carefully added to the cells. The medium containing the transfection mixture was
replaced 4 h later. Cells were harvested 24 h after transfection in 100 µL Tropix lysis
buffer per well, with 0.5 mM DTT freshly added. Cells were centrifuged for 3 min at
12,000 g and the supernatant was transferred to a fresh tube. Twenty µL of the supernatant
were added to a 96-well microtiter plate containing 50 µL luciferase buffer (Promega,
Madison, WI, USA). The CLARIOstar Plus Microplate reader (BMG Labtech, Ortenberg,
Germany) was used to measure relative luciferase units (RLU). Each experiment was
repeated 2–4 times with three independent parallel samples for each experiment. Luciferase
values were corrected for the total protein concentration, which was measured using the
MN protein quantification assay (Macherey-Nagel GmbH, Düren, Germany). OD570 was
measured using the CLARIONstar Plus Microplate reader. Human dermal fibroblasts were
transfecting with JetPrime (Polyplus, Illkirch, France) according to the manufacturer’s
instructions, and similar results were obtained.

4.5. Western Blot

Western blot was performed by separating protein samples on 4–12% NuPAGE Bis-
Tris Mini Gels (Invitrogen Life Technologies, Carlsbad, CA, USA), according to the man-
ufacturer’s protocol. Proteins were blotted onto a 0.45 µm PVDF membrane (Millipore,
Billerica, MA, USA), and blocking was performed using TBST (TBS with 0.1% Tween-20;
Sigma-Aldrich) containing 5% (w/v) dried skimmed milk for 1 h. The protein was probed
by incubating the membrane with the primary antibody overnight at 4 ◦C. After wash-
ing the membrane 3 times with TBST, an appropriate secondary antibody was added
for 1 h at room temperature. After 2 washes with TBST and 2 washes with washing
buffer, antigen-antibody complex was visualized using SuperSignal™ West Pico Chemi-
luminescent Substrate (cat.no. 34080 Thermo Fisher Scientific, Rockford, IL, USA). The
Magic-Mark™ Western standard from Invitrogen Life Technologies was used to estimate
the molecular mass of the detected proteins. For the detection of MCPyV LTag, CM2B4
(Santa Cruz Biotechnology, Dallas, TX, USA; cat. no. sc-136172). ERK2 and GADPH
antibodies were from Santa Cruz (cat. no. sc-154 and sc-47724, respectively).

4.6. In Vitro Kinase Assay

The peptides GRESSTPNGTSVPRNSSRTDGTWEDLFCDE (residues 187–216 in MKL2
LTag) and QFTDEEYRFSSFTTPKTPPAF (residues 255–275 in MKL2 LTag) were purchased
from GenScript Biotech (Leiden, The Netherlands). The catalytic subunit of PKA was
obtained from Promega (Madison, WI, USA, cat. no. V516A). In vitro kinase assay was
performed as previously outlined, except that no radioactive [γ-32P]-ATP was used [63].

4.7. Mass Spectrometry

Peptides containing 0.1% formic acid were loaded onto a Thermo Fisher Scientific
EASY-nLC1200 system. Peptides were separated using a C18 nano column (EASY-Spray
column, C18, 2 µm, 100 Å, 50 µm, 50 cm; ThermoFisher). Peptides were fractionated using
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a 4–40% gradient of increasing amounts of 80% Acetonitrile in water for over 30 min at
a flow rate of 300 nl/min. The mobile phases contained 0.1% formic acid. Peptides were
analyzed using an Orbitrap Exploris 480 mass spectrometer. MS1 resolution was set to
45,000 while MS2 resolution was 60,000. HCD collision energy of 34 and 40% was used.
Protein identification and PTM mapping was done using the Proteome Discoverer 2.5
software (ThermoFisher) using the ptmRS module (>75%).

4.8. Statistics

Luciferase values were corrected for protein concentration in the sample and the
average of the three independent parallels ±SD was calculated. An unpaired t-test from
GraphPad (San Diego, CA, USA) was used to determine whether differences were signifi-
cant (p < 0.05).

5. Conclusions

Substitution of serine residues 191, 203 and 265 into non-phosphorylable Ala or
phosphomimicking Asp did not alter the transcriptional repression activity of MCPyV
LTag on the viral promoters. Truncated MKL2 LTag activated the viral promoters and
the promoters of the cytokines CCL17 and IL-33, in a PKA-phophorylation dependent
manner. PKA-dependent regulation of the transcriptional activity of truncated LTag, which
is expressed in MCC, may therefore contribute to tumorigenesis. CISPR/Cas9 technology
can be used to introduce the S203A mutation in the PKA site of truncated LTag, expressed in
virus positive MCC tumors, to repress the activation of the MCPyV early promoter, therefore
abrogating expression of the oncoproteins LTag and sTag. Alternatively, overexpression
of truncated Ltag S203A mutant may inhibit early promoter activity and hence hamper
expression of endogenous Ltag and sTag.
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