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Defective DNA repair and cell cycle arrest in cells expressing
Merkel cell polyomavirus T antigen

Stephanie K. Demetriou1,2, Katherine Ona-Vu1,2, Erin M. Sullivan1,2, Tiffany K. Dong1,2,
Shu-Wei Hsu1,2, and Dennis H. Oh1,2,*

1Department of Dermatology, University of California, San Francisco
2Dermatology Research Unit, San Francisco VA Medical Center, 4150 Clement Street, San
Francisco, CA 94121

Abstract
The pathways by which Merkel cell polyomavirus (MCV) infection contributes to the formation of
Merkel cell carcinomas are important for understanding the pathogenesis of these cancers. We
hypothesized that MCV T antigen suppresses normal responses to ultraviolet radiation (UVR)-
induced DNA damage. An MCV-infected cell line (MKL-1) exhibited UVR hypersensitivity,
impaired repair of DNA lesions and cell cycle arrest following UVR, as well as reduced levels of
the DNA damage recognition protein, XPC. When ectopically expressed in uninfected UISO cells,
mutant but not wild-type T antigen resulted in loss of repair of UVR-induced cyclobutane
pyrimidine dimers and reductions in XPC, p53 and p21 levels, whereas both wild-type and mutant
T antigen inhibited cell cycle arrest following UVR. Similarly, only mutant T antigen in normal
fibroblasts inhibited DNA repair and XPC expression, while both mutant and wild-type T antigens
produced cell cycle dysregulation. Wild-type T antigen expression produced large T, 57kT and
small T antigens while mutant T antigen was only detectable as a truncated large T antigen
protein. Expression of wild-type large T antigen but not small T antigen inhibited the G1
checkpoint in UISO cells, but neither wild-type large T nor small T antigens affected DNA repair,
suggesting that large T antigen generates cell cycle defects, and when mutated may also impair
DNA repair. These results indicate that T antigen expression by MCV can inhibit key responses to
UVR-induced DNA damage and suggest that progressive MCV-mediated abrogation of genomic
stability may be involved in Merkel cell carcinogenesis.
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INTRODUCTION
Merkel cell carcinoma (MCC) is an aggressive and unusually lethal type of non-melanoma
skin cancer 1. Although rare, MCC has increased in incidence by four-fold over a 20 year
period since 1986, particularly in immunosuppressed populations2–7. Unfortunately, MCC is
also difficult to treat, and patient survival is disappointing 2,3. Recently, an important
advance came with the discovery that the majority of MCCs are associated with a novel
polyomavirus, designated Merkel cell polyomavirus (MCV) 8,9. Viral DNA is clonally
integrated into the MCC genome, consistent with MCV infection occurring early in if not
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prior to tumorigenesis, and thus it may play an important if not causative role in MCC
pathogenesis8,10,11.

The wild-type MCV T antigen locus produces a transcript that can be alternatively spliced to
encode large T (LT), 57 kDa (57kT), and small T (sT) antigen proteins 9. In all MCV-
positive MCCs examined thus far, the MCV T antigen gene is mutated due to pyrimidine
substitutions that are consistent with ultraviolet radiation (UVR)-induced mutagenesis and
that ultimately result in a prematurely truncated LT protein 9. The truncations remove the LT
helicase domain necessary for viral replication, as well as sequences that, at least in the
homologous LT from simian virus 40 (SV40), correspond to domains that directly bind
p53 12. However, the remaining N-terminal region preserves a DnaJ domain and a
retinoblastoma protein (Rb) binding domain 9. Interestingly, although incapable of viral
replication, MCC cell lines that harbor MCV uniformly appear to require truncated LT
expression for their own continued proliferation and survival, indicating that LT affects cell
cycle regulation and apoptosis9,13. However, the full scope of biological activities of MCV
LT as well as other T antigen isoforms is still relatively unexplored, particularly with regard
to mechanisms that may be important to the carcinogenic process, including those that
contribute to genomic instability following UVR.

MCC has been associated with numerous genetic changes, but the pathways by which these
mutations occur are unclear 14–17. However, because MCC typically arises on sun-exposed
areas of fair-skinned individuals and is associated with pyrimidine-type transition mutations,
a role for solar UVR-induced DNA damage in MCC pathogenesis has long been
speculated 1,2,14,16. The major UVR-induced DNA photoproducts are cyclobutane
pyrimidine dimers (CPDs) and pyrimidine(6-4)pyrimidone photoproducts (6-4 PPs). These
DNA lesions are repaired by nucleotide excision repair (NER). One NER pathway—global
genomic repair (GGR)—removes lesions throughout the entire genome 18. GGR is
dependent on multiple proteins, one of which—the XPC protein—functions as a key
component of the DNA damage recognition step 19. In addition to genetic loss of normal
XPC expression occurring in xeroderma pigmentosum, selective loss of GGR also occurs in
cells that are infected with well-known viruses that target two key tumor suppressor
proteins, p53 and Rb, that are important for both normal GGR as well as cell cycle arrest
following DNA damage. For example, expression of human papillomavirus type 16 E6
oncoprotein in fibroblasts results in p53 degradation and loss of GGR and DNA damage-
induced cell cycle checkpoints 20–22. Expression of human papillomavirus E7 oncoprotein,
which inhibits Rb, has also been reported to impair GGR, although Rb itself has variably
been reported to regulate GGR in both a positive and negative manner 23–26. Importantly,
SV40-transformed cell lines also exhibit significantly impaired GGR of CPDs 27.

The relationship between MCV and DNA damage in the infected cells remains unknown.
However, LT from SV40 is known to impair many facets of the DNA damage response in
large part by disrupting the functions of Rb and p53 28. Thus, critical pathways such as DNA
repair and cell cycle arrest in response to DNA damage may also be targeted by MCV T
antigens. We hypothesized that, based on its homology to SV40, MCV acting through T
antigen could impair normal cellular responses to UVR-induced DNA damage. We report
that the presence of MCV is associated with loss of GGR as well as absence of normal cell
cycle arrest following UVR, and that expression of a tumor-derived truncated T antigen is
sufficient to produce defects in GGR and replication arrest following DNA damage, but that
wild-type T antigen activity appears to be restricted to disruption of cell cycle control. These
results suggest specific routes by which MCV infection and mutations in the T antigen may
lead to acquisition of additional genetic changes associated with MCC 14,16.
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MATERIALS AND METHODS
Cells and UVR irradiation

MKL-1 cells (gift from P. Moore and Y. Chang, University of Pittsburgh) were grown as
floating multicellular aggregates in RPMI-1640 medium supplemented with 10% fetal
bovine serum (FBS) with a doubling time of 5 days 29. UISO-MCC-1 cells (henceforth
referred to as UISO cells, and gift from T.K. Das Gupta, University of Illinois) were grown
as adherent monolayers in minimal essential medium supplemented with 15% FBS and non-
essential amino acids with a doubling time of 3 days 30. Normal human dermal fibroblasts
(NHFs) were isolated from neonatal foreskins and grown in DMEM supplemented with 10%
FBS. Cells were irradiated by placing them in a thin layer of phosphate-buffered saline
(PBS) and exposing them to a germicidal lamp (predominantly 254 nm) as previously
described 21. UVR dosage was monitored by an IL1400A photometer equipped with a
SEL240 detector (International Light, Inc., Newburyport, MA).

Viability assay
Following irradiation with 0–10 J/m2 UVR in PBS, cells treated in triplicate were returned
to their normal media and allowed to incubate for 5 days before treatment in media
containing 50 μg/mL thiazolyl blue for 4 hours, as previously described 21. Cells were
washed in PBS, and the formazan salt precipitates were dissolved in dimethyl sulfoxide and
quantified by absorbance at 540 nm.

Transfection
The expression vectors, TAg206, TAg350, LT206, and sTco (a codon-optimized vector
henceforth designated as sT) were gifts from P. Moore and Y. Chang, University of
Pittsburgh, and are based on the pcDNA6 vector and respectively encode the full-length
wild-type MCV T antigen locus, a mutated T antigen locus from the MCC350 tumor, a wild-
type LT, and wild-type sT 9,31,32. For experiments with TAg206 or TAg350 or the
corresponding control empty vector, pcDNA6 (Invitrogen, Carlsbad, CA), 2 μg of the vector
were suspended with 106 cells and electroporated using an Amaxa Nucleofector system
(Lonza, Basel, Switzerland). UISO cells were electroporated in Nucleofector Solution L
using Program X-005. NHFs were treated according to directions for the NHDF
Nucleofector kit. Following electroporation, cells were transferred to 35 mm dishes and
allowed to attach overnight in their respective media. Media was refreshed the following
day, and cells were used for experiments 48 hours following electroporation. For
experiments involving pcDNA6, LT206 and sT vectors, cells were transfected in the
presence of 1.8 μg/mL of vector and Lipofectamine 2000 (Invitrogen, 2.1μL/mL) for 4
hours according to the manufacturer’s instructions, after which cells were returned to their
normal medium and allowed to incubate for an additional 40 hours before irradiation.

GGR assay
As described previously, cells were pre-labeled with methyl-[3H]thymidine (Perkin-Elmer,
Boston, MA), irradiated with 10 J/m2 UVR, and allowed to repair for up to 24 hours before
DNA preparation 21,33. For experiments in which cells were transfected with an expression
vector, transfection occurred following pre-label with methyl-[3H]thymidine and 48 hours
before irradiation. An immunoblot assay was used to probe damaged DNA using
monoclonal antibodies (MBL International, Woburn, MA) against CPD (TDM-2, 1:5000)
and 6-4PP (6-4M2, 1:5000), followed by anti-mouse secondary antibodies conjugated to
horseradish peroxidase, and then detection by enhanced chemiluminescence and imaging
(Fuji LAS 3000, Tokyo, Japan). Individual samples were excised from the blot for
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scintillation counting to correct for replication. Results are the average of two or three
experiments analyzed in triplicate.

Western immunoblotting
As previously described, protein concentrations in whole cell lysates were determined by the
bicinchoninic acid assay (Pierce, Rockford, IL) 21,33. Equal quantities of total protein were
separated on sodium dodecyl sulfate-polyacrylamide 8% gels, and blotted onto
polyvinyldifluoride membranes (Bio-Rad, Hercules, CA) 21,34. Membranes were probed
with monoclonal antibodies to MCV LT (CM2B4 31, 1:200, Santa Cruz Biotechnology,
Santa Cruz, CA), MCV sT (1:250, gift of Y. Chang and P. Moore)35, XPC (1:1000,
Genetex, TX), the V5 epitope (1:1000, Bethyl Laboratories, Montgomery, TX), p53 (DO-1,
1:500, Santa Cruz Biotechnology), p21 (1:200, BD Biosciences, San Diego, CA) and actin
(1:3000, Sigma, St. Louis, MO) followed by secondary antibodies conjugated to horseradish
peroxidase and detected by enhanced chemiluminescence.

RT-PCR
RNA from cells was prepared and analyzed by RT-PCR as described previously 21,33,36. The
following primers were used: LT forward: 5′ CCTCTGGGTATGGGTCCTTCTCA 3′. LT
reverse: 5′ ATGGTGTTCGGGAGGTATATC 3′. sT forward: 5′
CCCAAGTAGGAGGAAATCCA 3′. sT reverse: 5′ TTGTCTCGCCAGCATTGTAG 3′.

Flow cytometry
UISO cells and transfected UISO cells and NHFs were first trypsinized. Cells were
mechanically disaggregated by pipetting, washed in PBS, and then fixed by the addition of
ethanol to a final concentration of 70% (v/v). Following centrifugation, samples were
resuspended and incubated for 1 hour at 37°C in PBS containing 100 μg/mL RNase A and
20 μg/mL propidium iodide. Cells were filtered through a 100 μm Nylon mesh and a
minimum of 104 cells were analyzed on a Becton-Dickinson FACScan.

Statistical analysis
The unpaired t-test was used to compare treatment groups, and was performed using
Kaleidagraph 4.1 (Synergy Software, Reading, PA).

RESULTS
Hypersensitivity to UVR in MCV-positive cells

We first compared the post-UVR survival of an MCC cell line, MKL-1 29, that harbors
MCV to that of another MCC cell line, UISO 30, that is uninfected. As previously described,
MKL-1 cells but not UISO cells are infected with MCV, reflected by expression of LT that
was detected using an antibody directed against an epitope within the MCV LT that is
preserved in truncated LT proteins (Figure 1A,B) 9,13. The LT expressed by MKL-1 cells is
known to be truncated relative to the full-length wild-type protein9,13 (Figure 1A and data
not shown). When exposed to increasing doses of UVR, MKL-1 cells exhibited moderate
hypersensitivity relative to UISO, with 60% of the viability of UISO cells at 10 J/m2 (Figure
1C). These results suggested that MKL-1 cells may have a defective response to DNA
damage that affects survival following UVR.

Poor global genomic repair in MCV-positive cells
To determine whether differences in NER exist between MKL-1 and UISO cells, we
measured the GGR kinetics for the common UVR-induced DNA photoproducts (Figure 2A–
C). Following exposure to 10 J/m2 UVR, approximately 40% of the initially formed CPDs
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remained in UISO cells by 24 hours, corresponding to 60% repair. Nearly all 6-4PPs were
repaired by 9 hours in UISO cells. These DNA repair kinetics are typical of those our lab
has observed in other repair-proficient cell types resident in skin, such as fibroblasts and
keratinocytes 21. In contrast, MKL-1 cells repaired only 10% of CPDs and ~60% of 6-4PPs
by 24 hours following UVR.

When XPC was examined, levels of XPC were moderately reduced in MKL-1 cells at
baseline, relative those in UISO cells, (Figure 2D). As has been described in other cell types
such as fibroblasts and keratinocytes, XPC levels were induced by 24 hours following UVR
in UISO cells21. Interestingly, following UVR, XPC levels in MKL-1 cells actually
decreased to nearly undetectable levels, and were significantly reduced from induced XPC
levels in UISO cells (Figure 2D). Overall, these results indicate that MKL-1 cells have a
significant defect in GGR, both relative to UISO cells and to other DNA repair-proficient
cells.

Loss of G1 arrest in MKL-1 cells following UVR
Because the MCV LT possesses homology to the SV40 LT whose actions also include
disruption of cell cycle arrest, we also examined cells for loss of cell cycle checkpoints
following UVR (Figure 3, Table 1). By 24 hours following UVR, UISO cells exhibited a
modest decrease in the G1 population, a slight increase in the S-phase population, and a two-
fold increase in the G2/M population over baseline. In contrast, while MKL-1 cells also had
an almost two-fold increase in the G2/M population by 24 hours post-UVR, they were
notable for a much larger reduction of cells in G1 and a nearly three-fold increase in the S-
phase population. These results indicate a notable absence of G1 arrest in MKL-1 cells
following UVR and the relative preservation of cell cycle arrest in UISO cells, suggesting
that MCV infection may be associated with disruption of the G1/S cell cycle checkpoint.

MCV T antigen inhibits DNA repair and cell cycle arrest following UVR
To further test the specific role of T antigen in inhibiting the DNA damage response, we
expressed both wild-type and mutant T antigen from another MCC tumor in UISO cells.
UISO cells were transfected with expression vectors encoding the wild-type T antigen
(TAg206) or T antigen derived from the MCC350 tumor (TAg350), whose LT is more
severely truncated than that of MKL-1’s, but similarly preserves the Rb binding domain
(Figure 1A) 9. UISO cells transfected with the T antigen vectors express LT whereas cells
transfected with a control vector do not (Figure 4A) 31. Cells transfected with TAg206 but
not TAg350 resulted in two bands, with the upper and lower bands previously assigned as
the LT and 57kT isoforms, respectively 9,31. Expression of the truncated LT from TAg350
was noticeably greater than from TAg206, as has been described previously 9. The vectors
express the LT as a fusion protein with the V5 epitope at the C-terminus, and Western blots
probed with anti-V5 antibodies also produced nearly identical results (data not shown).
Following irradiation with UVR, UISO cells expressing the empty vector control repaired
approximately 50% of CPD by 24 hours, similar to the parental UISO cells (Figures 2B and
4B). Cells expressing wild-type T antigen also repaired similarly to the control empty
vector. In contrast, UISO cells transfected with TAg350 repaired less than 25% of CPDs by
24 hours, indicating loss of GGR. Since the number of cells that could be transfected was
limiting, we did not examine repair of 6-4PP which requires larger quantities of DNA for
immunodetection. We also examined expression of the XPC protein and found that UISO
cells treated with TAg350 exhibited 70±15% (p=0.04) of the XPC levels of control cells
transfected with an empty vector (Figure 4C). Cells expressing the wild-type T antigen
exhibited no differences in XPC levels relative to control samples, correlating with their
normal repair kinetics. These results suggested that mutant T antigen from TAg350 which is
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expressed as a truncated LT, but not the full-length wild-type protein, is sufficient to reduce
repair of CPDs in association with reductions in XPC levels.

During the GGR assay, cells were labeled with tritiated thymidine prior to but not following
UVR exposure in order to correct for post-UVR replication. Because equivalent amounts of
DNA were assayed on the GGR immunoblot, reductions in the specific activity of harvested
DNA reflect DNA replication in control and T antigen-positive UISO cells following UVR
(Figure 4D). The relative 3H specific activity in DNA from control and LTAg-expressing
UISO cells was the same prior to UVR, and did not change in control cells following UVR.
In contrast, after UVR the relative specific activity of DNA from both wild-type and
truncated mutant T antigen-expressing UISO cells was diluted to 50–60% that of the
controls by 24 hours. These results indicate that following UVR-induced DNA damage
control UISO cells transfected with empty vector ceased DNA replication while cells
expressing T antigen continued to replicate. To further confirm these findings, we examined
identically treated cells by flow cytometry (Table 1). Similar to the parental UISO cells, by
24 hours following UVR, cells transfected with the empty vector exhibited some reduction
in the G0/G1 population, little change in the S-phase population, and a modest increase in
the G2/M population. In contrast, UISO cells expressing TAg206 and particularly TAg350
vectors, had larger reductions in the G0/G1 population and increases in the G2/M
population, while TAg350 resulted in increased numbers of S-phase cells after UVR
exposure.

We also examined levels of p53 protein, as well as its downstream target, p21, which is
important in cell cycle arrest following DNA damage (Figure 4E). Interestingly, both wild-
type and mutant T antigen expression reduced expression of p53 as well as p21 in UISO
cells. Taken together, these results suggest that both wild-type and mutant MCV T antigens
abrogate cell cycle arrest at the G1 checkpoint in response to UVR, allowing cells to
continue DNA replication despite persistent DNA damage.

Mutant MCV T antigen impairs repair, cell cycle control, and UVR resistance in fibroblasts
UISO cells, while not infected with MCV, are nonetheless derived from a MCC tumor, and
thus may not necessarily be representative of normal, non-transformed cells’ responses to T
antigen expression. Although Merkel cells are presumed to be the originating cells for MCC,
normal human Merkel cells have proven difficult to isolate and culture in vitro 37,38. Thus,
full-length wild-type and mutant T antigen encoded by TAg206 and TAg350, respectively,
were instead expressed in normal human dermal fibroblasts (Figure 5A). The 57kT isoform
was poorly expressed in fibroblasts. TAg350 again was more strongly expressed than
TAg206, as has been observed in other cell types 9. Following UVR, fibroblasts expressing
the control vector repaired nearly 50% of CPDs, as did cells expressing the wild-type T
antigen (Figure 5B). However, cells expressing TAg350 exhibited no significant repair,
recapitulating the results observed in UISO cells. Additionally, cells expressing mutant but
not wild-type T antigen exhibited markedly reduced levels of the XPC protein, representing
a >80% reduction relative to the control levels (Figure 5C). These results indicate that
inhibition of GGR is likely a general feature of mutant T antigen from MCC350 regardless
of cell type and degree of cell transformation.

When NHFs expressing wild-type and mutant T antigen were examined by flow cytometry,
significant cell cycle distribution aberrations were apparent (Table 1). Relative to the control
cells, both TAg206 and TAg350 treatment resulted in much higher baseline proportions of
cells in S and G2/M phases. These cell cycle distributions were further skewed 24 hours
following UVR, with further depletion of G1 and increases in S and G2/M relative to control
cells (p=0.02), indicating a lack of baseline cell cycle regulation as well as checkpoint
activation following DNA damage.
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Given the large degrees of impairment in DNA repair and cell cycle arrest observed in NHFs
treated with mutant T antigen, we ascertained whether this was associated with UVR
sensitivity (Figure 5D). NHFs treated with TAg350 exhibited ~70% and 25% of the viability
of controls at 20 and 40 J/m2, respectively. These results suggest that the mutant T antigen
sensitizes cells to DNA damage.

Role of LT and sT in UISO cells
TAg206 and TAg350 encode genomic T antigen sequences. Thus, TAg206 is capable of
generating full-length LT, 57kT and sT, while the TAg350 mutation is expected to generate
a truncated LT, normal sT, and no 57kT. An antibody (CM8E6) that detects an epitope
common to LT, 57kT and sT confirmed that TAg206 does indeed express all three T antigen
isoforms (Fig. 6A). The identity of the band assigned as sT was confirmed by stripping the
blot originally probed with CM8E6 antibody, re-probing it with the CM2B4 antibody that
recognizes only LT and 57kT, and observing the disappearance of the sT band. In contrast,
TAg350 appears to only express mutant LT protein. While the absence of 57kT was
expected in TAg350-treated cells, interestingly no sT was detectable by Western blotting,
and levels of sT transcript detected by RT-PCR were seven-fold lower than those observed
with TAg206 (Fig. 6B). These results suggest that the aberrant cell cycle and DNA repair
phenotypes associated with TAg350 are likely due to mutant LT, although the data leave
open the possibility that undetectable levels of sT protein may be exert an effect.

In an effort to further specify the activities of LT and sT, we separately expressed wild-type
LT and sT in UISO cells using expression vectors encoding the cDNAs for each (Fig. 6C).
In principle, the wild-type LT transcript is available to be alternatively spliced to the 57kT
sequence, but under the conditions employed, 57kT protein was undetectable in transfected
UISO cells. Cells expressing LT or sT did not exhibit any impairment in their ability to
repair CPDs (Fig. 6D). However, relative to pcDNA6-treated controls, cells expressing LT
did have an increase in their S phase population following UVR, suggesting a G1 checkpoint
defect (Table 2). Cells expressing sT alone had a higher proportion of cells in S phase
relative to controls, but did not exhibit cell cycle arrest failure following UVR

DISCUSSION
The direct study of MCV’s role in MCC pathogenesis offers the unique opportunity to
evaluate the properties and role of a polyomavirus which is directly relevant to human
disease. Our results demonstrate that an MCC cell line infected with MCV is significantly
impaired in its ability to respond to UVR-induced DNA damage relative to a separate
uninfected MCC cell line. For example, while uninfected UISO cells possessed GGR
kinetics for both CPDs and 6-4PPs that are typical for other repair-proficient cells, the
magnitudes of repair deficiency observed in infected MKL-1 cells are comparable to those
observed in cells derived from patients with the hereditary disease, xeroderma pigmentosum,
which is characterized by a loss of NER 39,40. As far as can be ascertained from the original
report describing MKL-1 cells, the donor patient was not clinically affected by xeroderma
pigmentosum 29. Nonetheless, while the UISO and MKL-1 cell lines appeared to exhibit
very different repair and cell cycle arrest responses, they are derived from separate donors
and are quite different in their morphologic and culture characteristics, and thus it is not
possible to conclude from these data alone that MCV specifically abrogates the DNA
damage response.

Our experiments expressing T antigen in UISO cells as well as in normal fibroblasts were
able to more directly assess the ability of MCV to abrogate the normal cellular response to
UVR in a common genetic and culture media background. The results indicate that a mutant
T antigen derived from MCV is alone sufficient to cause repair and cell cycle arrest defects
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in MCV-negative MCC cells, recapitulating a similar degree of impairment observed in
MCV-infected MKL-1 cells. The defects in repair are associated with reductions in levels of
the XPC protein which is involved in the initial DNA damage recognition step of GGR 19.
XPC levels were approximately correlated with GGR activity, as levels of CPD repair were
significantly affected in mutant T antigen-expressing fibroblasts in which XPC levels were
barely detectable while both repair and XPC levels in UISO cells were less dramatically
affected by mutant T antigen.

It is also notable that mutant T antigen generating a truncated LT significantly impaired
GGR of CPDs, whereas expression of the wild-type T antigen from either genomic
sequences or of wild-type LT did not. It is possible that truncating mutations of LT acquire
an activity not present in the full-length wild-type protein. The more severely truncated LT
from MCC350 may in fact be a special case, as it has been demonstrated to lack a nuclear
localization signal, and thus may have a different set of targets than those of longer LTs 41.
It is also possible that the reduced expression level of the wild-type relative to the mutant LT
in our experimental system may explain their differing repair phenotypes, though this seems
unlikely for two reasons. First, cells transfected with up to 6-fold higher quantities of
TAg206 did express larger quantities of LT protein, but still did not result in detectable
changes in repair kinetics or XPC expression (S. K. Demetriou and D. H. Oh, unpublished
results). Second, and most importantly, under conditions in which repair was unaffected,
cells expressing the wild-type T antigen exhibited prominent defects in p53 and p21 along
with cell cycle dysfunction that are comparable to those found in cells expressing the T
antigen mutant. Thus, our results suggest that differential activities of wild-type and mutant
LT in the response to DNA damage are a result of their intrinsic properties.

While evidence that sT is an oncoprotein has recently been reported 32, we did not observe
that sT expression had a detectable effect on GGR of CPDs or in cell cycle arrest following
UVR. Indeed, sT was also not significantly expressed from TAg350, although the reasons
are unclear. TAg350 possesses polymorphisms in the sequences encoding sT 9, but these are
synonymous with wild-type and not predicted to affect the ability to correctly splice and
generate sT; however, it is possible that they affect stability of the sT transcript. In any case,
our results taken together suggest that LT is capable of disrupting cell cycle arrest following
UVR-induced DNA damage, and that when mutated may also impair GGR.

Although XPC appears to be one downstream target affected by mutant LT, it is also
possible that other NER proteins are affected. In any case, the results suggest that mutant LT
expression is capable of disrupting GGR even in normal, untransformed cells, and thus
could be involved in creating a state of genomic instability as an early event in MCC
genesis. This scenario is also consistent with the existence of UVR-type signature mutations
in MCC 16.

The related SV40 LT is well-known to disrupt the DNA damage response, in large part by
binding to the Rb and p53 tumor suppressors, and these may also be targets for the MCV LT
that lead to functional impairment of GGR and cell cycle arrest following UVR. MCV LT,
including the truncated mutant encoded by TAg350, has been reported to bind to Rb, and
loss of Rb function is associated with loss of the G1 checkpoint in response to DNA
damage 9,42. Although there are conflicting reports on the precise effect of Rb on GGR
activity, there is evidence that Rb can positively regulate GGR 23–25,43. The similar actions
of both wild-type and mutant LT in disrupting cell cycle arrest in cells are consistent with
Rb binding as the mediator of the cell cycle-related actions of LT. Thus, it is possible that
LT-mediated disruption of Rb alone could account for the observed effects in the DNA
damage response.
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On the other hand, both the MKL-1 and UISO cells possess wild-type p53 whose function
may also be targeted by LT 16, as observed in Figure 4D. Loss of GGR and cell cycle arrest
in response to UVR-induced DNA damage occurs with loss of p53 in fibroblasts 21,22,27,28

as well as in UISO cells (S.K. Demetriou and D.H. Oh, unpublished results). It is notable
that the MCV LT mutants that have been identified in MCC, including those from MKL-1
and MCC350, typically lose their C-terminal domains that are homologous to those in SV40
which directly bind p53 9. However, even without direct p53 binding, SV40 LT is still able
to antagonize p53 function due to an activity that has been localized to the N-terminus of
that LT, and such an activity may also exist for MCV LT 44,45. Nevertheless, the ability of
wild-type LT to diminish p53 levels comparable to the mutant MCV LT without having a
discernible effect on CPD repair renders p53 a less likely sole mediator of the repair deficits
created by the mutant LT9.

While MCV appears to be relatively widespread in humans, MCCs are rare, suggesting that
MCV infection alone is insufficient to transform cells 46,47. Other genetic changes are likely
required for Merkel cell carcinogenesis 1,2,14–17. Our data suggest possible pathways by
which MCV genomic integration and subsequent T antigen mutation progressively interfere
with key mechanisms of genomic instability. Wild-type T antigen expression upon early
infection may lead to abrogation of cell cycle arrest following DNA damage. Once mutated
to become a truncated protein, however, LT in particular may acquire additional
functionality allowing it to inhibit both GGR and cell cycle checkpoint activation. These LT
activities that impair the UVR DNA damage response could provide an explanation for the
overall distribution of MCC on chronically sun-exposed skin. These results suggest
impairment in at least two processes—DNA repair and cell cycle arrest—by which MCV
infection may create a state of genomic instability in normal cells following solar UVR
exposure, inappropriately allowing cells to replicate unrepaired DNA and predisposing them
to accumulate additional key carcinogenic mutations. Although Shuda et al. have reported
an apparently low mutation rate in MCC cDNAs that seems inconsistent with a mutator
phenotype 9, this result was based on analysis of a single tumor distinct from MKL-1 or
MCC350. Further, a mutator phenotype would be expected to produce random mutations
that, unless critical for transformation, would likely be averaged out in any analysis of a
cDNA library from a genetically heterogeneous tumor 48.

Whether all MCC T antigens and LT generally abrogate the DNA damage response to UVR
and other forms of DNA damage, and the precise mechanism by which they do so, remain to
be systematically tested. However, impairment of DNA repair and cell cycle checkpoints in
MCC tumors that are infected with MCV may be potentially targeted by therapies that
induce DNA damage, preferentially sensitizing MCC cells relative to normal tissue. The
presence of MCV infection has been associated with a better prognosis for patients with
MCC and it remains to be seen whether positive treatment outcomes are associated with
DNA damaging therapeutic modalities that exploit defective DNA damage responses in
MCV-infected tumor cells 49,50.
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Figure 1.
MKL-1 cells are sensitive to UVR. A) Schematic depiction of MCV LT gene structure,
indicating relative positions of conserved N-terminal sequences, Rb-binding and p53-
binding motifs, and truncating mutations in MKL-1 and MCC350. B) Western blot of LT
expression in UISO and MKL-1. C) UVR survival. UISO (black bars) and MKL-1 (white
bars) cells were irradiated with increasing doses of UVR and allowed to incubate for 5 days
before viability was assessed with thiazolyl blue. The asterisk (*) denotes p<0.02.
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Figure 2.
MKL-1 cells are impaired in GGR. UISO and MKL-1 cells, pre-labeled with tritiated
thymidine, were irradiated with 10 J/m2 UVR and allowed to repair for up to 24 hours
before harvesting and analysis. A) Typical slot blot immunoassay result using monoclonal
antibodies against CPDs and 6-4PPs. Quantification of results for B) CPDs and C) 6-4PPs in
UISO (●) and MKL-1 (■) cells, corrected for replication by normalizing to 3H signal. The
asterisk (*) denotes p<0.001 and the double asterisk (**) denotes p<0.01. D) Western blot of
XPC levels in UISO and MKL-1 at 0 and 24 hours following 10 J/m2 UVR.
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Figure 3.
Loss of UVR-induced cell cycle arrest in MKL-1. UISO and MKL-1 cells were irradiated
with 10 J/m2 UVR, and harvested immediately or allowed to incubate for 24 hours before
flow cytometric analysis. The percentage of cells in each cell cycle phase is indicated in
Table 1.
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Figure 4.
Ectopic T antigen expression in UISO cells. Cells were transfected with the expression
vectors, TAg206 or TAg350, which encode the wild-type or MCC350 tumor T antigen,
respectively, or with an empty vector, pcDNA6, which served as a control. A) Western blot
of LT and 57kT expression in UISO cells, 2 days following transfection, showing wild-type
(wt) and truncated mutant (mut) protein. The ~75 kDa band present in all samples is a non-
specific signal. B) For GGR, experiments, cells were pre-labeled with tritiated thymidine
prior to transfection with either pcDNA6, TAg206 or TAg350. 2 days following
transfection, cells were irradiated with UVR and harvested immediately (black bars) or
allowed to repair for 24 hours (white bars) before assay of CPDs. C) Western blot of XPC
and actin expression in UISO cells 2 days following transfection with pcDNA6, TAg206, or
TAg350. D) Relative 3H specific activity of DNA from UISO cells transfected for 2 days
with pcDNA6 or TAg350 harvested either immediately (black bars) or 24 hours (white bars)
following UVR. Asterisks (*) denote differences from control with p<0.005. E) Western blot
of p53 and p21 in UISO cells 2 days following transfection with pcDNA6, TAg206, or
TAg350, with actin used as a loading control.
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Figure 5.
Ectopic T antigen expression in normal human fibroblasts. Cells were transfected with
vectors TAg206 or TAg350 or with empty control vector, pcDNA6. A) Western blot of LT
expression in fibroblasts, 2 days following transfection, with indicated positions of wild-type
(wt) and truncated mutant (mut) LT from TAg206 and TAg350, respectively. The band at
~75 kDa present in all three samples represents non-specific staining in NHFs. B) For GGR
experiments, cells were transfected with control pcDNA6 (●), or TAg206 (■) or TAg350
(□). 2 days following transfection, cells were irradiated with UVR and either harvested
immediately or allowed to repair for 24 hours before assay of CPDs. Asterisks (*) indicate
differences with the control with p ≤ 0.02. C) Western blot of XPC and actin expression in
fibroblasts 2 days following transfection with pcDNA6, TAg206, or TAg350. D) UVR
survival. NHFs expressing either pcDNA6 (●) or TAg350 (■) were irradiated with
increasing doses of UVR and allowed to incubate for 5 days before viability was assessed
with thiazolyl blue. Asterisks (*) indicate differences with the control with p=0.04.
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Figure 6.
LT and sT expression in UISO cells. A) UISO cells were transfected with vectors TAg206
or TAg350 or with empty control vector, pcDNA6 and analyzed 2 days later for expression
of T antigen isoforms by Western blot. The blot was probed first with the pan-T antigen
antibody, CM8E6, then stripped and re-probed with the CM2B4 antibody that recognizes
only LT and 57kT. Actin served as a loading control. The bands at ~100 and ~75 kDa
represent non-specific bands. B) Cells transfected with TAg206 or TAg350 were also
analyzed by RT-PCR for LT (gray bars) and sT (white bars). C) UISO cells were transfected
with pcDNA6, LT206, and sT vectors and probed with the CM8E6 antibody by Western
blotting. D) Cells were treated with pcDNA6, LT206 and sT vectors for 48 hours, then
irradiated with UVR and harvested immediately (gray bars) or allowed to repair for 24 hours
(white bars) before assay of CPDs.
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Table 1

Cell cycle distributions 24 hours following UVR (%)

Cell Phase 0 hrs 24 hours p

UISO G0/G1 83.3 71.5

S 8.0 9.2

G2/M 9.2 19.2

MKL-1 G0/G1 79.4 53.9

S 6.0 17.9

G2/M 14.3 27.8

UISO + pcDNA6 G0/G1 76.3 ± 1.8 70.2 ± 2.8

S 11.7 ± 2.8 13.4 ± 5.0

G2/M 12.0 ± 0.9 16.6 ± 2.0

UISO + TAg206 G0/G1 74.6 ± 4.9 66.6 ± 0.2

S 7.2 ± 1.2 9.0 ± 4.0

G2/M 18.1 ± 3.5 24.4 ± 3.9

UISO + TAg350 G0/G1 72.0 ± 0.1 49.2 ± 0.8 0.001

S 11.2 ± 2.0 19.7 ± 7.4

G2/M 16.8 ± 3.0 31.2 ± 8.2 0.02

NHF + pcDNA6 G0/G1 77.7 ± 3.1 70.4 ± 4.4

S 9.2 ± 1.8 7.0 ± 2.6

G2/M 13.4 ± 1.5 22.3 ± 3.3

NHF + TAg206 G0/G1 56.8 ± 0.5 44.1 ± 0.4 0.001

S 18.9 ± 1.3 25.8 ± 3.9

G2/M 25.3 ± 0.4 30.0 ± 3.4

NHF + TAg350 G0/G1 68.9 ± 2.9 51.3 ± 5.7 0.05

S 12.8 ± 1.3 20.0 ± 1.6 0.009

G2/M 19.3 ± 3.4 28.6 ± 2.2 0.04

In some cases, the sum of percentages do not exactly equal 100 due to rounding errors and averaging of independent experiments. Where indicated,
errors are given as standard deviations of 2 or 3 independent experiments.
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Table 2

Cell cycle distribution 24 hours following UVR (%)

Cell Phase 0 hrs 24 hours

UISO + pcDNA6 G0/G1 89.9 91.0

S 5.4 5.6

G2/M 4.6 3.4

UISO + LT206 G0/G1 88.3 83.6

S 6.4 10.7

G2/M 5.3 5.8

UISO + sT G0/G1 85.3 83.2

S 8.8 6.2

G2/M 6.0 10.6
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