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Merkel cell carcinoma (MCC) is a rare and aggressive form of skin cancer. In at least 80% of all MCC, Merkel cell polyoma-
virus (MCPyV) DNA has undergone clonal integration into the host cell genome, and most tumors express the MCPyV
large and small T antigens. In all cases of MCC reported to date, the integrated MCPyV genome has undergone mutations
in the large T antigen. These mutations result in expression of a truncated large T antigen that retains the Rb binding or
LXCXE motif but deletes the DNA binding and helicase domains. However, the transforming functions of full-length and
truncated MCPyV large T antigen are unknown. We compared the transforming activities of full-length, truncated, and
alternatively spliced 57kT forms of MCPyV large T antigen. MCPyV large T antigen could bind to Rb but was unable to
bind to p53. Furthermore, MCPyV-truncated large T antigen was more effective than full-length and 57kT large T antigen
in promoting the growth of human and mouse fibroblasts. In contrast, expression of the MCPyV large T antigen C-termi-
nal 100 residues could inhibit the growth of several different cell types. These data imply that the deletion of the C termi-
nus of MCPyV large T antigen found in MCC serves not only to disrupt viral replication but also results in the loss of a dis-

tinct growth-inhibitory function intrinsic to this region.

M erkel cell carcinoma (MCC) is an aggressive skin cancer with
an annual incidence of 3 per million in the United States (1).
Risk factors for developing MCC include advanced age, prolonged
UV exposure, and immunosuppression due to HIV, hematologic
malignancy, or solid-organ transplantation (2, 3). Recently,
Merkel cell polyomavirus (MCPyV) was discovered to be clonally
integrated in at least 80% of MCC, raising the possibility that this
pathogen contributes to carcinogenesis (4, 5).

MCPyV is a typical polyomavirus with a circular, double-
stranded DNA genome containing an early region that expresses
large and small T antigens, a late region that encodes 3 viral coat
proteins, VP1, VP2, and VP3, and a regulatory region that con-
tains the origin of replication and a bidirectional promoter for the
early and late genes. MCPyV was the fifth polyomavirus identified
in humans, preceded by BKPyV, JCPyV, KIPyV, and WUPyV (6—
9). Since then, 6 additional human polyomaviruses have been dis-
covered, including HPyV6, HPyV7, TSPyV, HPyV9, MWPyV,
and STLPyV (10-15). Although JCPyV and BKPyV have been
detected in a variety of human cancers (16, 17), Merkel cell polyo-
mavirus is the only polyomavirus DNA clonally integrated in hu-
man cancer. Expression of Merkel large and small T antigens can
be detected in most MCC specimens (5, 18, 19).

The T antigens from several polyomaviruses have oncogenic
activity. Notably, the simian virus 40 (SV40) large and small T
antigens can transform a variety of rodent and human cells.
Expression of SV40 large and small T antigens, together with
human telomerase reverse transcriptase and an oncogenic
form of H-RAS, can fully transform normal human fibroblasts
(20,21). Ata minimum, the SV40 large T antigen transforming
activity is dependent on binding to cellular tumor suppressor
proteins, including p53 (TP53) and members of the Rb family
(RB1, RBLI1, and RBL2) (22). SV40 small T antigen binding to
the serine/threonine phosphatase PP2A results in the pertur-
bation in phosphorylation state of several host cell factors, in-
cluding c-Myc (23, 24).
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Similar to other polyomaviruses, the MCPyV large T antigen
contains an N-terminal ] domain, an LXCXE or Rb binding motif,
a DNA binding domain, and a helicase domain (25, 26). MCPyV
small T antigen contains the ] domain and the unique region not
shared with large T antigen (19). In addition, the MCPyV early
region undergoes alternative splicing, resulting in expression of
57kT, which deletes most of the centrally located DNA binding
and helicase domains of large T antigen (Fig. 1), but it retains the
] domain and LXCXE motif in-frame with the C-terminal 100
residues expressed from Exon 3 (25, 27).

Given the oncogenic properties of the canonical polyomavirus
SV40 large and small T antigens, it is likely that the MCPyV T
antigens also have transforming activities. MCPyV large T antigen
has been shown to bind specifically to RB1 as well as VPS39 (vac-
uolar protein sorting 39 homolog, or Vamé) (25, 28). Further-
more, RNA interference (RNAi)-mediated knockdown of
MCPyV large T and small T antigen results in decreased growth of
MCC cell lines in vitro and as xenografts (19, 29). The LXCXE
motifis required for MCPyV large T antigen for binding to Rband
for sustained growth of a Merkel cell carcinoma cell line (29).
These results indicate that continued expression of MCPyV large
and small T antigens is required for maintenance of the trans-
formed phenotype in MCC cell lines.

Sequencing of the integrated MCPyV genome from several
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FIG 1 Mutations truncate MCPyV large T antigen in MCC. Full-length (LT) and 57kT forms of large T antigen and small T antigen (ST) are shown. LT contains
Dna] (J), Rb-binding (LXCXE), nuclear localization signal (NLS), DNA binding (DBD), and helicase domains. MCV350 and MCV339 are from the original
report of MCPyV in MCC (4). Predicted total numbers of residues are indicated on the right. Only mutations causing stop codons or deletions in large T antigen

are shown.

MCC tumors and cell lines revealed that while the small T antigen
sequence remains intact, the large T antigen gene has undergone
mutations that preserve the N-terminal J] domain and LXCXE
motif but delete most, if not all, of the DNA binding and heli-
case domains (25, 30). These truncated forms of MCPyV large
T antigen were unable to bind to the viral origin of replication
or initiate viral replication (25, 30, 31). This observation led to
the model that truncation of large T antigen disrupts its ability
to replicate the integrated viral genome. Although mutations
within the MCPyV origin of replication or point substitutions
within the DNA binding domain of large T antigen are pre-
dicted to disrupt viral replication, all reports of MCC tumors to
date indicate that large T antigen has undergone truncating
mutations (25).

Given the frequent presence of MCPyV in MCC, an important
question remains whether the MCPyV large and small T antigens
can transform normal cells. Furthermore, since MCC tumors con-
tain truncations of the large T antigen, the relevant transforming
activity of MCPyV must reside within the N-terminal part of large
T antigen and the intact small T antigen. While loss of the DNA-
binding domain and helicase domain of large T antigen can dis-
rupt viral replication, it is not clear if any transforming functions
of large T antigen are also lost by these truncations (25). For ex-
ample, if the MCPyV large T antigen C-terminal helicase domain
binds to p53, then these truncations would be predicted to lose a
significant transforming activity. To investigate this, we examined
the transforming potential of MCPyV full-length and 57kT large T
antigen as well as truncated large T antigen derived from MCC
tumors.

MATERIALS AND METHODS

Merkel cell carcinoma tumor specimens. Total DNA was extracted from
MCC tumor samples MCCw162, MCCw168, and MCCL21 using a
DNeasy Blood & Tissue kit (catalog no. 69504; Qiagen) and used as the
template to PCR amplify the MCPyV early region. The forward and re-
verse primers included sequences for attB sites to facilitate Gateway clon-
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ing (Invitrogen): forward primer, ggggacaagtttgtacaaaaaagcaggcATGGA
TTTAGTCCTAAA; reverse primer, ggggaccactttgtacaagaaagctgggtcTTA
TTGAGAAAAAGTACCAGAATCT, where capital letters correspond to
the open reading frame of the MCPyV early region and lowercase letters
correspond to Gateway sequences. PCR products were cloned into Gate-
way pDonor221 donor vector and propagated for sequencing.

DNA samples isolated from tumor specimens MCCw219, MCCw205,
MCCw197,and MCCw214 were PCR amplified using the following sets of
overlapping primers: 1161L (5" AGC AGA GAG GAG ACC ACC AA 3')
and MCV1871R (5" TGT AAG GGG GCT TGC ATA AA 3'), as well as
MCV1712L (5" GCATGC CTG TGA ATT AGGATG 3") and MCV2158R
(5 GCTTGT TGG CAAATG GTTTT 3'). PCR products were sequenced
(Functional Biosciences, Inc.). Sequences for MCCw162 (KC426953),
MCCw168 (KC426954), MCCw219 (KC512237), MCCw205 (KC512235),
MCCL21 (KC426955), MCCw197 (KC512234), and MCCw214 (KC512236)
are available from GenBank (32).

Plasmids. The pQ-puro and pQ-neo retroviral expression vectors
were modified from pQCXIP and pQCXIN, respectively (Clontech,
Mountain View, CA), by replacing the cytomegalovirus (CMV) promoter
between Xbal and Notl restriction sites with EF-1a (EEF1A1) promoter,
which was PCR amplified from pEF6/V5-His A (Invitrogen). The full-
length and 57KkT ¢cDNA versions of MCPyV large T antigen were generated
by the QuikChange Lightning kit (Agilent Technologies) and were cloned
between Notl and Pacl restriction sites of the pQ-puro vector. MCPyV
small T antigen was cloned between Notl and Pacl restriction sites of the
pQ-neo vector. MCPyV large T antigen Exon 3, corresponding to nucle-
otides 2778 to 3077 and encoding the C-terminal 100 residues, was in-
serted into the Notl and BamHI cloning sites of the pQ-neo vector to
generate pQ-neo-V5-MCV-Exon 3-HA retroviral plasmid. pWZL-GFP-
BSD was obtained from Addgene (plasmid 12269), and MCV Exon 3 was
inserted between the BamHI and Sall sites to generate pWZL-V5-Exon
3-HA-BSD.

SV40large T cDNA, MCPyV large T cDNA, and MCPyV early regions
were cloned into pcDNA3.1/nV5-DEST (NT-V5) and pcDNA3.2/cV5-
DEST (CT-V5) Gateway vectors (Invitrogen). Untagged SV40 large T
antigen cDNA was cloned into BamHI sites of pBabe-puro retroviral vec-
tor (20). Full-length MCPyV and SV40 large T antigen cDNA was cloned
into MSCV-N-Flag-HA-IRES-PURO by Gateway cloning (33). All con-
structs were sequence confirmed.

jviasm.org 6119


http://jvi.asm.org

Cheng et al.

Cells. BJ fibroblasts stably expressing human telomerase reverse trans-
criptase (hTERT) were a gift from William Hahn (Dana-Farber Cancer
Institute) (20, 21). BJ-hTERT cells stably expressing MCPyV T antigens
were produced using retroviruses generated in 293T cells transiently
transfected with pQ-puro-HA-MCPyV-large T antigen or pQ-neo-HA-
MCPyV-small T antigen, Gag-pol, and vesicular stomatitis virus G pro-
tein (VSV-G) plasmids. Infected BJ-hTERT cells were selected with 2
pg/ml puromycin (Sigma, St. Louis, MO) and 500 pg/ml G418 (Invitro-
gen). U-20S cells were obtained from ATCC. MKL-1 cells were a gift from
Masahiro Shuda, Yuan Chang, and Patrick Moore (University of Pitts-
burgh) (25). Mouse embryonic fibroblasts (MEF) were prepared from
C57BL/6 E13.5 embryos (34).

All cells were cultured in Dulbecco’s modified Eagle medium
(DMEM) (Cellgro) supplemented with 10% fetal bovine serum (Omega),
100 U/ml penicillin, 100 pg/ml streptomycin (Gibco), and Glutamax (In-
vitrogen).

Immunoprecipitation, immunoblotting, and antibodies. Confluent
cultures of cells were washed with ice-cold phosphate-buffered saline
(PBS) once, scraped from cell culture dishes, washed with cold PBS, and
resuspended in EBClysis buffer (50 mM Tris, pH 8.0, 150 mM NaCl, 0.5%
NP-40, 1:10,000 B-mercaptoethanol, 0.5 mM EDTA) for 30 min on ice
and then centrifuged. Clarified lysates were incubated overnight with aga-
rose-immobilized V5 antibody (Bethyl) or anti-hemagglutinin (HA) af-
finity matrix (Roche Diagnostics). The beads were washed with high-salt
EBC buffer (50 mM Tris, pH 8.0, 300 mM NaCl, 0.5% NP-40, 0.5 mM
EDTA) 5 times and boiled in Laemmli sample buffer prior to SDS poly-
acrylamide gel electrophoresis.

Western blotting was performed with antibodies to V5 (R96025; Life
Technologies), p53 (DO-1; Thermo Scientific/Lab Vision), RB1 (G3-245;
BD Biosciences), and HA (HA.11; Covance). Mouse monoclonal antibod-
ies Ab3 and Ab5 were generated against MCPyV large T antigen residues 1
to 260 and produced as a glutathione S-transferase (GST) fusion protein
in bacteria (5).

Proliferation assay. Cells (20,000) were cultured in 60-mm-diameter
plates in the presence of 10% serum and then trypsinized and counted
with a hemocytometer at the indicated days. For cell growth at low serum
concentration, cells were plated in the presence of 10% serum, washed,
and changed to 1% serum 1 day later.

Soft-agar assay. Adherent cells (5,000) were trypsinized and mixed
with 0.3% Noble Agar (BD) and plated in 0.6% base agar in one well of a
6-well plate. Growth medium (0.2 ml) was used to cover the surface of
agar and supplemented twice per week. After 4 weeks, colonies formed in
soft agar were stained with 0.001% crystal violet (Sigma, St. Louis, MO)
overnight at 37°C degrees and 10% CO,.

Use of human subjects and animals in research. Research performed
in this study complied with all relevant federal guidelines and institutional
policies.

RESULTS

MCC contains truncated large T antigen and wild-type small T
antigen. DNA was extracted from 7 MCC tumors (MCCw162,
MCCw168, MCCw197, MCCw205, MCCw214, MCCw219, and
MCCL21). For three specimens, the MCPyV genome was ampli-
fied by PCR with primers covering the entire early region of
MCPyV encoding large and small T antigens. For the remaining 4
specimens, primers were used to amplify and sequence the large T
antigen unique region. In all 7 cases, sequencing revealed that the
open reading frame for large T antigen contained point substitu-
tion mutations or deletions predicted to yield truncated proteins
(Fig. 1). Notably, 3 independent tumors (MCCw168, MCCw219,
and MCCw205) encoded a truncated large T antigen with a pre-
dicted length of 275 residues. Two additional tumors (MCCw197
and MCCw214) contained mutations predicted to yield a trun-
cated large T antigen of 292 residues. All truncated large T anti-
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gens retained an intact N terminus, containing the ] domain and
Rb-binding LXCXE motif (residues 134 to 138; nucleotides 1261
to 1275) (22). Detection of truncated large T antigen in MCC is
consistent with prior reports (4, 30, 35, 36).

MCPyV large T antigen does not bind to p53. The polyoma-
virus T antigens transform cells by binding to key cellular pro-
teins, such as the Rb and p53 tumor suppressor proteins. The large
T antigens from SV40, BKPyV, JCPyV, and MCPyV can bind to
Rb (25, 29). In addition, SV40, BKPyV, and JCPyV large T antigen
can bind to and increase expression levels of p53. The SV40 large T
antigen C-terminal helicase domain binds specifically to p53 (37).
In contrast, mouse polyomavirus (MPyV) large T antigen is
unable to bind to p53. To determine if MCPyV large T antigen
could bind to p53, we generated expression vectors, containing
the early region, encoding wild-type large and small T antigens
or cDNAs for large T antigen and small T antigen. In addition,
we generated MCPyV early region and large T antigen cDNA
constructs that expressed a truncated LT with a premature stop
codon after residue 320 identical to that isolated from tumor
MCCw162 (Fig. 1).

U-20S cells containing wild-type p53 were transiently trans-
fected with V5 epitope-tagged SV40 large T antigen, MCPyV large
T antigen, or MCPyV early region expression plasmids. Lysates
were prepared and immunoprecipitated with a V5 antibody and
immunoblotted for V5 and p53. As shown in Fig. 2A, the MCPyV
large T antigen constructs were expressed at levels similar to those
of SV40 large T antigen. The MCPyV early region and large T
antigen constructs expressed the full length, as well as a smaller
form of large T likely corresponding to 57kT (25). Notably,
epitope tags on either the N or C terminus of MCPyV early region
or large T antigen cDNA revealed similar-sized proteins, indicat-
ing that residues encoded by the alternative Exon 3 in 57kT are in
frame with the first and second exons of large T antigen (Fig. 1). In
addition, small T antigen was expressed from the MCPyV early
region and the small T antigen cDNA constructs but not from the
large T antigen cDNA constructs.

We compared SV40 and MCPyV large T antigens for binding
to p53. As shown in Fig. 2A (top), immunoprecipitation for SV40
large T antigen coprecipitated p53. In contrast, immunoprecipi-
tation for wild-type or truncated MCPyV large T antigen did not
coprecipitate p53. We repeated this experiment using N-terminal
V5 epitope-tagged cDNA constructs for SV40 and MCPyV large T
antigens, as well as a modified form of MCPyV that expresses
full-length large T antigen and not the 57kT form (see Fig. 4A). As
shown in Fig. 2B, all T antigens were capable of binding to Rb, but
only SV40 large T antigen bound to p53.

Effects on cell growth by MCPyV large T antigen. To study
the transforming potential of MCPyV large and small T antigens,
we generated stable derivatives of primary mouse and human fi-
broblasts with a retroviral vector, pQ-puro, expressing N-termi-
nal, HA-tagged, wild-type, or truncated large T antigen cDNA
corresponding to MCCw168 together with a separate vector,
pQ-neo, expressing N-terminal, HA-tagged, wild-type small T
antigen. As shown in Fig. 3A, the MCPyV 57kT form was pref-
erentially expressed in the MEFs and BJ-hTERT fibroblasts
containing the wild-type MCPyV large T antigen cDNA vector.
Similar results, with the predominant expression of the 57kT
form of large T antigen, were observed when cell lysates were
subjected to Western blotting with Ab3 (Fig. 3B), a mouse
monoclonal antibody specific for MCPyV large T antigen (5).
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FIG 2 MCPyV T antigens are unable to bind to p53. Transient transfection of U-2 OS cells with SV40 or MCPyV (MCV) large T (LT) antigen cDNA, small T
(ST) antigen cDNA, or early region (ER) corresponding to wild-type (wt) or MCCw162 (Tr) tumor-derived sequence. N-terminal (NT) or C-terminal (CT) V5
epitope-tagged constructs were used. (A) Cell lysates (input) were immunoprecipitated with V5 antibody and blotted with p53 (top) or V5 (bottom) antibodies.
(B) U-2 OS cells were transiently transfected with NT-V5 constructs as shown. Lysates were immunoprecipitated with V5 antibody and blotted with the indicated
antibodies. Rb and p53 inputs are shown. Numbers indicate relative molecular mass. Arrows indicate LT, 57kT, Tr, and ST.

Small T antigen was expressed equally well in MEFs and BJ-
hTERT cells (Fig. 3A).

We tested the growth-promoting potential of the MCPyV T
antigens by performing proliferation assays of these stable cell
lines in the presence of 10% (Fig. 3C) or 1% (Fig. 3D) serum.
MEFs expressing truncated or wild-type large T antigen grew
faster than control MEFs containing both empty vectors when
cultured in 10% serum. Of note, the truncated large T antigen
expressing MEFs grew faster than cells expressing wild-type large
T antigen in 1% serum. Similarly, BJ-hTERT cells expressing small
T antigen and truncated large T antigen grew more rapidly than
control cells containing vector only in media with 10% or 1%
serum. In contrast, B]-hTERT expressing wild-type large T anti-
gen grew more slowly than control cells and cells expressing the
truncated large T antigen.

Given the predominant expression of the 57kT form of
MCPyV large T antigen from the wild-type vector in MEFs and
BJ-hTERT cells, we made several modifications to the large T an-
tigen gene. We generated a cDNA that encodes only the 57kT form
oflarge T antigen by eliminating the nucleotides corresponding to
the first and second introns but retaining the C-terminal 100 res-
idues encoded by Exon 3 in frame with the N terminus (Fig. 1 and
4A), and we cloned it into the pQ-puro retroviral expression vec-
tor. We generated a full-length (FL) MCPyV large T antigen
cDNA by introducing silent mutations that disrupt the splice do-
nor and acceptor sites for intron 2 while retaining the wild-type
coding sequence for large T antigen to generate a cDNA predicted
to express only FL large T antigen (Fig. 4A), and then we cloned it
into MSCV-N-Flag-HA-IRES-Puro vector.

BJ-hTERT cells were infected with retroviruses encoding
c¢DNAs corresponding to wild-type, FL, 57kT, and truncated
(MCV168) MCPyV large T antigens. Expression was confirmed
by immunoblotting with an antibody specific for MCPyV T anti-
gen (Fig. 4B). Consistent with the results shown in Fig. 3A and B,
the wild-type large T antigen cDNA construct predominantly ex-
pressed a 57-kDa form that comigrated with the 57kT cDNA con-
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struct in BJ-hTERT cells. In contrast, the MCPyV FL large T anti-
gen construct migrated at the expected size of approximately 100
kDa. To compare the growth-promoting ability of these forms of
MCPyV large T antigen, replica plates of cells were cultured in
medium containing 10 or 1% serum and counted over several
days. As shown in Fig. 4C, BJ-hTERT fibroblasts expressing trun-
cated MCPyV large T antigen grew faster than cells containing the
empty vector. In contrast, cells expressing FL or 57kT MCPyV
large T antigen grew at a rate slower than that of the vector control
cells. Similar results were observed in medium containing 10 or
1% serum.

Merkel cell polyomavirus large T antigen Exon 3 inhibits cell
growth. BJ-hTERT cells expressing truncated MCPyV large T an-
tigen appeared to have a growth advantage over cells expressing
wild-type, FL, and 57kT large T antigens (Fig. 4C). Since wild-
type, FL, and 57kT large T antigens share the C-terminal 100 res-
idues that are not present in the MCC tumor-specific truncated
large T antigen, we suspected that the Exon 3 region contained a
growth-inhibitory function. To test this possibility, we generated a
retroviral construct that expresses Exon 3 only.

We transduced the MCC cell line MKL-1 with retroviral
constructs containing the MCPyV large T antigen Exon 3,
green fluorescent protein (GFP), or empty vector. The MKL-1
cells normally grow in large aggregates. The control vectors
readily established stable cell lines that grew as clumps, but cells
containing the Exon 3 construct failed to propagate and
formed tiny clumps containing very few cells (Fig. 5A). To test
if MCPyV Exon 3 could inhibit growth of cells transformed
with SV40, we transduced the Exon 3 or GFP control vector in
BJ-hTERT cells that stably expressed H-Ras and SV40 large and
small T antigens (20). We were able to establish a stable line
with detectable expression of the Exon 3 construct (Fig. 5B).
However, the SV40-transformed BJ cells expressing the C-ter-
minal 100 residues of MCPyV large T antigen had a signifi-
cantly reduced ability to grow in an anchorage-independent
manner compared to cells expressing GFP (Fig. 5C). We also
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FIG 3 Comparison of wild-type and truncated MCPyV T antigen growth-promoting activities. N-terminal HA-tagged wild-type or MCCw168 tumor-derived
MCPyV early region was stably expressed in mouse embryo fibroblasts (MEF) or h\TERT-immortalized B fibroblasts (BJ). Cell extracts were blotted with HA (A)
or Ab3 (B) and actin for a loading control. Proliferation assay of cells was performed in triplicate in 10% serum (C) and 1% serum (D) as described in Materials
and Methods. The results of a typical experiment are presented and represent the averages of triplicate samples. Similar results were obtained in at least three

independent experiments. The error bars indicate standard deviations.

observed that Exon 3 significantly reduced the growth rate of
the SV40-transformed BJ-hTERT cells (Fig. 5D).

DISCUSSION

The discovery of the human polyomavirus MCPyV in MCC im-
mediately led to the question of whether this virus and the virus-
encoded T antigens contribute to cancer development (4). In sup-
port of this model, most MCC tumors express the MCPyV large
and small T antigens (5, 19). In addition, expression of MCPyV
large T and small T antigen is required to maintain growth of
MCPyV-positive MCC cell lines (19, 29). However, in every case
of MCC reported to date, the MCPyV early region has undergone
mutations that truncate large T antigen while keeping small T
antigen intact. Therefore, if MCPyV contributes to cancer devel-
opment, then its transforming activity must reside within small T
antigen and the N-terminal fragment of large T antigen.
Consistent with prior studies, we sequenced MCPyV DNA iso-
lated from 7 unique MCC tumors and found that each one con-
tained mutations in the MCPyV genome predicted to encode
truncated forms of large T antigen and an intact small T antigen.
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We went on to evaluate the transforming potential of full-length,
57kT, and tumor-specific truncated versions of MCPyV large T
antigen. We determined that truncated MCPyV large T antigen
has growth-promoting activities that were more effective than
full-length or 57kT versions of large T antigen in primary mouse
and human fibroblasts. In contrast, we observed that expression of
the C-terminal 100 residues of MCPyV large T antigen inhibited
the growth of several cell types, including an MCC cell line. These
results indicate that the MCC-specific truncations of large T anti-
gen results in the loss of the C-terminal growth-inhibitory func-
tion present in both the full-length and 57kT versions. Notably, of
all the large T antigen sequences reported from MCC tumors, only
MCV339is predicted to encode an intact 57kT large T antigen that
retains Exon 3, since the deleted nucleotides are spliced out of the
second intron (4, 25). It is not known if the MCV339 tumor ex-
pressed 57KT.

The polyomavirus T antigens transform cells by binding to key
cellular proteins. In particular, the large T antigen from SV40, as
well as JCPyV and BKPyV, can bind to the Rb and p53 tumor
suppressor proteins (38—41). We confirmed previous reports that
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hyde-3-phosphate dehydrogenase (GAPDH) for a loading control. vec, vector. (C) BJ-hTERT cells were cultured in 10% (left) or 1% (right) serum and counted
at the indicated days. The experiment was performed in triplicate and results averaged, with error bars indicating standard deviations. Similar results were

obtained from at least three independent experiments.

MCPyV large T antigen can bind specifically to Rb (25, 29). In
contrast, we were unable to demonstrate that MCPyV large T
antigen binds to p53. Our data indicate that MCPyV full-length,
57kT, and truncated large T antigen or small T antigen were un-
able to bind to p53. We observed a similar result in a large-scale
study of human polyomaviruses, where the large T antigens from
JCPyV, WUPyV, HPyV6, HPyV7, TSPyV, and MCPyV could bind
to Rb and all except for MCPyV could bind to p53 (42). These
results indicate that the MCC-specific truncations of MCPyV
large T antigen do not result in loss of p53 binding activity. It
should be noted that most MCC tumors contain wild-type p53,
although it is not known if p53 function is perturbed in MCC
containing wild-type p53 (5, 43, 44). Although MCPyV T antigens
do not bind to p53, they may serve to indirectly inactivate p53
function.

Shuda and colleagues proposed that mutations found in
MCPyV large T antigen isolated from MCC tumors resulted from
the negative selection of cells that contained wild-type large T
antigen (25). It was proposed that wild-type MCPyV large T anti-
gen would promote unregulated replication of an integrated
MCPyV origin, resulting in collisions between cellular and virus-
initiated replication forks. To date, all of the MCPyV large T an-
tigens isolated from tumors are truncated due to nonsense muta-
tions or deletions. At least to date, missense mutations that render
the full-length large T antigen deficient in DNA binding or heli-
case activity have not been identified (25, 45). Similarly, muta-
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tions in the MCPyV viral origin of replication predicted to disrupt
the binding of wild-type MCPyV large T antigen DNA binding
domain have not been identified.

Our studies suggest that in addition to loss of the replication
function of large T antigen, the truncating mutations in MCPyV
large T antigen also serve to eliminate a growth-inhibitory prop-
erty contained within the C terminus. Deletion of the large T an-
tigen C terminus eliminates this potential growth-inhibitory
function while retaining Rb binding by the LXCXE motif in the N
terminus. Therefore, truncation of large T antigen disables the
viral DNA replication function as well as the growth-suppressing
potential of the large T antigen C terminus. To date, there has been
only one exception reported that does not fit with this model. The
MCV339 tumor contains a deletion entirely within the second
intron of MCPyV large T antigen and is predicted to express the
57kT form of large T antigen with the C-terminal 100 residues
(Fig. 1) (4, 25). However, it is not known if the MCV339 tumor
expressed the 57KT form of large T antigen that retains the C-ter-
minal 100 residues.

We observed that a wild-type cDNA construct of MCPyV large
T antigen preferentially expressed the 57kT form of large T anti-
gen when stably expressed in human and mouse fibroblasts. Sim-
ilarly, the 57KT form was preferentially expressed compared to the
full-length form when wild-type or tumor-derived MCV339 was
transiently expressed in 293 cells (25). The normal function of the
57kT form of MCPyV large T antigen is not known, although it
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FIG 5 C terminus of MCPyV large T antigen inhibits cell growth. (A) MCC cell line MKL-1 was infected with pQ-neo, pWZL-GFP-BSD, or pQ-neo-
V5-Exon 3-HA retrovirus for 2 days, selected with antibiotics for 7 days, and maintained in culture medium without antibiotics for an additional 14 days.
Representative images of cultures at completion of the assay are shown (100X magnification). (B) BJ-hTERT cells stably expressing SV40 large T antigen,
small T antigen, and H-Ras cells were stably infected with pWZL-GFP-BSD or pWZL-V5-Exon 3-HA-BSD retrovirus. Equal amounts of protein lysates
were immunoprecipitated with HA antibody, followed by immunoblotting with V5 antibody. The arrow points to the position of V5-Exon 3-HA. (C)
Cells described for panel B were plated in soft agar and counted at 1 day after plating. Colonies were counted after 14 days of culture. The experiment was
performed in triplicate, and results were averaged, with error bars indicating standard deviations. (D) Cells described for panel B were cultured in 10%
(left) or 1% (right) serum for the indicated number of days. The experiment was performed in triplicate, and results were averaged, with error bars

indicating standard deviations.

does retain the capability of binding to Rb (25). Other human
polyomaviruses, including JCPyV, express alternatively spliced
large T antigens that delete the C terminus. These spliced versions
also retain the Rb binding motif and can promote cellular growth
(40, 46). However, MCPyV large T antigen appears to be unique,
since the C-terminal 100 residues of the full-length version are
retained in the 57KT form.

It is not known how the MCPyV large T antigen C-terminal
100 residues encoded by Exon 3 can inhibit cellular growth. This
region is unlikely to affect the Rb pathway, since the N terminus of
MCPyV large T antigen can bind to Rb and should be sufficient to
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inactivate this growth-suppressing pathway. Similarly, Exon 3 is
unlikely to activate the p53 growth-inhibitory pathway, since ex-
pression was able to reduce the growth rate of SV40 large T anti-
gen-transformed cells that have fully inactivated p53. The C-ter-
minal 100 residues of MCPyV large T antigen contain some
residues corresponding to the helicase domain. However, this
fragment, corresponding to Exon 3, was unable to bind to full-
length or truncated MCPyV large T antigen and is unlikely to
function in a dominant-negative manner (data not shown). We
suspect that Exon 3, as well as full-length and 57kT forms of
MCPyV large T antigen, bind specifically to cellular proteins in-
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volved in growth regulation. If the C terminus of MCPyV large T
antigen binds to a cellular protein, then it appears to interfere with
an essential factor required for cellular proliferation of normal
and cancer cells. Identification of host cell proteins that bind to the
C-terminal domain of MCPyV large T antigen may bring insight
into an important cellular growth pathway.
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