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ABSTRACT

Many of the small DNA tumor viruses encode transforming proteins that function by targeting critical cellular pathways in-
volved in cell proliferation and survival. In this study, we have examined whether some of the functions of the polyomavirus
small T antigens (ST) are shared by the E6 and E7 oncoproteins of two oncogenic papillomaviruses. Using three different assays,
we have found that E7 can provide some simian virus 40 (S§V40) or murine polyomavirus (PyV) ST functions. Both human papil-
lomavirus 16 (HPV16) and bovine papillomavirus (BPV1) E7 proteins are capable of partially substituting for SV40 ST in a
transformation assay that also includes SV40 large T antigen, the catalytic subunit of cellular telomerase, and oncogenic Ras.
Like SV40 ST, HPV16 E7 has the ability to override a quiescence block induced by mitogen deprivation. Like PyV ST, it also has
the ability to inhibit myoblast differentiation. At least two of these activities are dependent upon the interaction of HPV16 E7
with retinoblastoma protein family members. For small T antigens, interaction with PP2A is needed for each of these functions.
Even though there is no strong evidence that E6 or E7 share the ability of small T to interact with PP2A, E7 provides these func-
tions related to cellular transformation.

IMPORTANCE

DNA tumor viruses have provided major insights into how cancers develop. Some viruses, like the human papillomaviruses, can
cause cancer directly. Both the papillomaviruses and the polyomaviruses have served as tools for understanding pathways that
are often perturbed in cancer. Here, we have compared the functions of transforming proteins from several DNA tumor viruses,
including two papillomaviruses and two polyomaviruses. We tested the papillomavirus E6 and E7 oncoproteins in three func-
tional assays and found that E7 can provide some or all of the functions of the SV40 small T antigen, another well-characterized
oncoprotein, in two of these assays. In a third assay, papillomavirus E7 has the same effect as the murine polyomavirus small T
protein. In summary, we report several new functions for the papillomavirus E7 proteins, which will contribute new insights
into the roles of viruses in cancer and the cellular pathways they perturb in carcinogenesis.

he small DNA tumor viruses (the polyomaviruses, the adeno-

viruses, and the papillomaviruses) have contributed to major
advances in basic mammalian cell and molecular biology. For ex-
ample, these viruses were used in the discovery of processes such
as mammalian transcription, RNA splicing, DNA replication, and
the delineation of pathways and genes often perturbed in human
cancer. Simian virus 40 (SV40) and the murine polyomavirus
(PyV) have been key viruses used in these experiments. Other
small DNA tumor viruses play etiologic roles in certain human
cancers. High-risk human papillomaviruses (HPV) of the alpha
genus, such as HPV16 and HPV18, cause cervical cancer, other
anogenital cancers, and approximately 20% of upper airway car-
cinomas (1). The Merkel cell polyomavirus (MCV) is the best
candidate for a human polyomavirus causative agent in human
cancer (2).

Comparative studies of the oncoproteins encoded by the DNA
tumor viruses have revealed that there are remarkable similarities
among their functions and cellular targets. One early example of a
shared target is the retinoblastoma protein (RB1) and its related
pocket proteins (RBL1/p107 and RBL2/p130), which are targeted
and inactivated by adenovirus E1A, SV40 large T antigen (LT),
and the high-risk HPV E7 proteins (3-5). In addition, the p53
tumor suppressor protein is targeted and inactivated by the ade-
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novirus E1B 55-kDa protein, SV40 LT, and the high-risk HPV E6
proteins (6-9). HPV E6 hijacks the E3 ubiquitin ligase E6AP (also
known as UBE3A) and directs it to p53, which then is ubiquity-
lated and degraded by the proteasome (10, 11).

The early region of many polyomaviruses encodes not only LT
but also a small T antigen (ST) that contributes to oncogenesis.
SV40 mutants defective for producing ST have long been known
to have a diminished ability to transform rodent cells (12, 13).
More recently, small T has been shown to have a critical role in the
full transformation of human cells in combination with the cata-
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lytic subunit of telomerase (hTERT), oncogenic Ras, and SV40 LT
(14).

A major host cell target of polyomavirus small T antigens is the
serine- and threonine-specific phosphatase 2A (PP2A), an abun-
dant cellular enzyme that is composed of a catalytic C subunit
bound to structural and regulatory A and B subunits. The enzyme
exists in many forms consisting of different combinations of A, B,
and C subunits (reviewed in reference 15). PP2A has numerous
protein substrates, and in interacting with PP2A, small T antigens
are believed to alter the signaling pathways regulated by PP2A.
Both SV40 ST and PyV ST interact with the PP2A complex (16),
but they do so in different ways and with distinct downstream
effects. Some of the functions of the two have been compared
directly, illustrating both the similarities and the differences that
exist among these proteins (17, 18). SV40 ST binds the A subunit
of PP2A and displaces B subunits, which confer substrate specific-
ity on PP2A. In particular, depletion of the B56y subunit from
cells can mimic the effects of introducing SV40 ST (19). PyV ST
promotes progression through the cell cycle in a PP2A binding-
dependent manner (20). Although it seems clear that either ST can
redirect PP2A to dephosphorylate new targets, the differences be-
tween the targets of PP2A in the presence and absence of small T
antigens remain to be fully defined. Overall, the small T-PP2A
interactions have varied and significant effects on cell cycle pro-
gression, differentiation, and tumorigenesis (14, 17, 18, 21).

Therefore, the polyomavirus ST antigens target the same cel-
lular complex, PP2A, to promote some similar and some differing
changes in cells. Another feature of DNA tumor virus oncopro-
teins is that some of them may use different mechanisms to target
a single cellular pathway. For example, the SV40 LT blocks the
downstream functions of p53, not by targeting it for degradation
(as does high-risk HPV E6) but rather by stabilizing and presum-
ably sequestering p53 away from its cellular targets. Thus, it is
possible that HPV oncoproteins activate the same mitogenic path-
ways as those that are triggered by small T, but perhaps not
through binding PP2A. In this study, we have explored the possi-
bility that the high-risk HPV E6 and/or E7 proteins share some
functions and targets with polyomavirus small T antigens. We
have tested whether E6 and/or E7 can (i) substitute for SV40 ST in
the transformation of human cells, (ii) overcome an override of a
G, quiescence block, and (iii) modulate myoblast differentiation.
We find that E7, but not E6, can partially or fully replace SV40 or
PyV ST antigen functions in each of these assays. We further an-
alyze the requirement for RB1 binding by E7 in these assays and
discuss potential new RB binding-dependent and -independent
functions of E7.

MATERIALS AND METHODS

Plasmids and virus production. Plasmid pMIG-SV40ST (9059; Add-
gene) was used as the starting material to generate all of the pMIG vectors
used in the study. First, a BamHI site (lost in the original cloning) was
introduced at the 5" end of the SV40 ST open reading frame (ORF) by
site-directed mutagenesis to create pMIG-SV40ST-BamHI. To create the
pMIG-empty vector, pMIG-SV40ST was digested with BamHI and
EcoR], the fragment containing the vector backbone was gel purified, the
ends were filled by Klenow fragment action, and the vector was recircu-
larized with T4 DNA ligase. To create pMIG-E6 and -E7 plasmids, the
appropriate papillomavirus ORFs were PCR amplified out of pL(E6)SH
(04755; Howley laboratory), pL(E7)SH (04756; Howley laboratory), or
bovine papillomavirus 1 (BPV1) in pML2D (142-06; Howley laboratory)
with primers that added a 5" BamHI site, a 3'EcoRI site, and an in-frame
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hemagglutinin (HA) tag. The HA tag was added to the N terminus of E6
proteins and the C terminus of E7 proteins. These DNA fragments then
were digested with BamHI and EcoRI and subcloned into the modified
pMIG vector in place of SV40 ST. HPV16 E7 mutants and BPV1 E7 mu-
tants were subcloned from their original vectors (22, 23) into pMIG in the
same way. pMIG SV40 ST110 has been described previously (14). pMIG
SV40 ST C103S was used as described previously (21), and the mutation
was characterized earlier 24. Retrovirus stocks were produced from the
pMIG and pBabe vectors using previously published protocols (25).

Cell lines. T98G cells obtained from the American Type Culture Col-
lection (ATCC) and C2C12 cells were cultivated in high-glucose Dulbec-
co’s modified Eagle medium (DMEM) plus 110 mg/ml sodium pyruvate,
10% fetal bovine serum (FBS), and 2 mM L-glutamine (all from Invitro-
gen, Life Technologies, Carlsbad, CA, USA) at 37°C and 5% CO,. C2C12
medium also contained 50 U/ml penicillin and 50 pg/ml streptomycin.
HEK TER cells expressing SV40 LT, hTERT, and G12V H-Ras have been
described previously (14) and were cultured in MEM plus 10% bovine
serum. To create stable HEK TER cell lines, undiluted virus stocks pro-
duced as described above were mixed 1:1 with media containing 16 pg/ml
Polybrene and used to infect HEK TER, T98G, or C2C12 cells. New HEK
TER cell lines were expanded and sorted by fluorescence-activated cell
sorting (FACS) to generate populations of green fluorescent protein
(GFP)-positive cells. T98G cells were transduced in the same way, such
that cells were 95 to 100% GEFP positive 48 h postinfection with pMIG
retroviruses and were used in cell cycle analysis experiments with growth
in low serum beginning at the same 48-h postinfection time point. C2C12
cells were seeded at 20 to 30% confluence and similarly transduced with
pMIG and/or pBabe retrovirus stocks overnight in the presence of Poly-
brene (8 pg/ml final concentration). Cells were allowed to recover for 8 h
and then subjected to another round of infection.

Anchorage-independent growth assays. Growth of cells in soft agar
was performed as previously described (26). In each experiment, 5 X 10°
or 5 X 10* cells were seeded into 0.4% Noble agar in MEM plus 10%
bovine serum. Colonies were counted in each plate 3 weeks after cell
seeding. Each cell line was analyzed in three independent soft-agar exper-
iments. Each independent experiment included three replicate plates for
each condition tested. Soft-agar plates were visualized under a dissection
microscope, and colonies were counted manually. Western blot analyses
of the HEK TER cell lines used in the anchorage-independent growth
assays were performed as previously described (25).

Cell cycle analysis. Twenty-four hours after retroviral transduction,
T98G cells were replated in 6-well plates with 1.8 X 10’ cells per well. An
extra well of 2.5 X 10* empty vector cells also was plated and was main-
tained in 10% serum throughout the experiment. One day after replating,
cells were switched to low-serum growth by washing twice with the low-
serum media and incubating in DMEM containing 0.1% FBS for 72 h.
Following growth in low serum, cells were incubated with bromodeoxyu-
ridine (BrdU; RPN 201V; Amersham) for 4 h. Cells then were trypsinized,
fixed in 70% ethanol, and stained with fluorescein isothiocyanate (FITC)-
coupled anti-BrdU antibody (347583; BD Biosciences) and propidium
iodide/RNase staining buffer (550825; BD Biosciences). Flow cytometry
was performed on a BD LSR Fortessa cell analyzer.

C2C12 cell differentiation assay. Control cells, HPV protein-express-
ing cells, and small T-expressing cells were seeded at 50% confluence 24 h
after infection and allowed to reach confluence. The cells then were in-
duced with differentiation medium (DMEM plus 2% horse serum) and
refed with the same every 2 days thereafter. Samples were harvested after 7
days of cultivation. The cells were washed once, collected in extraction
buffer (137 mM NaCl, 20 mM Tris, 0.92 mM Ca**, 0.49 mM Mg>*, 1%
NP-40, and 10% glycerol, adjusted to pH 7), and incubated for 30 min on
ice in the presence of protease inhibitors (1 WM pepstatin, 1 pg/ml apro-
tinin, 1 mM phenylmethanesulfonyl fluoride [PMSF]). The cleared su-
pernatant was boiled with SDS loading buffer. The extent of differentia-
tion was measured by Western blotting for myosin heavy-chain levels
(MF-20 antibody; Developmental Studies Hybridoma Bank, University of
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FIG 1 HEK TER anchorage independence transformation assay. (A) The HEK TER cell-based system was used to determine whether papillomavirus oncopro-
teins can replace SV40 ST antigen in cells expressing SV40 large T antigen, hTERT, and activated Ras (14). HEK TER cells were transduced with pMIG-based
retroviruses, which consist of a test oncoprotein gene located upstream of the EMCV IRES and a GFP open reading frame. Test oncoproteins included wild-type
SV40 ST, the SV40 ST110 mutant, HPV16 E6, HPV16 E7, BPV1 E6, and BPV1 E7. GFP-positive cell populations were sorted by FACS and tested for growth in
soft agar. LTR, long terminal repeat. (B) HEK TER cells were transduced with pMIG retroviruses encoding SV40 small T antigen (SV40 ST), HPV16 E6, HPV16
E7, BPV1 E6, or BPV1 E7. The various panels depict phase-contrast and green fluorescence images of HEK TER cell lines after sorting and expansion.
Mock-transduced HEK TER cells were included as a control but were not sorted. (C) In a separate set of transductions, HEK TER cells were transduced with a
pMIG vector encoding the SV40 ST110 mutant or with an empty version of the pMIG vector. Images depict phase-contrast and green fluorescence images of HEK
TER cell lines after sorting and expansion. HEK TER parental cells are included as a control but were not sorted.

Iowa). Anti-GFP antibody (G1544; Sigma-Aldrich) was used to assess the ~ assay (14). That study did not examine whether E6 and/or E7
relative level of infection, while expression of PyV ST (clone HA11, MMS-  could replace SV40 ST in cells that expressed SV40 LT, hTERT,
101.P; Covance)‘ and SV4Q ST (DPO1; Calbiochem) also were validated. and activated Ras, so the question of whether the HPV oncopro-
Actin (A2668; Sigma-Aldrich) was used as a loading control. teins shared functions with SV40 small T antigen had not been
addressed. Therefore, we established an HEK TER-based transfor-
mation assay (Fig. 1A) and began our studies by testing whether
E6 or E7 could substitute for SV40 ST in this assay. In our initial
experiments, we tested the E6 and E7 genes from both HPV16 and
BPVI1.

RESULTS

E7 oncoproteins partially substitute for SV40 ST in HEK TER
transformation. Elucidation of the contributions of the SV40
early region to the transformation of human cells in cooperation

with the catalytic subunit of telomerase (hTERT) and oncogenic .
Ras revealed an essential role for both SV40 small T and large T HA-tagged E6 and E7 from HPV16 or BPV1 were cloned intoa

antigens (14, 26). This transformation assay included the entire pMIG-based retrovirus vector upstream of the encephalomyocar-
SV40 early region (encoding both large T and small T), hTERT, ditis virus (ECMYV) internal ribosomal entry site (IRES) and the
and oncogenic Ras. SV40 large T antigen could not replace the ~GFP open reading frame. As controls in this experiment, we also
entire SV40 early region in this assay, indicating the critical con-  tested wild-type (wt) SV40 ST as well as an SV40 ST110 C-termi-
tribution of SV40 small T. Also, although E6 and E7 from HPV16  nal truncation mutant that is unable to bind PP2A (27). HEK TER
and BPV1 function as oncogenes in a variety of different assays, cells were transduced with the bicistronic pMIG retrovirus vec-
they were unable to replace the entire SV40 early region in this  tors, and the GFP-positive cell populations were selected by FACS

March 2015 Volume 89 Number 5 Journal of Virology jviasm.org 2859


http://jvi.asm.org

White et al.

A.
. < 8 ‘
b e
: H
8 T
= % 7"";
]
o i i
= o 4
> o
* =
o i |
= © Y
5 ara o) A
o : >
< a o
@ O ki
IR~ -
Bk »
g pod B
RPLS
o
B.
700 5x 10* cells/plat
600 - X cells/plate
o 500 [
[
'g 400
S 300 f
© 200
100 |
0 \ \ \ \
AN,
Q&Q X %« \\'\Q) Q'\
IR S
)
100 5x 10° cells/plate
80
3
e 60 [
S
° 40
o
20 |
0 L Y e e TR
S ) A N A A
&7 & ¢
C eV @ &
o &

FIG 2 E7 oncoproteins partially replace SV40 ST in the HEK TER transfor-
mation assay. HEK TER-oncoprotein cell lines were plated in soft agar at a
density of 5 X 10” or 5 X 10* cells per 6-cm dish. Cells were plated in triplicate
for each condition and incubated at 37°C. Colonies were photographed after
plating at the higher density (A) and counted after plating at both densities (B)
3 weeks later. Values shown in the graphs are the averages from three indepen-
dent experiments * standard deviations.

(Fig. 1B and C). Mock-infected and parental HEK TER cells were
not sorted and are included as controls to indicate the absence of
GFP signal in the initial HEK TER populations. Since GFP is
downstream of the IRES in the bicistronic retrovirus vector, its
expression served as a surrogate for expression from the retroviral
vectors in each of the HEK TER cell lines.

The HEK TER oncoprotein-expressing cell lines then were
plated in soft agar at a density of either 5 X 10° or 5 X 10* cells per
6-cm dish, and colonies were counted at 3 weeks after plating. As
shown in Fig. 2A, no colonies were observed for the HEK TER-
HPV16 or -BPV1 E6 cell lines. However, both HPV16 and BPV1
E7 genes promoted the formation of some HEK TER cell colonies.
In agreement with previous analysis, the SV40 ST truncation mu-
tant ST110 was unable to transform HEK TER cells, reflecting a
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role for SV40 ST/PP2A complex formation in this assay (14).
Based on this result, we continued the analysis of HPV16 and
BPV1 E7 oncoprotein-expressing cell lines in three independent
experiments. E7s reproducibly supported the growth of HEK TER
cell colonies at approximately 10 to 20% of the efficiency of wild-
type SV40 ST (Fig. 2B). SV40 ST110 never allowed colony forma-
tion. We did note that colonies under the E7 conditions some-
times were smaller than SV40 ST colonies, in addition to being less
numerous. Each HEK TER cell line was analyzed in three indepen-
dent experiments, with three replicate plates per condition each
time, and both the reduction in colony number and size were
reproducible across these experiments.

E7 activity in the HEK TER assay does not require RB1 bind-
ing and does not map to a single domain. Since E7s, but not E6s,
exhibited some activity in the HEK TER assay, we next examined
a series of well-characterized HPV16 E7 and BPV1 E7 mutants to
understand which of the E7 functions might be contributing to
HEK TER cell transformation. Schematic representations of
both wild-type E7s and the location of the mutations are shown in
Fig. 3A. These mutants have been characterized extensively. For
HPV16 E7 mutants, the ability of each to cooperate with ras in
BRK cell transformation, to transactivate the adenovirus E2 pro-
moter, and to bind to cellular proteins, including RB1 and UBR4,
has been defined (22, 28). One HPV16 E7 mutant that has been
used frequently in the literature is the ADLYC mutant, which is
the only mutant included in this study that lacks the ability to bind
RB1. The BPV1 E7 mutants have been characterized for their abil-
ity to bind UBR4, to stimulate transformation by E6, and to in-
hibit anoikis (23). Many of the mutations present in the BPV1 E7
ORF were introduced as alanine substitutions rather than as
amino acid deletions.

Each of the E7 proteins, tagged with a hemagglutinin (HA)
epitope at the C terminus, was cloned into the pMIG bicistronic
vectors and transduced into HEK TER cells. The GFP-positive cell
populations that had been sorted by FACS were tested for HPV16
E7 expression by Western blotting (Fig. 3B) with or without
MG132 to enhance the E7 protein expression levels and to validate
expression. The ADLYC mutant expressed at a level comparable
to that of the wt and the other six mutants expressed at lower
levels, but they were comparable to one another. The cells were
assayed for anchorage-independent growth in triplicate at a den-
sity of 5 X 10* cells per 6-cm dish (Fig. 3C). In this experiment,
wild-type HPV16 E7 transformed at approximately 50% the level
of SV40 ST. None of the HPV16 E7 mutants could fully replace the
ability of wt HPV16 E7 to transform in this assay, but the three
mutants with deletions in CR2 of HPV16 E7 (ADLYC, ASS, and
AEDE) retained substantial transforming activity compared to the
other mutants, even though the expression of the ASS and AEDE
mutants appeared to be lower than that of the ADLYC mutant in
the Western blot analysis (Fig. 3B). Statistical analysis gave P val-
ues of 0.08 or higher for comparisons of colony formation in the
presence of any one of these mutants to colony formation by wt
HPV16 E7. Although the ADLYC mutant cannot bind to RBI, the
HPV16 E7 ASS and AEDE mutants bind RB1 similarly to wild-
type HPV16 E7 (22) but are not phosphorylated by casein kinase
II. In contrast, the mutants with deletions or substitutions in CR1
or CR3 were more impaired in colony formation in the HEK TER
assay, and each comparison of colony formation by these mutants
to that of the wild-type HPV16 E7 had a P value of 0.01 or less.
These regions of E7 are not involved in RB1 binding, but the
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FIG 3 Regions of HPV16 E7 that contribute to HEK TER anchorage independence. (A) Schematic of HPV16 E7 and BPV1 E7 amino acid deletion and
substitution mutants used in the study. The HPV16 E7 schematic was adapted from reference 39. (B) Western blot of stable HPV16 E7 expression in HEK TER
cell lines. HPV16 E7 proteins tagged with the hemagglutinin epitope at the C terminus were detected with anti-HA antibody. +MG132, cells were treated with
30 p.M the proteasome inhibitor MG132 for 4 h prior to harvest. (C) HEK TER-HPV16 E7 mutant cell lines were plated in soft agar at a density of 5 X 10* cells
per 6-cm dish. Cells were plated in triplicate for each condition and incubated at 37°C. Colonies were counted 3 weeks after plating, and values shown in the
graphs represent the averages from three independent experiments * standard deviations. (D) Western blot of stable BPV1 E7 expression in HEK TER cell lines.
BPV1 E7 proteins tagged with the hemagglutinin epitope at the C terminus were detected with anti-HA antibody. (E) HEK TER-BPV1 E7 cell lines were plated
in soft agar at a density of 5 X 10* cells per 6-cm dish. Cells were plated in triplicate for each condition and incubated at 37°C. Colonies were counted 3 weeks after
plating, and values shown in the graphs represent the averages from three independent experiments = standard deviations.

N-terminal CR1 region is known to contribute to an interaction
with the putative N-end rule ubiquitin ligase UBR4 (28).
Similarly, analysis of the BPV1 E7 mutants did not assign the
activity in the HEK TER transformation assay to a single small
domain. Again, the HEK TER cells expressing the various BPV1 E7
mutant proteins were sorted by FACS, and the resulting GFP-
positive cell populations were validated for BPV1 E7 expression by
Western blotting (Fig. 3D). The cell lines were tested in the HEK
TER colony formation assay (Fig. 3E). As in the analysis of HPV16
E7 mutants, some of the BPV1 alanine substitution mutants (RR
and TSSTYS) retained more activity than others in the transforma-
tion assay. Other mutants (A5-9, LLIL, and A90-94) were unable
to support the formation of any HEK TER colonies. We note that
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the binding of UBR4 to BPV1 E7 also has been mapped to the A5-9
and LLIL regions, and that studies with BPV1 E7 have correlated
its binding to UBR4 with the ability to inhibit anoikis and enhance
anchorage independence (23, 29). Similar to HPV16 E7, the BPV1
E7 UBR4 binding mutants (A5-9 and LLIL) were impaired in
colony formation, but several mutants still capable of engaging
UBRA4 also were impaired, indicating that other parts of E7 also
contribute in this assay. It is possible that transforming activities
for BPV1 E7 act through other binding partners that are not
shared with HPV16 E7 and that have not yet been studied in detail.

Finally, it is important to note that RB1 binding to E7 likely is
not a critical contributor to transformation in this assay and that
this is illustrated in two ways. First, the HEK TER cells express
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used to determine statistically significant differences between the groups, and selected P values are indicated on the graph.

SV40 LT that can inactivate retinoblastoma family proteins, so it is
not surprising that the HPV16 E7 transformation complementa-
tion function does not require RB binding. Second, BPV1 E7 does
not bind to RB family members (30), so its activity in this assay is
independent of RB1 binding. The implications of these results for
RB-independent functions of E7 in transformation are high-
lighted in Discussion. SV40 LT does not bind to UBR4 (31 and J.
DeMasi and P. M. Howley, unpublished data).

HPV16 E7 can overcome G, arrest. Quiescence (G,) allows
cycling cells to reversibly exit the cell cycle. In a collaborative study
involving several of our laboratories, we found that inhibition of
PP2A during G, enables cells to override quiescence (21). These
data pointed to the modulation of PP2A-B56y-driven Ras signal-
ing during G, as the key to permitting normal G,. This study also
established that SV40 ST can override quiescence (G,), and that
this activity requires the binding and inactivation of PP2A (21).
Specifically, wt SV40 ST allowed cells to bypass quiescence,
whereas the C103S mutant form of SV40 ST did not. SV40 ST
C103S is a mutant that is defective in PP2A inhibition, but unlike
the SV40 ST110 mutant used in the HEK TER assay, it retains
some ability to bind PP2A (21, 24). Since an override of G, may be
a key element of a transformed phenotype, we tested whether
the HPV16 E6 or E7 oncogenes could, like SV40 ST, override a G,
block.
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As in the previous studies, we used the T98G human glioblas-
toma cell line for these experiments. T98G cells enter quiescence
when deprived of serum mitogens. The cells were transduced with
retroviruses encoding wild-type SV40 ST antigen, the C103S mu-
tant of SV40 ST, HPV16 E6, HPV16 E7, the ADLYC mutant of
HPV16 E7, or appropriate control vectors. To test the ability of
these oncoproteins to override quiescence, cells were arrested in
G, by growth in low serum, treated with BrdU, and stained with
anti-BrdU antibodies and propidium iodide, and then BrdU up-
take and DNA content were analyzed by flow cytometry. Cells
were considered to override G, when they continued to incorpo-
rate BrdU, indicating cells in S phase, following 72 h in 0.1%
serum. A representative experiment is shown in Fig. 4A. Consis-
tent with the previous work, 16.4% of T98G cells expressing wt
SV40 ST incorporated BrdU during the experiment, compared to
4.5% of empty vector and 3.8% of SV40 ST C103S cells in S phase
in the same time period. HPV16 E7 was able to promote the pro-
gression of 12.2% of the cell population into S phase, but HPV16
E6 did not allow cell cycle progression above the level of the neg-
ative controls. We repeated the experiment and summarized three
independent replicates (Fig. 4B) with the same result. Wild-type
SV40 ST and HPV16 E7 are able to promote the bypass of G, arrest
in T98G cells, but C103S ST and HPV16 E7 are not.

Since HPV16 E7, unlike SV40 ST, is able to complex with and
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inactivate the retinoblastoma family of pocket proteins, we tested
whether the E7 ADLYC mutant that is defective in binding the RB
family of pocket proteins (30) also could override a G, block. Such
an activity would imply that E7 harbored a pocket protein-inde-
pendent mechanism for overcoming quiescence. However, cells
expressing HPV16 E7 ADLYC could not promote progression
into S phase, as measured by BrdU incorporation, as well as the
wild-type HPV16 E7 control could (Fig. 4A and B). Therefore, we
conclude that the ability of HPV16 E7 to bypass quiescence is
dependent at least in part upon the integrity of the domain in-
volved in binding the retinoblastoma family proteins.

HPV16 E7 blocks myoblast differentiation. We next tested
the effects of HPV16 oncoproteins on myoblast differentiation in
the C2C12 model. There is often an inverse relationship between
cellular differentiation and transformation, and the C2C12 assay
has been used to assess how viral proteins and other factors affect
myoblast differentiation. The effects of both SV40 ST and PyV ST
have been tested extensively in the C2C12 differentiation assay
(17, 18). Briefly, PyV ST inhibits the differentiation of C2C12
myoblasts into myotubes, while SV40 ST does not. Here, we
wanted to determine the effect of HPV16 oncoproteins in the
same assay. C2C12 cells were transduced with pMIG retroviruses
encoding SV40 ST, HPV16 E6, HPV16 E7, or the HPV E7
APTLHE or ADLYC mutant, with a pBabe-puro retrovirus en-
coding murine polyomavirus small T, or with appropriate vector
controls and were stimulated to differentiate into myotubes using
standard culture conditions. The extent of differentiation was
measured visually (Fig. 5A) and by Western blotting for myosin
heavy chain (MHC), a marker of myoblast differentiation (Fig.
5B). As previously reported, the presence of SV40 ST allowed the
formation of myotubes and induced MHC expression to levels
higher than that of the control cells. In contrast, PyV ST inhibited
both the formation of myotubes and MHC levels. We also ob-
served that HPV16 E7 inhibited differentiation by both measures,
while HPV16 E6 did not.

In order to assess which function of HPV16 E7 was responsible
for the block in differentiation, we used E7 mutants defective in
binding certain interacting proteins. Specifically, we tested the
HPV16 E7 APTLHE mutant, which is defective in binding UBR4
(28), and the E7 ADLYC mutant, which is defective in binding
RB1 (30). Each of these mutants was defective in blocking C2C12
myoblast differentiation. These data suggest a role for both RB and
UBR4 in blocking myoblast differentiation; consistent with this, it
should be noted that SV40 LT inhibition of RB1 previously has
been shown to inhibit myoblast differentiation (32).

DISCUSSION

In this study, we investigated whether several of the activities of
polyomavirus small T antigens are shared by the papillomavirus
E6 and E7 oncoproteins. All members of the polyomaviruses en-
code a small T antigen, and there has been considerable long-term
interest in SV40 and murine PyV small T antigens because of their
transforming and cell cycle control functions. The more recent
discovery that the small T encoded by the Merkel cell polyomavi-
rus (MCV) is also an oncogene and appears to be the main onco-
genic driver in Merkel cell cancers has brought renewed attention
to the polyomavirus small T proteins as transforming elements
(33). There are many similarities among the various polyomavirus
small Ts. For instance, many, if not all, of the small Ts bind PP2A
and, in doing so, perturb some of its downstream signaling path-
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FIG 5 HPV E7 inhibits myoblast differentiation. C2C12 cells were transduced
with retroviruses encoding SV40 ST, PyV ST, HPV16 E6, HPV16 E7, and
HPV16 E7 APTHLE and ADLYC mutants or with an empty vector retrovirus,
or they were mock transduced. The extent of differentiation was measured
visually (A) or by blotting for MHC (B) 7 days after the initiation of differen-
tiation.

ways (16, 34). However, there are important functional differ-
ences. SV40 ST functions in transformation of human mammary
epithelial cells (HMEC) expressing TERT, SV40 LT, and H-Ras
(14), but murine PyV ST does not (17). PyV ST inhibits C2C12
differentiation, while SV40 ST does not (17).

In our study, we assayed the ability of the papillomavirus on-
coproteins to substitute for three different polyomavirus small T
functions that have been well established in the literature. We
found that E7 encoded by either BPV1 or HPV16 was capable of
partially substituting for SV40 small T in promoting anchorage-
independent growth of HEK TER cells, which are human embry-
onic kidney cells that also express SV40 LT, hTERT, and onco-
genic Ras. We found that HPV16 E7, but not HPV16 E6, could
override a G, block induced by mitogen deprivation in human
T98G cells. Finally, we found that HPV16 E7 could function sim-
ilarly to PyV ST in inhibiting myoblast differentiation.

Some of these newly characterized activities of E7 make it sim-
ilar to SV40 ST antigen, while others make it similar to PyV ST.
Like SV40 ST, HPV16 and BPV1 E7s can contribute to anchorage-
independent growth in the HEK TER soft-agar assay (Fig. 2). Also
similar to SV40 ST is the ability of HPV16 E7 to bypass G, arrest in
the T98G cell assay (Fig. 4). This is a function likely to be shared
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with PyV ST, since in a different assay system both PyV ST and
SV40 small T stimulated BrdU incorporation in serum-deprived
cells (17). For SV40 ST, this G, bypass function is mediated
through the inhibition of PP2A during G, (21). Finally, in the
C2C12 differentiation assay, HPV16 E7 is more similar to PyV ST,
in that both proteins inhibit the differentiation of C2C12 myo-
blasts into myotubes (Fig. 5). The observation that E7 can inhibit
differentiation in the C2C12 assay is consistent with previous
studies that have shown that HPV16 E7 can inhibit cellular differ-
entiation of keratinocytes (35).

Defining these new activities of E7 raises the question of the
molecular mechanism behind each function. Each of the small T
activities that we tested has been linked to the ability of small T to
bind PP2A (14, 17). There is a report that HPV16 E7 also binds
PP2A (36); however, our laboratories have been unable to confirm
such an interaction. In a comprehensive mass spectrometry pro-
teomic study that identified the cellular interacting partners of E7
proteins from 17 different HPVs (including HPV16), none of the
subunits of PP2A bound to E7 (25). A similar analysis of BPV1 E7
also failed to identify any PP2A components as interacting part-
ners (37). Furthermore, an independent analysis used mass spec-
trometry as well as yeast two-hybrid technologies to identify in-
teraction networks for a variety of viral oncoproteins (31). That
study identified components of PP2A as interaction partners of
several polyomavirus small T antigens but did not identify com-
ponents of PP2A in complex with any HPV E7 protein. Our stud-
ies suggest that E7 and polyomavirus small Ts affect some com-
mon or complementing downstream pathways, but that E7 must
do so by perturbing one or more signaling pathways though in-
teractions that do not directly involve PP2A. In addition, it is clear
that SV40 ST and PyV ST themselves have different effects on and
interactions with PP2A (17). Together, these observations suggest
that the mechanisms involved are complex. Our study provides
additional assays to examine E7’s transforming activities that may
help to understand these mechanisms.

Perhaps the best-recognized and most frequently documented
activity of HPV16 E7 is its ability to bind and inactivate RB family
proteins, so we also tested the ability of the HPV16 E7 ADLYC
protein, which is unable to bind RB proteins, in each of these
assays. In the HEK TER cell assay, although E7’s transformation
capacity in this assay was not as robust as that of SV40 ST, it was
not dependent upon the ability of E7 to bind RB1 or the related
retinoblastoma family of pocket proteins (Fig. 3). BPV1 E7 does
not contain an RB1 LXCXE binding domain, and HPV16 E7 mu-
tants unable to bind RBI still were transformed in this assay. As
previously noted, this could be due to the presence of SV40 LT
antigen in the cells, which would negate any requirement for RB
inactivation by E7. Nonetheless, including LT in this assay has the
benefit of allowing the analysis of E7 functions in a context where
RB activity has been eliminated. This allows us to show that other
regions of E7 do contribute to transformation in the assay and
suggests that further study of the RB-independent transforming
functions of E7 are warranted. In the second assay, E7 also allowed
cells to bypass the G, senescence block and did so in an RB binding
motif-dependent way (Fig. 4). This highlights the important con-
tribution of the E7-RB interaction to cell cycle control. It will
require further investigation to determine what RB-independent
functions of E7, if any, also contribute here. Finally, PyV ST is well
documented to promote progression through the cell cycle. Per-
haps it is not surprising, then, that the E7-RB interaction, which
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also promotes cell cycle progression, was shown by our experi-
ment to be important for E7 to inhibit C2C12 differentiation (Fig.
5). Other mutational analyses also were informative and high-
lighted possible new avenues of investigation. In the anchorage-
independent growth assay, we noted a partial defect with the
HPV16 E7 APTLHE and BPV1 E7 A5-9 and LLIL mutants that are
defective in binding UBR4, suggesting an additional activity of E7
in mediating this phenotype. An area of longtime interest in our
laboratories has been the mechanisms by which BPV1 E7 trans-
forms in the absence of RB binding, and this study highlights that
there is more to learn in this regard. In particular, we plan to
conduct proteomic studies that will allow a comparison of HPV16
E7 and BPV1 E7 binding partners, with the goal of validating and
understanding the protein interactions unique to BPV1 E7 that
contribute to transformation.

In summary, our studies have identified shared functions be-
tween the papillomavirus E7 proteins and polyomavirus small T
antigens. Defining the activity of E7 in these assays contributes to
the already decades-long efforts to understand the mechanisms by
which E7 and other oncoproteins transform, and our experiments
also highlight the complexity of E7 effects. Although for the polyo-
mavirus proteins the functions we assessed are dependent on
binding to different subunits of PP2A, E7 does not appear to in-
teract directly with this phosphatase complex. Like E7, another
viral oncoprotein that has been shown to have transforming func-
tions that are not dependent on PP2A binding is the ST antigen of
MCV (38). Although MCV ST can bind to PP2A, the function of a
PP2A binding-deficient mutant in transformation assays was not
impaired in that study. It will be interesting to further analyze the
PP2A-independent functions of these oncoproteins to under-
stand how they replace the functions provided by SV40 and/or
PyV ST binding to PP2A. It will also be important to continue to
analyze the RB binding-independent functions of E7, especially
those related to the E7-UBR4 interaction. Continuing to define
and analyze the transforming properties of the DNA tumor virus
oncoproteins will advance our understanding of cellular transfor-
mation and the mechanisms by which pathways are altered during
cancer development.
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