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Mechanisms of cellular transformation associated with human papillomavirus type 5 (HPVS), which is
responsible for skin carcinomas in epidermodysplasia verruciformis (EV) patients, are poorly understood.
Using a yeast two-hybrid screening and molecular and cellular biology experiments, we found that HPVS
oncoprotein E6 interacts with SMAD3, a key component in the transforming growth factor 1 (TGF-f31)
signaling pathway. HPV5 E6 inhibits SMAD3 transactivation by destabilizing the SMAD3/SMAD4 complex
and inducing the degradation of both proteins. Interestingly, the E6 protein of nononcogenic EV HPV9 failed
to interact with SMAD3, suggesting that downregulation of the TGF-B1 signaling pathway could be a deter-

minant in HPVS skin carcinogenesis.

Epidermodysplasia verruciformis (EV) is a rare genoderma-
tosis (Online Mendelian Inheritance in Man no. 226400) char-
acterized by abnormal susceptibility to a group of related spe-
cific human papillomaviruses (HPVs) (EV HPVs), including
oncogenic genotypes HPVS5 and HPVS8 and nononcogenic sub-
types such as HPV9. HPVS is associated with 80% of skin
carcinomas developing in EV patients (13, 18). This has led to
the suspicion that EV HPVs has a role in skin carcinogenesis
in the general population (20, 24). Numerous studies have
focused on the mechanisms exerted by the E6 and E7 proteins
of oncogenic genital HPVs in the virus life cycle involving the
alteration of specific cellular factors that play a major role in
the cell cycle, apoptosis, or some other essential functions that
must be activated or inhibited to allow viral replication and
transformation (16, 17). In contrast, little is known about the
cellular pathways altered by EV HPV oncoproteins, in partic-
ular, major oncoprotein E6 of HPVS (5E6). The E6 protein of
oncogenic EV HPVs does not bind the cellular p53 protein,
whereas the E7 protein interacts poorly with the retinoblas-
toma protein pRb (2, 20). It is worth stressing that the E6
oncoprotein of HPVS and HPVS abrogates apoptosis by pro-
moting Bak degradation (7, 8).

In order to identify cellular partners of the SE6 oncoprotein
and to get some insight into the cellular pathways altered
during HPVS infection, we performed yeast two-hybrid screen-
ing and developed ex vivo assays to better characterize the
biological properties of SE6.

Yeast two-hybrid screening identified SMAD3 as a 5E6-
interacting protein. The SE6 gene fused to the GAL4 DNA
binding domain in pGBKT7 (pGBKT7-5E6 bait plasmid)
was used to screen a Matchmaker cDNA library from the

* Corresponding author. Mailing address: Unité postulante de Gé-
nétique, Papillomavirus et Cancer Humain, Institut Pasteur, 25 rue du
Docteur Roux, 75724 Paris Cedex, France. Phone: 33-1-45-68-87-45.
Fax: 33-1-45-68-89-66. E-mail: mfavre@pasteur.fr.

¥ Published ahead of print on 4 October 2006.

human keratinocyte HaCaT cell line (Clontech) (1). This
cDNA library was cloned into vector pACT2 (Clontech).
The Y187 yeast strain (MATa ura3-52 his3-200 ade2-101
trp1-901 leu2-3,112 gal4A mel gal8OA URA3::GALIxs-
GALI1pra-lacZ) was transformed with the pACT2-HaCaT
cDNA library by standard procedures (4). One aliquot (1.55 X
10? yeast cells) was used for screening by mating with yeast
strain AH109 (MATa trpI1-901 leu2-3,112 ura3-52 his3-200
gal4A galSOA LYS2::GALI pg-GALI g a-HIS3 GAL2 A
GAL2 1 jra-ADE2 URA3::MELIss-MELIppa-lacZ) trans-
formed with the bait plasmid pGBKT7-5E6. Yeast cells were
grown on synthetic dextrose medium lacking tryptophan,
leucine, and histidine and containing 100 mM 3-aminotriazole,
an inhibitor of His3p for the titration of the self-transactivating
property of the bait protein. A B-galactosidase overlay assay
was performed with 600 His* colonies to evaluate the second
reporter gene. The cDNA inserts of the 200 strongest blue clones
were PCR amplified, sequenced, and analyzed with the BLAST
computer program. Six clones matched two overlapping cDNA
fragments encoding amino acids Y156 to S425 (four clones) and
E178 to S425 (two clones) of SMAD3 (accession number
P84022), a 48-kDa protein which plays a central role in the trans-
forming growth factor 1 (TGF-B1) signal transduction pathway
(23, 27). To further analyze this interaction, full-length viral and
cellular genes, as well as specific DNA fragments of SMAD3,
were obtained by PCR and inserted into different expression
plasmids by GATEWAY Cloning Technology (26).

SMADZ3 is specifically targeted by the E6 protein of onco-
genic HPV5. The 5E6 and 5E7 genes were cloned in frame
downstream of the glutathione S-transferase gene (GST-5E6
and GST-5E7) into vector pTM1-GST (5). DNA sequences
corresponding to the carboxyl-terminal half (residues Y156 to
S425) of SMAD3 (YS-SMAD3) were cloned in frame down-
stream of the triple flag epitope sequence into vector pCI-neo
(Promega). BSR cells (21) were transfected with SE6 or SE7
and SMAD3 constructs (1 pg) by using polyethylenimine (9),
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FIG. 1. SE6 specifically targets SMAD3. (A) Oncoprotein 5E6
binds to truncated SMAD3 as detected by GST pull-down (Pd) assay.
BSR cells were cotransfected with plasmid Flag-YS-SMAD3 and with
either expression plasmid GST-5E6 or GST-5E7 or the GST expres-
sion plasmid as a control. Protein complexes from cleared lysates
(L) were assayed by pull-down assay with glutathione Sepharose beads
(Amersham Biosciences) and analyzed by sodium dodecyl sulfate-
polyacrylamide gel electrophoresis. Flag- and GST-tagged proteins
were detected by immunoblotting (IB). (B) Full-length SMAD3 inter-
acts with 5E6 as detected by immunoprecipitation experiments. BSR
cells were cotransfected with GST-SMAD3 or GST-SMAD4 expres-
sion plasmids and Flag-5E6. Cleared lysates were assayed by immuno-
precipitation (IP) of complexes with either anti-Flag M2 (Sigma) or
anti-GST (Upstate) monoclonal antibodies, and after electrophoresis,
complexes were analyzed by immunoblotting. (C) 9E6 or 9E7 does not
interact with SMAD3. BSR cells were cotransfected with vectors ex-
pressing full-length Flag-SMAD3 and GST-5E6, GST-9E6, or GST-
9E7. Cleared lysates were immunoprecipitated and analyzed by immu-
noblotting.

and cytoplasmic extracts were analyzed by GST pull-down as-
say (12). Only binding of GST-5E6 with YS-SMAD3 was ob-
served, whereas no interaction was detected with GST-5E7 or
GST protein (Fig. 1A).

To determine whether SE6 was capable of binding full-
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FIG. 2. Mapping of SMAD3 domains interacting with 5E6 and
16E7. (A) Schematic drawings showing the full-length SMAD3 protein
(M1 to S425) and deletion mutant proteins corresponding to part of
the linker with the MH2 domain (Y156 to S425, YS-SMAD?3), the
MHI1 domain (M1 to P136), and the MH2 domain (E228 to S425).
Oncoprotein 5SE6 binds to both the MH1 and MH2 domains of
SMAD3 (B), whereas 16E7 interacts only with the MH1 domain (C).
BSR cells were cotransfected with vectors expressing the two domains
of SMAD?3 tagged with Flag and GST-5E6, GST-16E6, or GST-16E7.
Cleared lysates (L) were assayed by immunoprecipitation (IP) of com-
plexes and analyzed by immunoblotting (IB).

length SMAD?3 or its cellular partner SMAD4 (23), we con-
structed recombinant plasmids expressing Flag-5E6 and full-
length SMAD3 or SMAD4 fused to GST. After transfection of
BSR cells, immunoprecipitation experiments indicated that
SE6 interacts with full-length SMAD3 but not with SMAD4
(Fig. 1B). To demonstrate that SE6 was able to interact with
endogenous SMAD3, we established a stable HaCaT cell line
ectopically expressing flagged SE6. After immunoprecipitation
of proteins with the appropriate antibodies, the SE6-SMAD3
complex was clearly identified (see Fig. 4C).

We next wondered whether SMAD3 was also a target for the
E6 or E7 protein from nononcogenic EV HPV9. We con-
structed pTM1-GST recombinant plasmids expressing 9E6 or
9E7. After immunoprecipitation and immunoblotting analysis,
no interaction between SMAD3 and 9E6 or 9E7 was detected
(Fig. 1C). This suggests that the interaction between E6 and
SMAD3 could be specific for oncogenic HPVS.

SE6 interacts with both the MH1 and MH2 domains of
SMAD3. Initial two-hybrid screening identified an interaction
between 5E6 and a truncated SMAD3 protein (YS-SMAD?3)
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FIG. 3. Regulation of TGF-B1-induced transcriptional activity by proteins E6 and E7 of HPV5, HPV9, and HPV16. HaCaT cells grown in
24-well culture plates were cotransfected with the pSBE/Luc firefly luciferase-expressing vector in the presence of the empty pCI-neo control vector
or the pCI-neo vector expressing protein E6 or E7 of HPVS5, HPV9, and HPV16, as shown. The Renilla luciferase-expressing vector (hRluc/TK;
Promega) was added to each sample as a control for transfection efficiency. Cells were left untreated (—) or treated (+) for 24 h with TGF-B1
(2.5 ng/ml) and harvested into 100 wl of passive lysis buffer (Dual-Luciferase Reporter Assay system; Promega) per well. The luciferase activities
from both firefly and Renilla luciferase constructs were quantified by using the reagents and protocol provided by the manufacturer. The results
were scored as the ratio of firefly luciferase activity normalized to Renilla luciferase activity per well. Values given are means = standard deviations

of four separate transfections. *, P < 0.001.

comprising part of the linker and the MH2 domain, which is
involved in oligomerization and binding of cellular proteins,
including SMAD4 (23, 25). This contrasts with HPV16, since
the E7 oncoprotein was reported to interact with the MH1
DNA binding domain of SMAD3 (11). According to this, we
cloned full-length SMAD3 and deletion mutants SMAD3-
MHI1 and SMAD3-MH2 (Fig. 2A) fused in frame with the
GAL4 DNA binding domain into vector pPGBKT?7 to perform
a two-hybrid test along with the SE6 gene fused to the GAL4
activation domain into vector pACT2. Interestingly, all three
constructs displayed a weak interaction with SE6 (data not
shown). Immunoprecipitation assays were carried out to better
define the SMAD3 region interacting with SE6. We cloned
full-length SMAD3 and deletion mutants SMAD3-MHI1 and
SMAD3-MH2 (Fig. 2A) in frame downstream of the triple flag
epitope sequence into vector pCI-neo. Recombinant plasmids
expressing GST-16E6 and GST-16E7 were used as controls.
5E6 was found to interact with both the MH1 and MH2 do-
mains (Fig. 2B). Nevertheless, this interaction was clearly
weaker than that with the YS-SMAD3 fragment, suggesting
that residues Y156 to E228 of SMAD3 could have either a
stabilizing effect or directly participate with the interacting
domain. As expected, only the SMAD3 MH1 domain inter-
acted with 16E7 (Fig. 2C).

5E6 oncoprotein inhibits TGF-B1-induced transcriptional
activation. The TGF-B1 signal is known to exert its effect
through the activation of R-SMADs (SMAD2 and SMAD3),
leading to synthesis of numerous cellular factors such as the
inhibitors of cyclin-dependent kinases, among others (6, 14,
15). To investigate the effect of the viral E6 and E7 proteins on
the TGF-B1 pathway, a luciferase reporter gene placed down-

stream of a synthetic SMAD3 regulatory region consisting of
six short tandem repeats of the SMAD binding element (SBE)
was constructed, as well as mammalian vectors (pCI-neo) ex-
pressing E6 and E7 proteins of HPV5, HPV9, and HPV16. As
expected, TGF-B1 induction (2.5 ng/ml) markedly increased
luciferase activity (maximum activation of 10-fold) in HaCaT
cells cotransfected with pSBE/Luc and the pCI-neo control
vector (P < 0.001). This SMAD transactivation reporter was
specifically down regulated (5- to 10-fold) in the presence of
5E6 or 16E7 in HaCaT cells stimulated with TGF-B1, whereas
5E7, 9E6, 9E7, or 16E6 had no effect on the expression of the
reporter plasmid (P < 0.001) (Fig. 3). The experiment was
performed four times with the Renilla luciferase expressing
vector (hRluc/TK; Promega) as an internal control for trans-
fection efficiency and cellular viability.

SE6 participates in SMAD3 degradation through the pro-
teasome. TGF-B1 induces the phosphorylation of SMAD3 at
S422, 5423, and S425, and the resulting conformational change
allows the formation of homodimers and heterotrimers with
SMADA4. These complexes are translocated to the nucleus,
inducing the synthesis of numerous cell factors (6, 23, 25). We
wondered whether 5E6 interacts with the phosphorylated
SMAD3 protein or interferes with the formation and stability
of SMAD3/SMAD4 complexes. To address these questions, a
SMAD?3 phosphorylation-defective mutant was generated with
S$422, S423, and S425 changed to alanine (SMAD3A). 5E6
failed to interact with SMAD3A, suggesting the involvement of
SMAD?3 phosphorylation in the formation of the SE6/SMAD3
complex (Fig. 4A). We show that the SE6 oncoprotein alters
the formation and stability of the SMAD3/SMAD4 complex in
cells cotransfected with SE6, SMAD3, and SMAD4 (Fig. 4B).
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FIG. 4. The SMAD3/SMAD4 complex is destabilized and degraded by SE6. (A) Oncoprotein SE6 interacts with phosphorylated SMAD3. BSR
cells were treated with TGF-B1 (2.5 ng/ml) and cotransfected with vectors expressing Flag-SMAD3 or phosphorylation-defective Flag-SMAD3A
and GST-5E6. Cells were also transfected with an enhanced green fluorescent protein (EGFP) expression vector as a transfection control. (B) SE6
destabilizes the SMAD3/SMAD4 complex. BSR cells were transfected with vectors expressing GST-SMAD4 alone (lanes 1 and 2) or cotransfected
with Flag-SMAD3 and GST-SMAD#4 in the absence (lanes 3 to 6) or presence of SE6 tagged with Vs epitope from vesicular stomatitis virus
(VSV-5EG; lanes 7 to 10). The total amount of DNA transfected (3 pg) was kept constant by adding control plasmid pCI-neo as appropriate. The
experiment was carried out in the absence (—) or presence (+) of TGF-B1 (2.5 ng/ml) for 24 h prior lysis. Cell lysates (L) were detected by
pull-down (Pd) assay with glutathione Sepharose beads and analyzed by sodium dodecyl sulfate-polyacrylamide gel electrophoresis, followed by
immunoblotting (IB). (C) Ectopically expressed SE6 associates with endogenous SMAD3. Stable HaCaT cells expressing flagged SE6 were
stimulated for 24 h with TGF-B1 (2.5 ng/ml) and treated with a 20 uM concentration of the proteasome inhibitor MG-132 (Calbiochem) in
dimethyl sulfoxide (MG-132 +) or treated with dimethyl sulfoxide alone (MG-132 —) for 6 h prior to lysis. Cleared lysates were assayed by
immunoprecipitation of complexes with either anti-Flag M2 or anti-phosphorylated SMAD3 (Santa Cruz Biotechnology) antibodies, and after
electrophoresis, complexes were analyzed by immunoblotting. (D) SE6 induces degradation of SMAD3 and SMADA4. BSR cells were cotransfected
with vectors expressing Flag-SMAD3 (1 pg) and GST-SMAD4 (1 wg) and increasing amounts of VSV-5EG6 vector (1, 2, 3, 4, and 5 pg). The total
amount of transfected DNA (7 ng) was kept constant by adding control plasmid pCI-neo as appropriate. The experiment was carried out in the
presence of TGF-B1 (2.5 ng/ml). Cells were treated (+) or not (—) with 20 uM MG-132 for 6 h prior to lysis. The protein concentration in cleared
lysates was measured by the Bio-Rad Protein Assay (Bio-Rad). Lysates (80 pg total protein/lane) were electrophoresed and analyzed by
immunoblotting. An anti-tubulin monoclonal antibody (Oncogene) was used as a control.

MG-132 +

We also demonstrate that ectopically expressed flagged SE6
in HaCaT cells can associate with endogenously expressed
SMAD?3 in a phosphorylated state since immunocomplexes
were only captured and detected with an anti-P-SMAD3
antibody. Moreover, immunocomplexes were only observed
in the presence of proteasome inhibitor MG-132, suggesting
that SE6 could induce the proteasomal degradation of
SMAD3 (Fig. 4C). Finally, comparative experiments done
with or without the proteasome inhibitor MG-132 and in-
creasing amounts of 5SE6 reinforce the hypothesis by which
5E6 leads to the degradation of both SMAD3 and SMAD4
via the proteasome (Fig. 4D).

Our data demonstrate that the E6 protein of oncogenic EV
HPVS interacts with SMAD3 in the TGF-B1 signaling path-
way. Similarly, binding of HPV16 E7 to SMAD3 has been
reported (11). In contrast, this interaction does not occur for
the E6 or E7 protein of nononcogenic EV HPVY9. Recent
studies have shown that the interaction between SMAD3 and
proteins from viruses (human T-cell lymphotropic virus type 1,

hepatitis C virus, and Kaposi’s sarcoma-associated herpesvi-
rus) is implicated in cell transformation (3, 10, 19, 22). This
indicates that the TGF-B1 signaling pathway is a common
target for several oncogenic viruses. It is worth stressing that
the TGF-B1 pathway leads to the synthesis of inhibitors
(pl6, pl7, p21, p27, etc.) of the cyclin-dependent kinases
that play a crucial role in the cell cycle (6, 15, 23, 25). It can
be speculated that the interaction of oncoprotein SE6 or
16E7 with the SMAD3 protein could negatively regulate the
inhibitors of the cell cycle and favor cell transition from the
G, to the S phase to allow viral DNA vegetative replication
and cell transformation.
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