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ABSTRACT

The human papillomavirus (HPV) E1 helicase promotes viral DNA replication through its DNA unwinding activity and associa-
tion with host factors. The E1 proteins from anogenital HPV types interact with the cellular WD repeat-containing factor UAF1
(formerly known as p80). Specific amino acid substitutions in E1 that impair this interaction inhibit maintenance of the viral
episome in immortalized keratinocytes and reduce viral DNA replication by up to 70% in transient assays. In this study, we de-
termined by affinity purification of UAF1 that it interacts with three deubiquitinating enzymes in C33A cervical carcinoma cells:
USP1, a nuclear protein, and the two cytoplasmic enzymes USP12 and USP46. Coimmunoprecipitation experiments indicated
that E1 assembles into a ternary complex with UAF1 and any one of these three USPs. Moreover, expression of E1 leads to a re-
distribution of USP12 and USP46 from the cytoplasm to the nucleus. Chromatin immunoprecipitation studies further revealed
that E1 recruits these threes USPs to the viral origin in association with UAF1. The function of USP1, USP12, and USP46 in viral
DNA replication was investigated by overproduction of catalytically inactive versions of these enzymes in transient assays. All
three dominant negative USPs reduced HPV31 DNA replication by up to 60%, an effect that was specific, as it was not observed
in assays performed with a truncated E1 lacking the UAF1-binding domain or with bovine papillomavirus 1 E1, which does not
bind UAF1. These results highlight the importance of the USP1, USP12, and USP46 deubiquitinating enzymes in anogenital
HPV DNA replication.

IMPORTANCE

Human papillomaviruses are small DNA tumor viruses that induce benign and malignant lesions of the skin and mucosa. HPV
types that infect the anogenital tract are the etiological agents of cervical cancer, the majority of anal cancers, and a growing pro-
portion of head-and-neck cancers. Replication of the HPV genome requires the viral protein E1, a DNA helicase that also inter-
acts with host factors to promote viral DNA synthesis. We previously reported that the E1 helicase from anogenital HPV types
associates with the WD40 repeat-containing protein UAF1. Here, we show that UAF1 bridges the interaction of E1 with three
deubiquitinating enzymes, USP1, USP12, and USP46. We further show that these deubiquitinases are recruited by E1/UAF1 to
the viral origin of DNA replication and that overexpression of catalytically inactive versions of these enzymes reduces viral DNA
replication. These results highlight the need for an E1-associated deubiquitinase activity in anogenital HPV genome replication.

Human papillomaviruses (HPVs) infect the stratified epithe-
lium of the skin and mucosa. While the majority of infections

remain subclinical or cause only benign lesions, infections by a
subset of anogenital HPVs, known as high-risk types, have the
potential to progress to cancer. It is now well established that these
oncogenic types are at the root of cervical cancer and of a large
proportion of anal and other genital cancers (reviewed in refer-
ences 1 to 3). They are also responsible for a subset of head-and-
neck cancers, in particular, those of the oropharynx (4).

The HPV genome is a circular double-stranded DNA molecule
that is maintained in an episomal form in the nucleus of infected
keratinocytes. Replication of the HPV episome is ensured by the
viral proteins E1 and E2 at different phases of the differentiation-
dependent viral life cycle (reviewed in references 1 and 2). Upon
infection of basal keratinocytes, these two proteins help to amplify
and establish the viral episome at approximately 50 to 100 copies
per cell (establishment phase). It is believed that this copy number
is then maintained at an approximately constant level in undiffer-
entiated cells (maintenance phase), either through once-per-cell
cycle replication of all episomes or by random replication of a
subset of them, with the latter mechanism being favored at higher
levels of E1 (reviewed in reference 2). As the infected cells migrate

toward the upper layers of the epithelium and become increas-
ingly differentiated, the viral genome is further replicated, reach-
ing up to 1,000 copies per cell (amplification step). It is also at this
productive stage of the life cycle that the capsid proteins L1 and L2
are synthesized, allowing the packaging of these episomes into
new viral particles that are shed by desquamation of the terminally
differentiated keratinocytes.

Replication of the papillomavirus episome is initiated by the
cooperative binding of E1 and E2 at a specific region of the ge-
nome known as the viral origin (ori) of replication. E2 binds with
a high affinity and a high specificity to the ori and can simultane-
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ously interact with E1 through a protein-protein interaction. As
such, E2 can function as a loading factor to recruit E1 monomers
to the ori and promote their assembly into a double hexamer
(5–12). This oligomeric complex is the replication-competent
form of the E1 helicase that melts the ori, unwinds the viral DNA
in a bidirectional manner, and interacts with several components
of the host DNA replication machinery, such as the DNA poly-
merase �-primase, topoisomerase I, and the single-stranded
DNA-binding protein RPA (13–18).

Apart from its highly conserved helicase and ori DNA-binding
domains, E1 comprises a more divergent N-terminal region that is
strictly required for DNA replication in vivo. Several motifs in this
region mediate the nucleocytoplasmic shuttling of E1. These in-
clude a highly conserved bipartite nuclear localization signal
(NLS) and, for most but not all HPV types, a Crm1-dependent
nuclear export signal (NES). The activity of this NES is inhibited
by cyclin A/E-Cdk2 phosphorylation to ensure the accumulation
of E1 in the nucleus during S phase. Through proteomic studies,
we previously showed that the N-terminal region of E1 from ano-
genital HPV types also contains a binding site for the cellular pro-
tein p80/UAF1 (USP1-associated factor 1), hereafter called UAF1,
located between amino acids (aa) 10 and 40 in HPV11 and HPV31
E1 (19). Several lines of evidence support an important role for the
E1-UAF1 interaction in replication of the viral genome. First, mu-
tations in E1 that prevent its interaction with UAF1 reduce viral
DNA replication by 70% in transient assays and abrogate the long-
term maintenance of the viral episome in undifferentiated kerati-
nocytes (19, 20). Second, E1 relocalizes UAF1 from the cytoplasm
to the nucleus and, in the presence of E2, to specific nuclear foci
(E2 foci) where viral DNA replication is thought to occur. Third,
E1 and E2 recruit UAF1 to the viral origin, as evidenced by chro-
matin immunoprecipitation (ChIP) experiments (21). Fourth, in-
hibition of the E1-UAF1 interaction by overexpression in trans of
an E1-derived UAF1-binding peptide (N40) precludes the recruit-
ment of UAF1 to the ori and inhibits HPV DNA replication by
70%. Altogether, these observations suggest that E1 is recruited to
the origin in association with UAF1 and that this complex is more
active than E1 alone in supporting viral DNA replication.

The mechanism by which UAF1 increases HPV DNA replica-
tion could not be inferred from its primary amino acid sequence.
Indeed, UAF1 does not have any known enzymatic activity, al-
though it is comprised of several WD40 repeats and of two
SUMO-like domains (SLDs), which are commonly involved in
protein-protein interactions (22, 23). Thus, it is likely that UAF1
stimulates viral DNA replication through its interaction with cel-
lular proteins. During the course of this study, it was reported that
UAF1 interacts with three deubiquitinating enzymes (DUBs): the
nuclear enzyme USP1 and the two cytoplasmic and related en-
zymes USP12 and USP46 (24, 25), findings that we have indepen-
dently confirmed in C33A cervical carcinoma cells and that are
described herein. Importantly, we also show in this study, for
HPV31, that E1 does not compete with these enzymes for binding
to UAF1 but, rather, forms a ternary complex with UAF1 and any
one of its associated USPs. We also demonstrate that E1 relocalizes
USP12 and USP46 from the cytoplasm to the nucleus and, fur-
thermore, that it recruits all three USPs to the viral origin in a
UAF1-dependent manner. Finally, we provide functional evi-
dence that the enzymatic activity of these USPs is required for
anogenital HPV DNA replication by showing that overexpression
of dominant negative versions of these enzymes inhibits HPV31

DNA replication, with little to no effect on cellular DNA synthesis
or on the DNA replication catalyzed by bovine papillomavirus 1
(BPV1) E1, which does not interact with UAF1. These findings
suggest that USP1, USP12, and USP46 play an important role in
anogenital HPV DNA replication through their association with
UAF1 and E1.

MATERIALS AND METHODS
Plasmid construction and mutagenesis. Short hairpin RNAs (shRNAs)
against UAF1, USP1, USP12, and USP46 were expressed from the
pLKO.1-Puro plasmid (Open Biosystems) and had the following target-
ing sequences: GTGCAGGTTTCCTATGTTATT for UAF1, GTGCAAGT
TTCGTATGTCATT for UAF1-mut (mutated residues are underlined),
TTTGATCTAGTTTGTCTCTGG for USP1-a, TAATGCCTGTTTGGTC
ACTGG for USP1-b, ATCAAACTCCAAACCACTAGC for USP1-c, TTT
CACAAGTAAGACATCTGG for USP12, and CGCTTACCAATGAAAC
TCGATCTCGAG for USP46. A control shRNA was generated by
randomizing the UAF1-targeting sequence to obtain an inactive shRNA
with the same nucleotide composition (GCTATGAGAATAACGGTAA
CA). USP1, USP12, and USP46 open reading frames (ORFs) were ob-
tained from Life Technologies. Fusions of these USPs to green fluorescent
protein (GFP) were constructed by inserting PCR fragments encoding the
corresponding ORFs between the SacI and BamHI sites of plasmid
pGFP2-N1 (BioSignal Packard-PerkinElmer). Expression vectors for
USP1 fused to red fluorescent protein (RFP-USP1), RFP-USP12, and
RFP-USP46 were generated by cloning the PCR-amplified ORFs between
the XhoI and XbaI sites of the pcDNA3-mRFP1 plasmid (19). Catalyti-
cally inactive versions of USP1 (with the C90S mutation), USP12 (with the
C48S mutation), and USP46 (with the C44S mutation) were constructed
by site-directed mutagenesis. All DNA constructs were verified by se-
quencing. Primer sequences and additional details on the construction of
these plasmids are available upon request. The other plasmids used in this
study have been described previously, namely, those encoding HPV31 E1
fused to GFP (GFP-E1) and to a triple-Flag (3F) epitope (3F-E1) (26),
3F-UAF1 and its truncations (21), codon-optimized 3F-E1 (p31E1) and
3F-E2 (p31E2) (20), and UAF1 fused to the red fluorescent protein (RFP-
UAF1) (19).

Antibodies and Western blotting. Commercially available antibodies
were used to detect 3� Flag-tagged proteins (M2 monoclonal antibody; cat-
alog no. F1804; Sigma-Aldrich), �-tubulin (monoclonal antibody; catalog
no. T4026; Sigma-Aldrich), GFP (a mixture of two mouse monoclonal anti-
bodies; catalog no. 11814460001; Roche), RFP (monoclonal antibody; cata-
log no. AB65856; Abcam), and hemagglutinin (HA)-tagged proteins (HA.11
antibody; catalog no. MMS-101P; Covance). Polyclonal antibodies against
UAF1 were custom produced (Open Biosystems) by injecting rabbits with a
recombinant C-terminal fragment of UAF1 (amino acids 400 to 677) purified
from bacteria, as previously described (19). For Western blot analysis, pro-
teins were transferred onto polyvinylidene difluoride membranes and de-
tected with horseradish peroxidase-conjugated secondary antibodies from
GE Healthcare, either sheep anti-mouse IgG (catalog no. NA931) or donkey
anti-rabbit IgG (NA934V), using an enhanced chemiluminescence detection
kit (GE Healthcare).

Cell culture and transfections. Cells of the human cervical carcinoma
cell line C33A were grown in Dulbecco’s modified Eagle’s medium
(DMEM) supplemented with 10% fetal bovine serum, 2 mM L-glutamine,
50 IU/ml of penicillin, and 50 �g/ml streptomycin (Wisent Bioproducts).
For selection and growth of stably transfected cells, the culture medium
was supplemented either with 15 �g/ml bleomycin (Bleocin; catalog no.
203408; EMD Millipore) for GFP-USP constructs or with 2 �g/ml puro-
mycin (catalog no. P8833; Sigma-Aldrich) for shRNA plasmids. Transfec-
tion of C33A was performed with the Lipofectamine 2000 reagent (Life
Technologies) according to the manufacturer’s protocol.

Luciferase-based transient HPV31 and BPV1 DNA replication as-
says. The HPV31 and BPV1 DNA replication assays were performed as
described previously (20, 27). Briefly, C33A cells were seeded at a density
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of 25,000 cells per well in white flat-bottom 96-well plates and transfected
24 h later with a mix of four plasmids, an origin-containing plasmid with
a firefly luciferase (FLuc) reporter in cis (pFLORI31 or pFLORI-BPV1), a
Renilla luciferase (RLuc) plasmid as an internal control (pRL), and the E1
and E2 expression vectors, at the quantities indicated below. For all ex-
periments, the total amount of transfected DNA was adjusted to 100 ng
with pcDNA-mRFP1 as the carrier DNA. Firefly and Renilla luciferase
activities were measured using a Dual-Glo luciferase assay system (Pro-
mega) at 48 h posttransfection. As a negative control, the assay was per-
formed with a firefly luciferase plasmid lacking the viral origin to measure
the expression of the luciferase reporter gene in the absence of viral DNA
replication.

Coimmunoprecipitation (co-IP) assays. C33A cells were grown on
100-mm plates and transfected with the indicated DNA. Cells were har-
vested at 48 h posttransfection in lysis buffer (50 mM Tris-HCl, pH 7.4,
150 mM NaCl, 5 mM EDTA, 1% Triton X-100, 10 �g/ml antipain, 2
�g/ml leupeptin, 2 �g/ml aprotinin, 1 �g/ml pepstatin A, 1 mM phenyl-
methylsulfonyl fluoride). Cleared cellular extracts were then immunopre-
cipitated for 3 h with 40 �l of protein G-Sepharose (GE Healthcare) con-
jugated to 1 �g of anti-Flag or anti-GFP antibody. The resin was washed 3
times with Tris-buffered saline (50 mM Tris-HCl, pH 7.4, 150 mM NaCl),
and the bound proteins were eluted in 5� Laemmli buffer prior to West-
ern blotting.

Affinity purification of UAF1 and identification of interacting pro-
teins by MS. UAF1-containing protein complexes were purified from
C33A cervical carcinoma cells stably expressing 3F-UAF1 or 3F alone as a
control. Cell pellets from 10- by 100-mm dishes were lysed in 35 ml of lysis
buffer (0.1% Triton X-100, 50 mM Tris-HCl, pH 7.4, 150 mM NaCl, 1
mM EDTA, 10 �g/ml antipain, 2 �g/ml leupeptin, 2 �g/ml aprotinin, 1
�g/ml pepstatin A, 1 mM phenylmethylsulfonyl fluoride). Lysates were
cleared by centrifugation, and the supernatants were incubated for 1 h
with 250 �l of anti-Flag M2 affinity gel (Sigma). Following extensive
washes with high-salt buffer (50 mM Tris-HCl, pH 7.4, 500 mM NaCl),
the coimmunoprecipitated proteins were eluted twice with 625 �l of a
solution of 3F peptide (150 �g/ml), the two eluates were pooled, and the
proteins were precipitated with trichloroacetic acid overnight. Proteins
were resolved on a 4 to 15% gradient SDS-polyacrylamide gel and silver
stained, and the entire gel was cut into slices that were sent for mass
spectrometry (MS) analysis at the Institut de Recherches Cliniques de
Montréal proteomic core facility. Tryptic peptides were identified by liq-
uid chromatography-tandem MS (LC-MS/MS) with a microcapillary re-
versed-phase high-pressure liquid chromatograph coupled to an LTQ
(ThermoElectron) quadrupole ion trap mass spectrometer with a nanos-
pray interface. The resulting peptide MS/MS spectra were interpreted us-
ing MASCOT software (Matrix Science) and searched against the spectra
for proteins in the National Center for Biotechnology Information
(NCBI) nonredundant protein database or UniRef protein database.

ChIP. The chromatin immunoprecipitation (ChIP) protocol was
modified from a previously published procedure (21). C33A cells were
plated at a density of 3.6 � 106 cells on 100-mm plates and transfected 24
h later with the following plasmids: 0.5 �g pFLORI31, 0.1 �g pRL, 1 �g
p31E1, 2 �g RFP-E2, 4.4 �g RFP-UAF1, and 4 �g a GFP-USP construct
(or GFP alone). In all experiments, the total amount of DNA was adjusted
to 12 �g with pUC18 DNA as the carrier. At 24 h posttransfection, cells
were cross-linked with 1% formaldehyde and lysed in lysis buffer and the
DNA was sheared with a Covaris S2 sonicator. Each lysate was diluted
10-fold in ChIP dilution buffer and precleared using protein G-Sepharose
(catalog no. 16-0618; GE Healthcare) that was previously blocked with 5
mg/ml bovine serum albumin and 0.5 mg/ml salmon sperm DNA. The
lysates (1 million cells per immunoprecipitation) were incubated over-
night with the indicated antibodies, after which protein G-Sepharose was
added and the components were mixed for 3 h to capture protein-DNA
complexes. The resin was then successively washed with 2 ml of the fol-
lowing buffers: low-salt buffer, high-salt buffer, LiCl buffer, and (twice)
TE (Tris-EDTA) buffer. Immunoprecipitates were recovered by two suc-

cessive elutions with 150 �l of elution buffer (1% SDS, 0.1 M NaHCO3) at
65°C and treated with RNase A, and the cross-links were reversed by
overnight incubation in 0.2 M NaCl at 65°C. The eluates were treated with
proteinase K for 1 h at 45°C, and DNA was purified using Qiagen spin
columns. The eluates and corresponding input DNA were then analyzed
by quantitative PCR (qPCR), as previously described (21).

Confocal fluorescence microscopy. C33A cells were plated at a den-
sity of 6 � 105 cells/well on coverslips and transfected 24 h later with the
indicated plasmids. At 24 h posttransfection, cells were fixed with 4%
formaldehyde and permeabilized with 0.2% Triton X-100, and their DNA
was stained with 1 �g/ml 4=,6-diamidino-2-phenylindole (DAPI; catalog
no. D1306; Life Technologies). Slides were mounted using Vectashield
mounting medium (Vector Laboratories). Images were collected with a
Zeiss LSM710 laser scanning confocal microscope and analyzed using Zen
2009 LE software.

Cell cycle analysis. Cell cycle profiles were obtained by staining live
cells at 48 h posttransfection with 6.3 �g/ml Hoechst stain and 50 �M
verapamil. Acquisitions were done using a BD LSR flow cytometer gated
on the GFP-positive population.

Colony formation assay. C33A cells (�1.2 � 106) were transfected
with 1.5 �g of the indicated plasmids in a 6-well plate. At 24 h posttrans-
fection, cells were trypsinized and seeded on a new plate at a 1/15 dilution
in fresh medium. Twenty-four hours later, medium containing G418 (500
�g/ml) or puromycin (2 �g/ml) was added, and the medium was changed
every 3 to 4 days for a period of about 3 weeks or until fully resistant cells
were selected. Colonies were fixed in cold methanol for 10 min and
stained for 2 min at room temperature with methylene blue (1%, wt/vol,
in 60% methanol-H2O).

RESULTS
UAF1 associates with the three deubiquitinating enzymes
USP1, USP12, and USP46 in C33A cervical carcinoma cells. We
previously showed that the interaction of E1 with UAF1 stimulates
viral DNA replication (19, 21). However, the function of UAF1 in
this process has remained elusive. The fact that UAF1 is devoid of
any known enzymatic activity but contains several WD40 repeats
suggests that it functions through interaction with other cellular
proteins. This prompted us to identify UAF1-interacting proteins
from C33A cervical carcinoma cells. The C33A cell line was chosen
because it supports transient HPV DNA replication and was used
for most of our previous functional studies on E1 and UAF1. Sta-
ble cell populations expressing 3� Flag (3F)-tagged UAF1 or 3F
alone as a negative control were generated and used to purify
UAF1-containing protein complexes by a single immunoprecipi-
tation step with the anti-Flag M2 antibody. Following extensive
washes with high-salt buffer, protein complexes were eluted from
the antibody by competition with a 3F peptide and analyzed by
SDS-PAGE and silver staining (Fig. 1A). Proteins purified from
cells expressing 3F-UAF1 but absent from the control purification
were then identified by tandem mass spectrometry. This approach
uncovered the three deubiquitinating enzymes USP1, USP12, and
USP46 as the main UAF1-interacting proteins in C33A cells, based
on spectral counting (Fig. 1A). We consistently observed that the
three USPs copurified in substoichiometric amounts relative to
the amount of UAF1, perhaps because these enzymes are ex-
pressed at lower levels than UAF1, as suggested by the protein
abundance data available in the PaxDb database (28).These
UAF1-USP interactions were then validated by coimmunopre-
cipitation (co-IP) experiments (Fig. 1B). Briefly, 3F-UAF1 was
coexpressed in C33A cells with any one of the three USPs, tagged
with GFP, and immunoprecipitated using an anti-Flag antibody.
The presence of the USP in each precipitate was then analyzed by
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Western blotting using an anti-GFP antibody. The results shown
in Fig. 1B confirmed that UAF1 interacts with USP1, UPS12, and
USP46 but not with an irrelevant protein, USP14, which was used
as a negative control. Note that the co-IP experiment involving
USP1 was performed in the presence of the proteasome inhibitor
lactacystin to increase the expression level of this highly unstable
enzyme. While this work was in progress, two other groups also
reported on the interaction of UAF1 with USP1, USP12, and
USP46 in other cell lines (24, 25, 29), thus leaving little doubt on
the validity of these interactions.

The WD40 repeat region of UAF1 mediates its interaction
with USPs. We previously reported that the WD40 repeat region

of UAF1 is required for its interaction with HPV E1. To investigate
if this region of UAF1 also mediates binding to the USPs, trun-
cated versions of 3F-UAF1 lacking its WD40 repeat region or C-
terminal SUMO-like domains (SLD1 and SLD2) were generated
(Fig. 2A) and used in co-IP experiments with RFP-tagged USP12

FIG 1 UAF1 interacts with USP1, USP12, and USP46 in C33A cervical carci-
noma cells. (A) C33A stable cell lines expressing 3F-UAF1 (UAF1) or 3F alone
(Control) were submitted to anti-Flag immunoprecipitation. Purified protein
complexes were separated by SDS-PAGE and stained with silver nitrate; gel
slices were then excised and their protein content was identified by LC-MS/
MS. Major identified proteins are indicated on the right, along with their
respective spectral counts, Mascot scores, and peptide coverage. USP12 and
USP46, two proteins with high sequence identity, were often codetected, and
their results are indicated together. (B) Co-IP of 3F-UAF1 with GFP-tagged
USP1, USP12, or USP46 or with USP14 as a negative control. Cells transfected
with the USP1 expression plasmid were treated for 24 h with 10 �M lactacystin
prior to cell lysis. Results for input cell extracts (IN) are shown at the bottom.

FIG 2 The WD40 repeat region of UAF1 is required for interaction with
USP12 and USP46. (A) Schematic representation of truncated UAF1 proteins.
The WD40 repeat region of UAF1 is indicated by a black box; and the two
SUMO-like domains (SLD1 and SLD2) are indicated by gray boxes. The results
obtained with USP12 and USP46 are summarized on the right (��, strong
binding; �, weak binding; �, no binding). Also summarized are the results
that we previously obtained with HPV E1 (21). (B) Coimmunoprecipitation
mapping assay. The indicated 3F-UAF1 truncated proteins were expressed in
C33A cells together with RFP-USP12 or RFP-USP46 and immunoprecipitated
using an anti-Flag antibody. The presence of RFP-USPs in the immunopre-
cipitates was determined by Western blotting with an anti-RFP antibody. The
results for input cell extracts (IN) are shown at the bottom. (C) Colony for-
mation assay. C33A cells were transfected with expression vectors encoding the
indicated UAF1 proteins and grown for approximately 3 weeks in G418-con-
taining medium. Colonies were fixed with methanol and stained with methyl-
ene blue.
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and USP46. The results presented in Fig. 2C show that these trun-
cated UAF1 proteins are expressed at comparable levels but that
only those containing the WD40 repeat region can interact with
USP12 and USP46. Notably, only the longer UAF1 fragment (aa 1
to 573) could interact with USP12 and USP46 as efficiently as the
full-length protein, with the shorter proteins (e.g., aa 1 to 400)
displaying an apparent lower affinity for these USPs. Aside from
weaker binding, a trivial reason for the apparent lower affinity of
these shorter UAF1 fragments to USP12 and USP46 might be that
they are toxic to transfected cells. This possibility was considered
because it is shown, later in this study, that UAF1 is required for
cellular proliferation (see Fig. 5). However, this concern was ruled
out by showing that none of the truncated UAF1 proteins are
deleterious to the growth of C33A cells in a colony formation assay
(Fig. 2C). Thus, the results presented above indicate that UAF1
interacts with USP12 and USP46 primarily through its N-terminal
WD40 repeat region (aa 1 to 400), although sequences in the C-
terminal direction of this region (between residues 401 and 573,
spanning SLD1) also contribute to the interaction. These findings
are consistent with a previous report showing that the WD40 re-
peat region of UAF1 also mediates its association with USP1 (25).
They are also reminiscent of what we previously observed for the
binding of E1 to UAF1, which also requires the WD40 repeat
region and sequences beyond this domain for full interaction (21)
(summarized in Fig. 2A).

HPV E1 forms a ternary complex with UAF1 and either
USP1, USP12, or USP46. The mapping results presented above
indicated that USP1, USP12, and USP46 bind to a region of UAF1
similar to that to which HPV E1 binds. These findings raised the
question as to whether USP1, USP12, and USP46 compete with E1
for binding to UAF1 or, alternatively, if these proteins assemble
together into ternary complexes. To distinguish between these
two possibilities, cells transiently expressing E1 (from HPV31)
fused to yellow fluorescent protein (YFP-E1), 3F-UAF1, and ei-
ther RFP-USP1, RFP-USP12, or RFP-USP46 were used in co-IP
experiments to determine if precipitation of E1 would coprecipi-
tate only UAF1 or both UAF1 and its associated USP. The results
presented in Fig. 3A show that E1 does not compete with the USPs
for binding to UAF1 but, rather, can assemble into a ternary com-
plex with UAF1 and either USP1, USP12, or USP46. As a specific-
ity control, these co-IP experiments included a mutant E1 protein
carrying the V20A/E21A (VE) substitution that impairs UAF1
binding (19). As anticipated, E1 VE failed to efficiently associate
with either UAF1 or the USPs (Fig. 3A). Collectively, these results
indicate that E1 can assemble with UAF1 and either USP1, USP12,
or USP46 into a ternary complex in which UAF1 bridges the in-
teraction between E1 and the USP. In additional studies, we also
determined, using catalytically inactive versions of USP1, USP12,
and USP46, that their enzymatic activity is not required for com-
plex formation with UAF1 and E1 (data not shown).

Next, we investigated the subcellular localization of the three
USPs as fusions with RFP by fluorescence confocal microscopy.
USP1 was found to be localized primarily to the nucleus of trans-
fected C33A cells, consistent with previous reports (30, 31), while
USP12 and USP46 were present mostly in the cytoplasm (Fig. 3B).
We previously determined that UAF1 is primarily a cytoplasmic
protein that gets relocalized to the nucleus through its association
with E1 (19). The cytoplasmic localization of USP12 and USP46
led us to test if these proteins would also be relocalized to the
nucleus by E1. To do so, GFP-E1 was coexpressed with either

RFP-USP12 or RFP-USP46, along with 3F-UAF1. As shown in
Fig. 3C, both USP12 and USP46 were predominantly nuclear in
E1-expressing cells. Relocalization of these two USPs from the
cytoplasm to the nucleus was dependent upon the interaction of
E1 with UAF1, as it was not observed with the E1 VE protein
defective for UAF1 binding (Fig. 3C). Overall, these in vivo data

FIG 3 E1 assembles as a ternary complex with UAF1 and associated USPs. (A)
Coimmunoprecipitation of YFP-E1 with 3F-UAF1 and RFP-USP1, RFP-
USP12, or RFP-USP46. YFP-E1, as either the wild-type (WT) protein or the
UAF1-binding-defective VE protein as a control, was immunoprecipitated at
48 h posttransfection using an anti-GFP antibody from cells transfected with
the indicated expression vectors. Immunoprecipitates were analyzed by West-
ern blotting with anti-RFP (for USPs), anti-Flag (for UAF1), or anti-GFP (for
E1) antibodies. (B and C) Fluorescence confocal microscopy images showing
the subcellular localization of the indicated RFP-USPs expressed either alone
(B) or together with 3F-UAF1 and GFP-E1 (C). The UAF1-binding-defective
E1 VE protein was used as a negative control. Nuclei were stained with DAPI.
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further support the notion that E1 assembles into a ternary com-
plex with UAF1 and either USP1, USP12, or USP46 and, more-
over, that formation of this complex is dependent upon the capac-
ity of E1 to bind UAF1.

USP1, USP12, and USP46 are recruited to the HPV origin by
E1 and UAF1. We previously demonstrated by ChIP that UAF1 is
brought to the HPV origin of replication through its interaction
with E1 (21). This prompted us to investigate if the three USPs
associated with UAF1 could also be recruited to the viral DNA. To
do so, ChIP assays were performed in cells transfected with an
expression vector for GFP-tagged USP1, USP12, or USP46 and
cotransfected with the four plasmids used in our luciferase-based
HPV DNA replication assay (3F-E1 and 3F-E2 expression vectors,
a plasmid expressing ori-FLuc, and the internal control plasmid
expressing RLuc). Control experiments included the use of USP14
as an irrelevant deubiquitinase and of two mutant E1 proteins
defective for origin binding (E1 OBD) and for interaction with
UAF1 (E1 VE), respectively. The different GFP-USPs were then
immunoprecipitated using an anti-GFP antibody or an isotype-
matched irrelevant anti-HA antibody as a specificity control, and
the amount of coprecipitated ori DNA was quantified by qPCR.
Results presented in Fig. 4A show that the plasmid expressing ori
was significantly enriched in immunoprecipitates from cells ex-
pressing USP12 and USP46, indicating that both enzymes are re-
cruited to the HPV origin. USP1 was also detected at the viral
origin but in smaller amounts, most likely because this protein is
very unstable and poorly expressed. Recruitment of USP1, USP12,
and USP46 to the ori was dependent on the integrity of the E1
OBD, consistent with the notion that these USPs are brought to
the ori in association with E1 and UAF1. Accordingly, the inter-
action of E1 with UAF1 was also found to be important for the
recruitment of USP1, USP12, and USP46 to the ori, as determined
in parallel ChIP experiments conducted with the E1 VE protein
defective for UAF1 binding (Fig. 4B). Finally, immunoprecipita-
tion of E1 with an anti-Flag antibody revealed that its capacity to
bind to the ori was not affected by overexpression of the GFP-
USPs in these ChIP experiments (Fig. 4C). This was also true for
the E1 VE protein, which was detected at the ori in amounts sim-
ilar to those for the E1 wild type. The fact that this mutant protein
can bind to the origin but is unable to recruit the USPs suggests
that UAF1 and its associated USPs are not required for assembly of
the E1-E2-ori complex. Altogether, the results presented above
indicate that E1 specifically recruits USP1, USP12, and USP46 to
the viral origin through its interaction with UAF1.

Depletion of UAF1 and associated USP1, USP12, and USP46
by RNA interference impairs cellular proliferation and cell cycle
progression. To assess the requirement for USP1, USP12, and
USP46 in HPV DNA replication, we wished to determine the ef-
fect of depletion of these proteins by RNA interference in our
luciferase-based transient DNA replication assay. However, a pre-
requisite for these studies is that depletion of these proteins does
not impair cellular proliferation, as any block in cell cycle progres-
sion outside of S phase would indirectly reduce viral DNA repli-
cation. To test the feasibility of these experiments, we screened a
panel of shRNAs for those that could efficiently downregulate the
expression of USP1, USP12, and USP46 (data not shown) and
tested the most active ones for their effect on the proliferation of
C33A cells in a colony formation assay. These studies led to the
identification of three functional shRNAs against USP1 (USP1-a,
-b, -c), one against USP12, and one against USP46, all of which,

unfortunately, reduced the level of colony formation compared to
that achieved with the control shRNA (Fig. 5A). We also included
in this analysis a validated shRNA against UAF1 and, as a control,
a defective version of this shRNA in which the targeting sequence

FIG 4 USP1, USP12, and USP46 are recruited to the HPV origin by E1 and UAF1.
(A) ChIP assays were performed in C33A cells cotransfected with expression vec-
tors for 3F-E1 (either the WT or OBD mutant protein, as indicated), RFP-E2,
GFP-USP (USP1, USP12, USP46, or USP14), or GFP alone (�), together with an
origin (ori)-containing plasmid and a Renilla luciferase (Rluc)-containing plas-
mid as an internal control. GFP-USP fusion proteins were immunoprecipi-
tated with a GFP antibody or an HA antibody as a specificity control. The
results of the ori enrichment levels determined by qPCR are shown after nor-
malization to the amount of input DNA using the internal control (RLuc).
Each value is the average of three replicates, with the standard deviations pre-
sented as error bars. (B) The same as for panel A but using the mutant E1 VE
protein that is defective for binding UAF1. (C) The same as for panel A but
using an anti-Flag antibody to immunoprecipitate the indicated E1 proteins.
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was inactivated by three point mutations (UAF1-mut). Consistent
with the results obtained by depletion of the USPs, downregulat-
ing the expression of UAF1 also impaired colony formation (Fig.
5A). To determine if the deleterious effect of these shRNAs was
associated with a specific defect in cell cycle progression, they were
transfected into C33A cells together with a GFP expression plas-
mid to facilitate identification of the transfected cells. At 48 h
posttransfection, nuclear DNA was stained with Hoechst and the
cell cycle distribution of GFP-positive cells was determined by

flow cytometry. These experiments revealed that depletion of
USP1, USP46, or UAF1 impairs cell cycle progression, as mani-
fested by an increased number of cells in G2/M compared to the
number of control cells in G2/M (Fig. 5B). Depletion of USP12
had less of an effect, although a small but reproducible increase in
the number of cells in G2/M was also observed. This milder effect
of USP12 is consistent with its lower growth-inhibitory activity
observed in colony formation assays (Fig. 5A). Collectively, these
data suggest that UAF1, USP1, USP46, and, to a lesser extent,
USP12 are required for normal cell cycle progression, most likely
to facilitate progression through G2/M. Although these findings
revealed an important role for UAF1 and associated USPs in cel-
lular proliferation, they also precluded the use of shRNAs against
these proteins to assess their role in HPV DNA replication.

Overexpression of catalytically inactive USP1, USP12, and
USP46 inhibits transient HPV DNA replication. Like other cys-
teine proteases, USP1, USP12, and USP46 rely on a conserved
cysteine at their active site for their deubiquitinase activity (Fig.
6A). Replacement of this catalytic residue by a serine was previ-

FIG 5 Depletion of USP1, USP12, USP46, or UAF1 by shRNAs impairs cel-
lular proliferation. (A) Colony formation assay. C33A cells were transfected
with the indicated shRNA expression vectors and selected for approximately 3
weeks in puromycin-containing medium. Drug-resistant colonies were fixed
with methanol and stained with methylene blue. (B) Cell cycle analysis. C33A
cells transiently expressing the indicated shRNA were trypsinized at 72 h post-
transfection, and their DNA was stained with Hoechst and analyzed by flow
cytometry.

FIG 6 Catalytically inactive USP1, USP12, and USP46 do not inhibit cellular
proliferation. (A) Amino acid sequence alignment of a short region of USP1,
USP12, and USP46 surrounding the catalytic cysteine (highlighted). (B) Anti-
RFP Western blot showing the expression of the different RFP-USP catalyti-
cally inactive (ci) enzymes. �-Tubulin (Tub.) was used as a loading control. (C)
Colony formation assay. C33A cells were transfected with the indicated RFP-
USPci expression plasmids and then selected for approximately 3 weeks in
G418-containing medium. Colonies were fixed with methanol and stained
with methylene blue. (D) Cell cycle analysis. C33A cells transiently expressing
the indicated GFP-USPci enzymes were trypsinized at 48 h posttransfection,
and their DNA was stained with Hoechst and analyzed by flow cytometry.
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ously shown to inactivate these enzymes (24, 30, 32, 33). We sur-
mised that overexpression of catalytically inactive USP1 (C90S),
USP12 (C48S), and USP46 (C44S) could have a dominant nega-
tive effect on their endogenous counterparts and, as such, might
be useful tools to probe the function of these enzymes in HPV
DNA replication, provided, of course, that these inactivated en-
zymes do not impair cellular proliferation, as discussed above. To
test this possibility, catalytically inactive (ci) versions of the USPs
were created, tagged with RFP, and confirmed to be well expressed
by Western blotting (Fig. 6B). These RFP-USPci proteins were
then tested in a colony formation assay and found to have little to
no effect on the proliferation of C33A cells (Fig. 6C). Consistent
with this result, no significant effect on cell cycle progression was
detected in cells transiently overexpressing these USPci enzymes
(Fig. 6D). Note that this analysis was performed with fusions of
the inactive USPs to GFP rather than RFP, because the increased
brightness of GFP makes it a better reagent for flow cytometry.
Similar results were also obtained with untagged USPci, thus rul-
ing out the possibility that the RFP or GFP tag was preventing an
effect of the USPci on cell cycle progression (data not shown).
Having determined that overexpression of the USPci enzymes
does not impair cellular proliferation, we then investigated their
effect on HPV DNA replication. To do so, increasing amounts of
each RFP-USPci expression vector were transfected in our lucifer-
ase-based HPV31 DNA replication assay (20) and the levels of
luciferase activity were measured at 24 h posttransfection. Strik-
ingly, all three USPci enzymes inhibited HPV DNA replication in
a dose-dependent manner and with various potencies (Fig. 7A;
inhibition efficiencies, USP1ci 	 USP46ci 	 USP12ci). Similar
results were obtained with untagged USPci (data not shown).
Despite being expressed at lower levels than the other two en-
zymes (Fig. 6B), USP1ci was the most inhibitory, as shown by the
70% reduction in viral DNA replication observed with the maxi-
mum amount of expression vector tested (Fig. 7A). Under the
same conditions, USP12ci and USP46ci inhibited DNA replica-
tion by about 40% and 60%, respectively. We also tested the effect
of a combination of all three USPci enzymes, achieved by trans-
fecting cells with a 1:1:1 mixture of each USPci expression vector,
and found that it was not appreciably more inhibitory than three
equivalents of USP1ci (data not shown). To ascertain that these
effects were due to a specific inhibition of viral DNA replication,
these experiments were repeated using a luciferase plasmid lack-
ing the HPV origin. As expected, expression of the three USPci
enzymes had no effect in this context (Fig. 7B). As an additional
specificity control, we took advantage of our previous observation
that the E1 protein from BPV1 does not bind UAF1 (19) and,
hence, that BPV1 DNA replication should be independent of
USP1, USP12, and USP46. This was indeed found to be the case, as
none of the USPci enzymes inhibited transient BPV1 DNA repli-
cation, also measured with a luciferase-based assay (Fig. 7C) (27).
Collectively, these results suggest that the enzymatic activity of
USP1, USP12, and/or USP46 facilitates HPV DNA replication.

Dominant negative inhibition of HPV DNA replication by
catalytically inactive USP1, USP12, and USP46 requires the
UAF1-binding site in E1. From the results presented above, we
surmised that the catalytically inactive USPs were inhibiting HPV
DNA replication by competing with the endogenous enzymes for
binding to UAF1. In support of this model, we found that the
USPci enzymes could indeed bind to UAF1 in co-IP experiments
similar to those whose results are presented in Fig. 1A (data not

shown). In an attempt to test this model further, however, we
wished to examine the effect of the USPci enzymes on HPV DNA
replication catalyzed by a mutant E1 lacking the UAF1-binding
site. We previously reported that UAF1 binds to the N-terminal 40
amino acids of E1 and that deletion of this region results in a
truncated protein (E1
) whose DNA replication activity is about
25% that of wild-type E1 (the results are summarized in Fig. 8A)
(20, 21). Since E1
 does not interact with UAF1, we reasoned that
its residual DNA replication activity should be independent of
USP1, USP12, and USP46. This assumption was tested by measur-
ing the effect of the USPci enzymes on HPV DNA replication
catalyzed by E1
 and by wild-type E1 in side-by-side compari-
sons. The results presented in Fig. 8B to D demonstrate that over-
expression of inactive USP1, USP12, and USP46 has a more pro-

FIG 7 Specific inhibition of HPV DNA replication by catalytically inactive
USP1, USP12, and USP46. (A) HPV DNA replication levels in cells expressing
increasing amounts of RFP-tagged USP1ci, USP12ci, and USP46ci (8.75, 37.7,
and 75 ng of the RFP-USPci expression vector). DNA replication activities are
reported as a percentage of the signal obtained with cells cotransfected with the
empty RFP vector as a control (�). Each value is the average of at least three
independent experiments, each performed in triplicate, with the standard de-
viations presented as error bars. (B) The same as for panel A but using a firefly
luciferase reporter plasmid lacking the viral origin. (C) Effect of the RFP-USPci
enzymes on BPV1 DNA replication. The experiment was performed as de-
scribed for panel A but using a BPV1 DNA replication assay.
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found inhibitory effect on the replication activity of wild-type E1
than on E1
. Thus, the replication activity of E1
 is largely inde-
pendent of UAF1 and its associated USPs. Altogether, these results
support the notion that USP1, USP12, and/or USP46 facilitates

HPV DNA replication through the association of these enzymes
with UAF1 bound at the N terminus of E1.

DISCUSSION

We previously reported that the E1 helicase from anogenital HPV
types binds to the cellular protein UAF1, an interaction that stim-
ulates transient viral DNA replication and is required for the long-
term maintenance of the HPV episome in undifferentiated kera-
tinocytes (19, 21). It was previously reported that UAF1 associates
with the deubiquitinating enzymes USP1, USP12, and USP46 (24,
25), findings that we have independently confirmed in this study
in C33A cells. Importantly, we have also determined that E1 can
form a ternary complex with UAF1 and any one of its associated
USPs in co-IP experiments. Similarly, we observed that USP12
and USP46, which, like UAF1, are located predominantly in the
cytoplasm, can be relocalized to the nucleus by E1, provided that
the UAF1-binding site on E1 is intact. Similar experiments could
not be done with USP1, as it is already a nuclear protein. ChIP
experiments, however, demonstrated that all three USPs are re-
cruited to the viral DNA by E1 in a UAF1-dependent manner.
Collectively, these three lines of evidence indicate that E1-UAF1-
USP ternary complexes can assemble in vivo and are loaded on the
viral DNA, presumably by E2. As for the architecture of these
ternary complexes, we surmise that UAF1 acts as a bridge between
E1 and the USPs, since mutation of the UAF1-binding site in E1
abolishes its interaction with USP1, USP12, and USP46. It is also
likely that only a single type of USP is present per complex, as it
was previously reported that USP1, USP12, and USP46 bind to
UAF1 in a mutually exclusive manner (24). However, it remains
possible that all three types of UAF1-USP complexes could asso-
ciate with E1 simultaneously in the context of an E1 double hex-
amer. Additional work will be required to elucidate the exact stoi-
chiometry of these complexes.

The binding of UAF1 to USP1, USP12, or USP46 was previ-
ously shown to stimulate the deubiquitinase activity of these en-
zymes (24, 25, 34). In the case of USP1, this stimulation is thought
to proceed through modulation of the enzyme active site, result-
ing in a higher catalytic efficiency (kcat) but no substantial change
in substrate-binding affinity (Km) (32). To address the role of
these deubiquitinase complexes in HPV DNA replication, we
opted to downregulate the expression of USP1, USP12, and
USP46 by RNA interference and, in separate experiments, to
antagonize their function by overexpression of catalytically inac-
tive enzymes. We observed that shRNA-mediated depletion of any
one of the three USPs is deleterious to cellular proliferation and
cell cycle progression, similar to what we obtained by depletion of
UAF1. These results are consistent with previous reports indicat-
ing that UAF1 and USP1 knockout mice die as embryos and peri-
natally, respectively (35, 36). In contrast, overexpression of cata-
lytically inactive versions of the USPs was well tolerated in C33A
cells. It is intriguing that overexpression of the USPci enzymes was
not growth inhibitory like depletion of the USPs by shRNA was. It
is possible that USP1, USP12, and USP46 play essential roles in
cellular proliferation that are independent of their enzymatic ac-
tivity. Alternatively, the overexpressed USPci enzymes may not
completely outcompete their endogenous counterparts, thus leav-
ing sufficient levels of USP1, USP12, and USP46 activity to sup-
port cellular proliferation. Regardless of the explanation, the fact
that the USPci enzymes were well tolerated made them useful tools
to investigate the roles of USP1, USP12, and USP46 in transient

FIG 8 Inhibition of HPV DNA replication by catalytically inactive USP1,
USP12, and USP46 requires the UAF1-binding site in E1. (A) Schematic rep-
resentation of the HPV31 E1 wild-type protein (E1 WT) and of the truncated
E1 derivative (E1
) lacking the N-terminal 40 amino-acid-long UAF1-bind-
ing site (hatched box). The relative DNA replication activity of these two pro-
teins is indicated on the right. (B to D) Effect of overproducing RFP-tagged
USP1ci (B), RFP-USP12ci (C), and RFP-USP46ci (D) on HPV DNA replica-
tion catalyzed by either the E1 wild-type protein or E1
. Increasing amounts of
RFP-USPci expression vectors (8.75, 37.7, and 75 ng) were used. DNA repli-
cation activities are reported as a percentage of the signal obtained with cells
cotransfected with the empty RFP vector as a control (�). Each value is the
average of three independent experiments, each performed in triplicate, with
the standard deviations presented as error bars.
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HPV DNA replication. Remarkably, all three mutant enzymes in-
hibited HPV DNA replication in a dose-dependent manner, while
they had little to no effect on viral DNA replication catalyzed by
BPV E1 or by a mutant HPV E1 lacking its UAF1-binding site
(E1
). Interestingly, in these experiments HPV DNA replication
was never reduced by more than 70%, a level of inhibition similar
to the levels obtained by mutating or truncating the UAF1-bind-
ing site in E1 or by overexpression of this domain in trans as an
inhibitory peptide (19, 21). These results suggested that the effect
of the USPci enzymes was mediated through their association with
UAF1 bound at the N terminus of E1. Accordingly, we observed
that the low levels of DNA replication supported by E1
, which
lacks the UAF1-binding site, were resistant to USPci inhibition.
Collectively, these findings provide strong evidence that one or
more UAF1-USP deubiquitinase complexes are actively involved
in HPV DNA replication through an interaction with the E1 N-
terminal domain.

We repeatedly observed that the three USPci enzymes were not
equally active at inhibiting HPV DNA replication, with USP1ci
being the most potent, despite its lower expression levels. Because
USP1 is a nuclear protein which encodes its own NLS (31), it is
possible that USP1ci accumulates to higher levels than USP12 and
USP46 in the nucleus, where viral DNA replication takes place.
Alternatively, it is well established that USP1 is a very unstable
enzyme regulated by autocleavage and, accordingly, that mutation
of its catalytic cysteine to serine (as was done in this study) greatly
increases its steady-state accumulation (37). As such, the more
stable USP1ci may be particularly efficient at competing with the
low levels of endogenous enzyme. Finally, it is also possible that
USP1 is the preferred enzyme targeted by HPV. Note that because
our functional studies were performed by overexpression of inac-
tive USP1, USP12, and USP46 enzymes, all of which can bind to
UAF1 in a mutually exclusive manner and compete with the en-
dogenous USPs, we cannot distinguish at the moment if HPV
DNA replication relies preferentially on USP1, USP12, USP46, or
a combination of these enzymes. In co-IP experiments, E1 was
equally capable of associating with all three USPs in complex with
UAF1. We would like to determine which one or more of these
three USPs are preferentially recruited to the viral DNA in cells
maintaining HPV episomes, but such studies are currently limited
by the lack of antibodies specific enough for ChIP or immunoflu-
orescence experiments.

Although we believe that our data provide strong evidence that
USP1, USP12, and/or USP46 stimulates HPV DNA replication,
the exact mechanism by which these enzymes operate remains
uncertain. Nevertheless, we can offer some possibilities based on
our current knowledge of the endogenous functions of USP1,
USP12, and USP46. These three USPs have been implicated in the
regulation of the stability of various proteins, including the gluta-
mate receptor (GLR-1), the inhibitors of DNA binding (IDs), and
the protein phosphatase PHLPP1 (34, 38–40). On the basis of
these observations, it is tempting to speculate that recruitment
of these UAF1-USP complexes to the HPV origin serves to regu-
late the stability of one or more components of the viral replisome.
The viral helicase E1 itself is a possible substrate. Regulation of E1
through ubiquitination/deubiquitination could serve as a mecha-
nism to control the abundance of active double hexamers and/or
facilitate their assembly or disassembly after one round of replica-
tion. It is equally possible that the UAF1-USP complexes target
another component present at the viral DNA replication fork.

Notably, cellular factors such as PCNA, FANCD2, and histone
H2A or H2B have all been reported to be the substrates of the
UAF1-USP complexes (25, 30, 37, 41). Identification of the tar-
get(s) of the UAF1-USP1, UAF1-USP12, and UAF1-USP46 com-
plexes at the viral episome is the subject of ongoing investigations
in our laboratory.

In this study, we have provided evidence that HPV DNA rep-
lication is facilitated by the cellular deubiquitinating enzyme
USP1, USP12, and/or USP46. As such, our findings add to a grow-
ing body of literature on the requirement for deubiquitinase ac-
tivity during the life cycle of many viruses. Some viruses even
encode their own deubiquitinating enzyme, such as the UL36 pro-
tein of herpes simplex virus 1, while others hijack cellular enzymes
for their own purposes, such as the recruitment of USP7 by the
Epstein-Barr virus EBNA-1 protein (reviewed in reference 42).
Many recent studies have highlighted the therapeutic potential of
cellular deubiquitinases, which are increasingly recognized as
highly druggable components of the ubiquitin proteasome system
(reviewed in reference 43). We hope that our study will stimulate
interest in targeting USP1, USP12, and/or USP46 for the treat-
ment of HPV infections.
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