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Interaction of the Human Papillomavirus E1 Helicase with
UAF1-USP1 Promotes Unidirectional Theta Replication of Viral
Genomes
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ABSTRACT Human papillomaviruses (HPVs) are important pathogens with a signifi-
cant medical burden. HPV genomes replicate in infected cells via bidirectional theta
replication and a poorly understood unidirectional mechanism. In this report, we
provide evidence that the previously described interaction between the viral E1 heli-
case and the cellular UAF1-USP1 deubiquitinating enzyme complex, a member of
the Fanconi anemia DNA damage response pathway, is required for the completion
of the bidirectional theta replication of the HPV11 genome and the subsequent initi-
ation of the unidirectional replication. We show that unidirectional replication pro-
ceeds via theta structures and is supported by the cellular Bloom helicase, which in-
teracts directly with E1 and whose engagement in HPV11 replication requires UAF1-
USP1 activity. We propose that the unidirectional replication of the HPV11 genome
initiates from replication fork restart events. These findings suggest a new role for
the Fanconi anemia pathway in HPV replication.

IMPORTANCE Human papillomaviruses (HPVs) are important pathogens that repli-
cate their double-stranded circular DNA genome in the nucleus of infected cells.
HPV genomes replicate in infected cells via bidirectional theta replication and a
poorly understood unidirectional mechanism, and the onset of viral replication re-
quires the engagement of cellular DNA damage response pathways. In this study,
we showed that the previously described interaction between the viral E1 helicase
and the cellular UAF1-USP1 complex is necessary for the completion of bidirectional
replication and the subsequent initiation of the unidirectional replication mecha-
nism. Our results suggest HPVs may use the cellular Fanconi anemia DNA damage
pathway to achieve the separation of daughter molecules generated by bidirectional
theta replication. Additionally, our results indicate that the unidirectional replication
of the HPV genome is initiated from restarted bidirectional theta replication forks.
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infected cells, and vegetative amplification of viral genomes prior to the production of
progeny virions.

HPV E1 binds the cellular protein UAF1, an interaction that is conserved among
mucosal HPV types (11). UAF1 is associated with three deubiquitinating enzymes, USP1,
USP12, and USP46, and HPV ET forms a ternary complex with UAF1 and any one of
these three USPs (12). The E1-UAF1-USP complex is recruited to the viral origin and is
necessary for efficient replication of the HPV genome (11-14). While the UAF1-USP12
and UAF1-USP46 complexes regulate histone deubiquitination (15) and the cell
survival- and growth-promoting Akt pathway (16-20), the UAF1-USP1 complex is
involved in the Fanconi anemia (FA) DNA repair pathway (21). HPV genome replication
depends on the activation of both the ATM and ATR arms of the cellular DNA damage
response (DDR) pathway (22-27). The FA pathway is mainly regulated by the ATR kinase
(28, 29), and its dysfunction leads to extreme sensitivity to DNA interstrand crosslinks
(ICLs). The many members of the FA pathway are classified into distinct groups based
on their function. The FA targeting components, most notably FANCM, recruit the FA
core complex to sites of DNA damage (28, 30). The core complex, in turn, ubiquitinates
the FA ID complex (31-33) to promote its association with chromatin and its subse-
quent recruitment of FA effector proteins necessary for DNA repair (31, 34, 35). The FA
ID complex is deubiquitinated by the UAF1-USP1 complex (21). Several links between
the FA pathway and HPV replication have emerged in recent years. HPV E7 has been
shown to activate the FA pathway and to upregulate the expression of several of its
components (36-38). FANCD2, which is part of the FA ID complex, is recruited to HPV
replication foci and binds to HPV episomes (38). The loss of FANCD2 impairs the
replication and episomal maintenance of HPV genomes in undifferentiated keratino-
cytes (38) but contributes to enhanced replication during the productive part of the
viral life cycle in differentiated keratinocytes (39). Episomal maintenance of HPV ge-
nomes also depends on the interaction between the HPV E2 protein and ChIR1 (40), a
FANCJ-related cellular helicase that promotes the association of E2 with chromatin and
is part of a recently discovered FA backup pathway involved in homologous recombi-
nation DNA repair (41).

The present study investigated the role of the E1-UAF1 interaction during the initial
replicative amplification of the HPV11 genome. Our results show that efficient replica-
tion of HPV11 episomes in U20S cells depends on the assembly of the E1-UAF1-USP1
ternary complex. We show that disruption of this complex by mutations or chemical
inhibitors impedes the synthesis of viral replication intermediates (RIs) generated by the
unidirectional mechanism more severely than those produced by bidirectional theta
replication, with little to no effect on either bidirectional theta or unidirectional
replication fork progression. Disruption of the complex had a more deleterious effect
when viral DNA replication was stimulated by higher levels of ET and E2. We also show
that both bidirectional replication and unidirectional replication of HPV11 episomes
proceed via theta structures and that the two replication mechanisms initiate from two
different populations of HPV11 episomes. Lastly, we present evidence that E1 promotes
unidirectional replication not only through its association with UAF1-USP1 but also by
binding to the Bloom (BLM) helicase. We conclude that the E1-UAF1-USP1 complex
supports the processing of late bidirectional theta Rls and propose that after the
separation of bidirectional theta daughter genomes, the formerly converged replication
forks undergo BLM-mediated restart, thus initiating the unidirectional theta replication
of HPV genomes.

RESULTS

The E1-UAF1-USP1 complex is necessary for efficient replication of HPV11
episomes in U20S cells. Three double-alanine substitutions in the UAF1 binding site
(UBS) of the HPV11 E1 protein have been shown to significantly impair its interaction
with UAF1 (W17A/F18A, V20A/E21A, and 123A/V24A) (11). These three mutations were
introduced into the full-length HPV11 genome, leading to the generation of the HPV11
UBS™ut WF, UBS™ut VE, and UBS™ut [V genomes. After transfection into U20S cells, the
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FIG 1 E1-UAF1-USP1 interaction is necessary for efficient replication of the HPV11 genome in U20S cells. A Southern blot analysis of the
transient replication of the HPV11 WT genome and of three UBS™Ut genomes was performed (top), and a bar graph representing the
replication efficiencies of the UBS™ut genomes relative to the replication efficiency of the WT genome is shown (bottom). Total cellular
DNA was extracted from HPV11-transfected U20S cells 72 h posttransfection and digested prior to analysis with the single-cutter
restriction enzyme Hindlll and the methylation-sensitive restriction enzyme Dpnl. The bar graph data represent quantitated Southern blot
signals from two independent experiments; error bars represent standard deviations. Statistical significance was determined using
ordinary one-way ANOVA followed by Dunnett’s multiple-comparison test. (B and C) Southern blot analysis of the transient replication of
HPV11 WT (B) or VE (C) genomes in the presence of increasing concentrations of ML323 (top); bar graph representing the effect of ML323
on the replication efficiency of the HPV11 WT (B) or VE (C) genome (bottom). ML323 (Millipore Sigma) or DMSO as a vehicle was added
to the cell culture medium 24 h posttransfection. The DMSO concentration was constant for all ML323 dilutions and for the no-ML323
control. Total cellular DNA was extracted from HPV11-transfected U20S cells 48 h posttransfection and linearized prior to analysis. Bar
graphs represent quantitated Southern blot signals from four independent experiments; error bars represent standard deviations.
Statistical significance was determined using ordinary one-way ANOVA followed by Dunnett’s multiple-comparison test.

wild-type (WT) HPV11 genome was replicated as a multicopy episome by the virally
encoded ET and E2 proteins, as shown previously (42) (Fig. 1A). All three UBSmut
genomes, in contrast, displayed reduced replication efficiency (Fig. 1A), achieving on
average 15% (WF), 36% (VE), and 70% (IV) of the replication efficiency of the WT
genome (Fig. 1A). The less severe replication defect of the UBS™ut [V genome likely
reflects the residual UAF1-binding activity of the IV mutant E1 and is consistent with the
effect of the analogous E1 mutation on the replication of HPV31 episomes in immor-
talized keratinocytes (13).

The interaction of E1 with UAF1 leads to the formation of a ternary complex
containing E1, UAF1, and one of the three UAF1-associated deubiquitinating enzymes,
USP1, USP12, or USP46 (12). ML323, a selective small-molecule inhibitor of the UAF1-
USP1 complex (43), was used to test the requirement for USP1 activity in the replication
of the HPV11 WT and VE mutant genomes. The VE genome was chosen for this and
subsequent experiments as its replication efficiency is significantly lower than that of
the WT genome, as a result of impaired E1-UAF1 binding, but is still sufficiently high to
be measured accurately by Southern blotting. ML323 had a strong inhibitory effect on
the replication of the WT genome, reaching 70% inhibition at 40 uM ML323 relative to
the dimethyl sulfoxide (DMSO) vehicle control (Fig. 1B). At the same concentration,
ML323 reduced the replication of the VE genome by approximately 40% (Fig. 1C). The
lower sensitivity of the VE genome to inhibition by ML323 suggests that the loss of
USP1 activity is intrinsic to the replication defect caused by abrogated UAF1 binding,
consistent with all three proteins assembling into a ternary complex.

These results showed that the E1-UAF1 interaction is required for the replication of
HPV11 episomes in U20S cells, similarly to what has been observed previously for
HPV31 in immortalized keratinocytes (11-14). Importantly, the results also revealed that
the deubiquitinating activity of USP1 is essential for episomal replication of the HPV11
genome.

The E1-UAF1-USP1 complex contributes to the generation of HPV11 Ris pro-
duced by unidirectional replication. To further characterize the impact of disrupting
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the E1-UAF1 interaction on HPV11 replication, two-dimensional (2D) neutral/neutral
(N/N) agarose gel electrophoresis (AGE) was used to compare the Rls generated from
the HPV11 WT and VE genomes (Fig. 2A and B). RIs were isolated from U20S cells
transfected with each genome 72 h posttransfection and linearized with the single-
cutter restriction endonuclease Fspl prior to analysis.

Exactly as observed for the HPV18 genome (10), two types of RIs were generated
from the HPV11 WT genome that corresponded to those produced by bidirectional
theta replication (theta-Rls; black arrows) and those generated by a unidirectional
replication mechanism (uni-Rls; white arrows) (Fig. 2A). Digestion with Fspl converted
HPV11 theta-Rls into the converging fork type of Rls, which could be identified from
their distinct migration pattern (Fig. 2G). Uni-Rls were identified based on their migra-
tion pattern, which is similar to that of Rls generated during the unidirectional repli-
cation of the HPV18 genome (10). Quantification of Southern blot signal strengths
revealed that uni-Rls were twice as abundant as theta-Rls, as the average theta-RI/uni-RI
ratio was 0.5 (Fig. 2C). Replication of the HPV11 UBS™ut VE genome gave rise to lower
levels of Rls (Fig. 2B, 24-hour exposure), as anticipated from its decreased replication
efficiency (Fig. 1A), but still produced both types of intermediates (Fig. 2B). Notably,
however, the amount of uni-Rls was significantly decreased relative to theta-Rls such
that for the VE genome, uni-Rls were no longer the predominant intermediates
(theta-RI/uni-Rl ratio of 4.6; Fig. 2C). Inspection of the migration patterns of both theta-
and uni-Rls generated from the HPV11 VE genome revealed no evidence of replication
fork stalling (Fig. 2B), which would have presented as discrete spots along the arcs
traced by each RI type (44). The only RIs that accumulated during replication of the
HPV11 WT and VE genomes were late bidirectional theta Rls corresponding to almost
fully replicated but not yet separated genomes (thin black arrows, Fig. 2A and B).

To determine the effect of inhibiting the UAF1-USP1 interaction on HPV11 Rls, 2D
N/N AGE analysis of RIs generated from the WT genome in the presence of 20 uM
ML323 was performed (Fig. 2E). As anticipated, in the presence of DMSO, uni-Rls
(Fig. 2D, white arrows) remained more prevalent than theta-Rls (Fig. 2D, black arrows),
indicating little to no effect of the vehicle on the replication of WT episomes (theta-
RI/uni-RI ratio of 0.51; Fig. 2F). In the presence of 20 uM ML323, however, the preva-
lence of uni-RIs was significantly decreased (Fig. 2E), resulting in nearly equal abun-
dances of theta- and uni-Rls (theta-RI/uni-Rl ratio of 1.07; Fig. 2F). The effect of
inhibiting the UAF1-USP1 interaction was very similar to that of inhibiting the E1-UAF1
interaction, confirming that the loss of USP1 activity is essential to the replication defect
caused by abrogated UAF1 binding.

In summary, the results presented above indicate that inhibiting the ET-UAF1-USP1
interaction is more detrimental to the generation of uni-Rls than theta-Rls, revealing
that USP1 activity is necessary for unidirectional replication. As disruption of the
E1-UAF1-USP1 interaction has no major effect on fork progression, we surmise that it
is necessary for the initiation of unidirectional replication but dispensable during the
elongation phase of DNA synthesis.

HPV11 genomes give rise to similar Rls in U20S and HaCaT cells. To confirm that
Rls generated from HPV11 genomes in U20S cells represent bona fide HPV11 Rls, we
repeated the 2D N/N AGE of Rls generated from HPV11 WT and E8™Ut genomes in
HaCaT cells (Fig. 3). The HaCaT cell line was established from spontaneously immor-
talized keratinocytes and maintains full epidermal differentiation capability (45), thus
representing a more natural environment for HPV replication. The HPV11 E8™ut ge-
nome lacks the expression of the E8AE2 protein, a potent repressor of both HPV
transcription and replication (reviewed in reference 46), thus displaying enhanced
replication levels (47). Rls were extracted from transfected HaCaT cells 72 h posttrans-
fection and linearized with Fspl prior to analysis (Fig. 3).

HaCaT cells supported HPV11 replication at a much lower level of efficiency than
U20S cells. As a result, RIs generated from the HPV11 WT genome were barely
detectable by 2D N/N AGE (Fig. 3), while Rls generated from the poorly replicating
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FIG 2 Disrupting the E1-UAF1-USP1 interaction specifically inhibits the unidirectional replication of the HPV11 genome. (A and B) 2D N/N AGE analysis of
single-cutter restriction enzyme-digested Rls generated from the HPV11 WT genome (A) or VE genome (B). Low-molecular-weight DNA was extracted from
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FIG 3 HPV11 RIs produced in the HaCaT cell line are identical to those generated in U20S cells. 2D N/N
AGE was performed with single-cutter restriction enzyme-digested Rls generated from the HPV11 WT
and E8™ut genomes in HaCaT cells. Low-molecular-weight DNA was extracted from HPV11-transfected
HaCaT cells 72 h posttransfection and digested with Fspl. Experiments were normalized to the number
of transfected cells. White arrows mark uni-RIs, black arrows mark theta-Rls, and thin black arrows mark
late theta-Rls.

HPV11 VE genome were too scarce to be detected (data not shown). In contrast,
analysis of the HPV11 E8™ut genome revealed the presence of both theta- and uni-Rls
similar to those observed in U20S cells (Fig. 3).

These results indicated that theta- and uni-Rls represent bona fide HPV11 Rls and
validated the use of U20S cells for the characterization of HPV11 replication products
and intermediates.

Increased expression of HPV11 E1 and E2 exacerbates the replication defect of
UBS mutant genomes. To test whether the negative effect of disrupting the E1-UAF1
complex can be rescued by elevated E1 and E2 levels, a mutation eliminating the
expression of the E8AE2 transcriptional repressor was introduced into the HPV11
UBS™ut WF and VE genomes (Fig. 4). UBS™ut IV was excluded from this analysis due to
its suspected residual UAF1-binding activity. In U20S cells, the replication efficiency of
the E8AE2 (E8) mutant genome was on average 1.6-fold higher than that of the WT
genome (Fig. 4B, compare WT and E8). When the E8 mutation was introduced into the
WF and VE mutant genomes, however, it further decreased the replication efficiency of
those mutants (Fig. 4; compare WF and ESWF and compare VE and E8VE). For example,
the replication efficiency of the ESVE genome was on average 17% of that of the WT
genome, a 2-fold decrease from the replication efficiency of the VE genome (36% of the
WT genome) (Fig. 4B). Thus, the E8 mutation exacerbates rather than alleviates the
replication defect of HPV11 UBS™Ut genomes.

Higher expression of E1 and E2 should increase bidirectional theta replication by
stimulating its initiation from the sole E1- and E2-dependent replication origin present
in the HPV11 genome but would be expected to have little to no effect on the

FIG 2 Legend (Continued)

HPV11-transfected U20S cells 72 h posttransfection and digested with Fspl. The results are representative of 4 experiments. Experiments were normalized to
the number of transfected cells. White arrows mark uni-RIs, black arrows mark theta-RlIs, and thin black arrows mark late theta-Rls. (D and E) 2D N/N AGE analysis
of single-cutter restriction enzyme-digested Rls generated from the HPV11 WT genome in the presence of DMSO vehicle (D) or 20 uM ML323 (E).
Low-molecular-weight DNA was extracted from HPV11-transfected U20S cells 72 h posttransfection and digested with Fspl. The results are representative of
3 experiments. Experiments were normalized to the number of transfected cells. White arrows mark uni-Rls, black arrows mark theta-Rls, and thin black arrows
mark late theta-Rls. (C and F) Scatter graph depicting the ratio of signals representing theta-RIs and uni-Rls. Scatter graph data represent quantitated Southern
blot signals; the areas used for quantitation are marked with boxes in panels A, B, D, and E. Each dot represents a separate experiment. The scatter graph
represents quantitated signals from 4 (C) or 3 (F) separate experiments. Statistical significance was determined using unpaired Student’s t tests; error bars
represent the standard deviations. P = 0.0013, t = 5.701 (C); P = 0.0010, t = 8.679 (F). (G) Schematic overview of DNA molecules produced by Fspl-digestion of
Rls generated by bidirectional theta replication of HPV11 genomes, and their expected migration patterns during 2D N/N AGE (64).
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FIG 4 Eliminating the expression of the E8AE2 repressor protein further decreases the replication
efficiency of HPV11 genomes unable to bind UAF1. (A) Southern blot analysis of total DNA extracted from
U20S cells transfected with HPV11 WT, UBS™ut, E8mut, and E8mutUBS™ut genomes. Total cellular DNA was
extracted from HPV11-transfected U20S cells 72 h posttransfection and digested prior to analysis with
the single-cutter restriction enzyme Hindlll and the methylation-sensitive restriction enzyme Dpnl. The
results are representative of 2 experiments. (B) Bar graph representing the replication efficiencies of
different HPV11 genomes relative to the replication efficiency of the WT genome. Data represent
quantitated Southern blot signals from 2 separate experiments; statistical significance was determined
using ordinary one-way ANOVA followed by Dunnett’s multiple-comparison test. Error bars represent the
standard deviations.

unidirectional replication mechanism, which initiates independently of a distinct rep-
lication origin sequence (9, 10). As such, these results suggest that increased level of
bidirectional theta replication initiation aggravates the replication defect of HPV11 UBS
mutant genomes.

Bidirectional theta replication and unidirectional replication are initiated from
HPV11 genomes in different topological forms. Previous findings regarding HPV18
(10) and those presented thus far for HPV11 suggest that bidirectional replication and
unidirectional replication are distinct but interdependent modes of viral DNA synthesis.
To investigate this possibility further, we sought to identify the DNA substrates from
which each mechanism is initiated. To do so, 2D N/N AGE analysis of undigested DNA
extracted from U20S cells transfected with the HPV11 WT and VE genomes was
performed (Fig. 5), as uncut DNA analysis is especially helpful for characterizing circular
molecules and RIs arising from circular genomes.

Predictably, the HPV11 WT genome gave rise to two groups of Rls (Fig. 5A, marked
with arrows). One group emanated from the monomeric 8-kbp HPV11 genomes in
covalently closed circular topological form (1ccc) (Fig. 5A, black arrow). The other
seemed to originate from either monomeric 8-kbp genomes in open circular topolog-
ical form (1oc) or covalently closed dimeric 16-kbp (2ccc) HPV11 genomes (Fig. 5A,
white arrow). Given the similar migration patterns of the two RI groups, which indicated
that they were of similar shape and size (48), it is likely that the second group of Rls
emanated from open circular monomeric 8-kbp genomes. Both groups of Rls traced a
migration pattern that is indicative of theta-like replication (48), and the presence of the
rolling-circle type of replication could be ruled out as no Rls consistent with this
mechanism were observed (48, 49) (Fig. 5C). The HPV11 VE genome gave rise to only
one detectable group of RIs emanating from monomeric 8-kbp covalently closed
circular HPV genomes (Fig. 5B, black arrow). Since replication of the HPV11 VE genome
generated more bidirectional theta-Rls than uni-Rls (Fig. 2B), this finding identifies the
8-kbp covalently closed circular HPV11 genomes as the population replicated by
bidirectional theta replication (Fig. 5A and B, black arrows). The Rls generated from the
open circular monomeric 8-kbp genomes disappeared when the E1-UAF1 interaction
was abrogated (compare Fig. 5A, white arrow, and Fig. 5B), suggesting that they
represent uni-Rls, which are known to be inhibited by the interruption of UAF1 binding.

These results indicate that theta- and uni-Rls arise from two different populations of
HPV11 genomes. Theta-RIs are generated from covalently closed monomeric 8-kbp
genomes, while the unidirectional replication mechanism most likely initiates from
open circular monomeric 8-kbp HPV11 genomes. HPV dsDNA genomes are in open
circular topological form when they contain single-stranded DNA (ssDNA) nicks or gaps,
so this topological form would be adopted by monomeric HPV genomes arising from
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FIG 5 RIs generated by bidirectional theta replication and unidirectional replication arise from HPV11
genomes in different topological forms. (A and B) 2D N/N AGE analysis of uncut RIs generated from the
HPV11 WT (A) or VE (B) genomes. Low-molecular-weight DNA was extracted from HPV11-transfected
U20S cells 72 h posttransfection and digested prior to analysis with the methylation-sensitive restriction
enzyme Dpnl to remove input HPV11 genomes. The results are representative of 2 experiments.
Experiments were normalized to the number of transfected cells. White arrow marks uni-RIs, and black
arrows mark theta-Rls. (C) Schemes depicting the expected migration patterns of circular plasmids in
different topological conformations (left) and uncut theta and rolling-circle Rls (right).

the separation of almost fully replicated late bidirectional theta Rls. This, together with
previous data, raises the possibility that the E1-UAF1-USP1 interaction is involved in
achieving the separation of HPV11 daughter molecules generated via bidirectional
theta replication and that the unidirectional replication mechanism is subsequently
initiated from those newly separated molecules.

HPV11 E1 protein interacts with BLM helicase in vitro. Yeast two-hybrid screen-
ing of a human lymphocyte cDNA library identified a novel interaction between HPV11
E1 and the cellular BLM helicase (Fig. 6A). The BLM helicase plays a critical role in
cellular DDR and has been implicated in the FA pathway-mediated restart of stalled
replication forks (50, 51). The fragment of BLM helicase shown to interact with E1 in the
two-hybrid system spans amino acid positions 1 to 514 (data not shown) and is known
to facilitate interactions between BLM and its binding partners, such as Rad51 (52) and
replication protein A (RPA) (53). Using a series of truncated baits, the region of E1
necessary for BLM interaction was mapped to a region encompassing the minimal
oligomerization domain between amino acid positions 353 and 431 (54) (Fig. 6A). The
ability of the truncated E1 fragments used as bait to interact with HPV11 E1 (i.e, to
support E1 oligomerization) and with the transactivation domain of E2 has been
previously reported (54, 55) and is indicated as a control (Fig. 6A). Two fragments of E1
purified as glutathione S-transferase (GST) fusion proteins were then tested in a
pull-down assay for interaction with in vitro-translated BLM, using in vitro-translated
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FIG 6 HPV11 E1 protein interacts with BLM helicase. (A) Yeast two-hybrid screen for E1 interaction
partners. A diagram of HPV11 E1 indicating the positions of the N-terminal regulatory region, DNA-
binding domain (BD), and C-terminal helicase domain is shown. The minimal region required for E1
oligomerization in yeast cells is marked with “O.” The amino acid sequence boundaries of each bait are
indicated on the left; levels of measured B-galactosidase activity are indicated on the right. The ability
of different baits to interact with E1 and E2 is indicated as a control. AD, activation domain. (B) GST
pull-down assay demonstrating in vitro interaction between HPV11 E1 and BLM. Two different GST-
tagged E1 fragments were used in the experiment: one fragment spanning E1 amino acid sequences
from position 191 to position 649 and the other fragment spanning sequences from position 353 to
position 649. An EtBr control was included to check for DNA contamination. E2 was used as a positive
control and luciferase enzyme as a negative control for in vitro interaction.

HPV11 E2 and firefly luciferase as a positive control and a negative control, respectively
(Fig. 6B). Ethidium bromide (EtBr) was included in the binding reactions to rule out the
possibility that the E1-BLM interaction is mediated by contaminating DNA (Fig. 6B).
Unlike GST alone, both GST-E1 proteins were able to pull down BLM and E2 but not
luciferase (Fig. 6B). Collectively, these results indicate that HPV11 E1 can specifically
interact with the BLM helicase in vitro.

The generation of uni-Rls is supported by the BLM helicase. Given that BLM
interacts with E1, we examined the effect of overexpressing BLM helicase on Rls
generated from the HPV11 WT and VE genomes (Fig. 7).

BLM overexpression did not affect the overall replication efficiency of the HPV11 WT
(Fig. 7A) or VE mutant (Fig. 7D) genome. However, 2D N/N AGE analysis revealed that
overexpression of BLM increased the prevalence of uni-Rls generated from HPV11 WT
episomes (Fig. 7B, white arrows). Quantitation of Southern blot signal strengths indi-
cated that the average uni-Rl/theta-RI ratio was increased almost 2-fold, from 1.40 to
2.77, in the presence of BLM overexpression (Fig. 7C). Similar experiments performed
with the HPV11 VE genome showed that the relative abundances of uni-Rls and
theta-Rls were unchanged by overexpression of BLM (Fig. 7E). Quantitation of Southern
blot signal strengths indicated that the ratio of signals representing uni-Rls and
theta-RIs rose from 0.31 to 0.42 in the presence of BLM overexpression; however, this
change was not statistically significant (Fig. 7F). Overexpression of two dominant-
negative BLM helicases, a helicase-dead mutant and a sumoylation mutant, led to an
overall decrease in the levels of both theta-Rls and uni-Rls (data not shown), consistent
with a general inhibition of HPV DNA replication.

Collectively, these results indicate that the E1-BLM interaction promotes the pro-
duction of uni-Rls, supporting the notion that uni-Rls are generated from the BLM-
mediated restart of bidirectional theta replication forks after the separation of almost
fully replicated bidirectional theta replication intermediates. Importantly, BLM overex-
pression is unable to support unidirectional replication in the absence of E1-UAF1
binding, indicating that USP1 activity is required to engage BLM in HPV11 replication.

DISCUSSION

This study investigated the mechanism through which the interaction between
HPV11 E1 and the cellular UAF1-USP1 deubiquitinating complex supports viral repli-
cation. We confirmed that HPV11 genome replication gives rise to two distinct groups
of intermediates similar to those previously described for HPV16 (9) and HPV18 (10).
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FIG 7 BLM helicase stimulates the generation of uni-Rls. (A and D) 1D AGE analysis of the overall replication efficiency of the
HPV11 WT genome (A) or VE genome (D) in the absence (control) or presence (+BLMwt) of wild-type BLM overexpression.
Low-molecular-weight DNA was extracted from HPV11-transfected U20S cells 72 h posttransfection and normalized to cell
count. The number of cells per sample is indicated. Samples were digested with the single-cutter endonuclease Hindlll and the
methylation-sensitive restriction enzyme Dpnl. The results are representative of 2 experiments. (B and E) 2D N/N AGE analysis
of Rls generated from the HPV11 WT genome (B) or VE genome (E) in the absence (control) or presence (+BLMwt) of wild-type
BLM overexpression. Low-molecular-weight DNA was extracted from HPV11-transfected U20S cells 72 h posttransfection and
digested prior to analysis with the single-cutter endonuclease Fspl and the methylation-sensitive restriction enzyme Dpnl. The
results are representative of 3 experiments. Experiments were normalized to the number of transfected cells. White arrows
mark uni-Rls, black arrows mark theta-Rls, and thin black arrows mark late theta-Rls. (C and F) Scatter graph depicting the ratio
of signals representing uni-Rls and theta-RIs. Scatter graph data represent quantitated Southern blot signals from 3 separate
experiments for each data set; areas used for quantitation are marked with boxes in panels B and E. Each dot represents a
separate experiment. Statistical significance was determined using an unpaired Student’s t test, and error bars represent the
standard deviations. P = 0.0100, t = 4.605 (C); P = 0.6102, t = 0.5522 (F).

These two groups correspond to Rls generated by bidirectional theta replication and a
unidirectional replication mechanism without a specific origin sequence (9, 10) (Fig. 2).
Similarly to HPV18 (10), Rls indicative of these two replication mechanisms were
generated from HPV11 genomes in both the U20S and HaCaT cell lines (Fig. 2 and 3).
Also, the previously described transcription map of the HPV11 genome in U20S cells is
similar to the transcription map of the HPV11 genome in HPV-associated lesions (47),
further validating the use of the U20S cell line to study the replication of HPV episomes.
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FIG 8 The proposed involvement of the UAF1-USP1 complex and BLM helicase in HPV11 replication.

The importance of the E1-UAF1-USP1 complex for efficient HPV replication has been
previously reported (11-14); however, we demonstrated that the lower replication
efficiency of mutant HPV11 genomes encoding a E1 protein defective for UAF1-binding
is associated with decreased production of Rls generated by the unidirectional mech-
anism, while bidirectional theta replication was affected to a lesser degree (Fig. 2).
Importantly, we also showed that the replication defect caused by the abrogation of
the E1-UAF1 interaction was largely due to the loss of the deubiquitinating activity of
USP1 (Fig. 1 and 2). We present evidence for two interlinked processes that require
USP1 activity and are necessary for the onset of unidirectional HPV11 replication. A
schematic depiction of the involvement of the E1-UAF1-USP1 interaction in HPV
replication is presented in Fig. 8.

First, our results indicated that the E1-UAF1-USP1 interaction is necessary to process
late bidirectional theta Rls that accumulate during the replication of the viral genome.
This would explain why elevated E1 and E2 expression exacerbated the replication
defect of the UBS™ut genomes (Fig. 4). Overexpression of E1 and E2 is expected to
increase the initiation of bidirectional replication from the sole E1- and E2-dependent
origin of replication (6, 7); thus, enhanced bidirectional replication would increase the
burden of molecules in need of resolution and exacerbate the replication defect of
UBS™ut HPV11 genomes. Additionally, a role for the E1-UAF1-USP1 complex in the
processing of late bidirectional theta Rls would explain why defective E1-UAF1-USP1
complex formation has no effect on the progression of theta and unidirectional
replication forks (Fig. 2). How HPVs achieve the separation of their newly replicated
circular genomes is unknown, and no cellular or viral factors involved in the process
have been identified. Late theta Rls are structurally similar to ICLs, which are processed
by the FA pathway in cells (56). The UAF1-USP1 complex plays a critical role in the FA
DNA repair pathway, and it is possible that HPV11 Rls containing two converged theta
replication forks are mistaken for ICLs and that the FA pathway is recruited to resolve
the structures.

Second, we provided evidence that the unidirectional replication of HPV11 genomes
is initiated from newly separated daughter molecules generated by bidirectional theta
replication via BLM-mediated replication fork restart events. The unidirectional repli-
cation mechanism was initiated from monomeric HPV11 genomes in open circular
topological form (Fig. 5). Such molecules are expected to arise from the separation of
almost fully replicated bidirectional theta daughter molecules. The converging of
replication forks would prevent the replication of a small portion of the HPV genome,
giving rise to an ssDNA gap in the daughter molecules and leading to the adoption of
the open circular topological form. Conversely, bidirectional theta replication was
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initiated from monomeric HPV11 genomes in covalently closed circular topological
form, consistent with either HPV11 genomes transfected into U20S cells or end
products of fully completed replication (Fig. 5). Additionally, we showed that HPV11 E1
interacted with BLM helicase in vitro (Fig. 6) and that BLM overexpression promoted the
generation of RIs produced by the unidirectional mechanism (Fig. 7). Cellular BLM
helicase has been shown to participate in the restart of stalled or collapsed replication
forks (57, 58).

Several characteristics of the unidirectional replication mechanism, such as the lack
of a distinct origin sequence (9, 10) and its onset being subsequent to the onset of
bidirectional theta replication (10), correspond to initiation from restarted theta repli-
cation forks. Additionally, the unidirectional replication mechanism gives rise to repli-
cation forks with opposing polarities that traverse the viral genome in both directions
(10), also supporting the notion of initiation from restarted theta replication forks. We
showed that, similarly to bidirectional replication, the unidirectional replication of
HPV11 genomes proceeded via theta structures (Fig. 5). We were unable to detect Rls
characteristic of the rolling-circle type of replication such as sigma-Rls or circular ssDNA
molecules (48, 49), indicating that this particular mechanism is not involved in the initial
amplification of HPV11 genomes (Fig. 5). Previous analysis indicated that uni-RIs have
a very complex shape (10) that is suggestive of the presence of unknown structural
elements in addition to a single unidirectional replication fork. The nature of those
additional structural elements is unknown, and any corresponding suggestions, such as
those involving the presence of X-shaped DNA junctions, are merely speculative.

The results presented in this paper also revealed clues as to how the interaction
between E1 and the UAF1-USP1 complex might lead to the BLM-mediated initiation of
unidirectional replication. Our results indicated that the E1-BLM interaction depends on
the presence of the minimal ET amino acid sequence required for ET oligomerization
(54) (Fig. 6A), suggesting that BLM is recruited to hexameric E1 replication forks.
Additionally, the ability to engage BLM in HPV11 replication depended on USP1 activity,
as the overexpression of BLM was unable to support the unidirectional replication of
HPV11 genomes defective for UAF1-binding (Fig. 7E and F). FANCD2 has been shown
to cooperate with the BLMcx complex to promote the restart of stalled replication forks
while suppressing the initiation of replication from nonactive replication origins (50,
51). These functions of FANCD2 are independent of the FA core complex and involve
deubiquitinated FANCD2 (51). Links between FANCD2 and HPV replication, including
the recruitment of FANCD2 to HPV replication centers, have been described previously
(38, 39). When the cellular FA pathway is activated, the ubiquitination of FA ID complex
members FANCI and FANCD2 by the FA core complex leads to the recruitment of the
FA effector proteins and DNA repair. By recruiting the UAF1-USP1 complex to HPV
replication forks, HPV11 may promote the deubiquitination of FANCD2 bound to viral
genomes, thus promoting the engagement of BLM over the FA effector proteins.

The data presented in the present manuscript help to elucidate two important
aspects of HPV replication. First, the separation of daughter molecules generated via
bidirectional theta replication. Currently, almost nothing is known about how the virus
completes the replication of its circular genome. Second, we propose that the unidi-
rectional replication mechanism involved in HPV replication is initiated from those
newly separated daughter genomes via BLM-mediated restart of bidirectional theta
replication forks, thus identifying the mechanism underlying that mode of replication.
Collectively, our findings provide evidence that HPV11 recruits the cellular FA pathway
to process the end products of bidirectional theta replication, which in turn leads to
initiation of the unidirectional replication of the HPV11 genome.

MATERIALS AND METHODS

Cell lines and transfections. U20S and HaCaT cells were grown in Iscove’s modified Dulbecco’s
medium (IMDM) supplemented with 10% fetal bovine serum, 100 U/ml penicillin, and 0.1 mg/ml strep-
tomycin at 37°C at 5% CO,. U20S and HaCaT cells were transfected through electroporation using a
Bio-Rad Gene Pulser Xcell supplied with a capacitance extender (Bio-Rad Laboratories) at 200 V and the
capacitance set to 975 uF. U20S cells were transfected with 2 pug of the appropriate HPV11 genome,
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except for the experiments performed with the inhibitor ML323 (Fig. 1B and C), when U20S cells were
transfected with either 0.5 ug of the WT HPV11 genome or 3 ug of the VE HPV11 genome. HaCaT cells
were transfected with 5 ug of the appropriate HPV11 genome. BLM helicase overexpression was
achieved by cotransfecting U20S cells with 1 ug of BLM expression plasmid.

Plasmids. All HPV11 full-length genomes were produced as minicircle plasmids in covalently closed
circular topological form (59). In brief, the minicircle production vector pMC.BESPX was inserted into the
BamHI restriction site of the HPV11 genome at position 7072. Minicircle HPV11 genomes were purified
from Escherichia coli minicircle producer ZYCY10P3S2T cells following the instructions provided previ-
ously (60). Mutations abrogating the interaction between HPV11 E1 and UAF1 have been previously
described (11). In brief, mutations leading to double amino acid substitutions at E1 amino acid positions
17 to 18 (WF to AA), 20 to 21 (VE to AA), and 23 to 24 (IV to AA) were introduced into the full-length
HPV11 genome to generate the HPV11 UBS™t WF, VE, and IV genomes, respectively. The HPV11 E8
mutant genome has been described previously (47). In brief, a T-to-C substitution was introduced at
nucleotide position 1242 of the HPV11 genome, changing the ATG start codon of the E8 reading frame
to ACG. Expression vectors for wild-type Bloom helicase and the Bloom sumoylation mutant (described
in references 61 and 62) were a gift from Nathan Ellis (Addgene plasmids 80070 and 80071). The
helicase-dead dominant-negative ATPase mutant Bloom helicase contains a K695A substitution. The
HPV11 UBS™ut genomes and the helicase-dead mutant Bloom helicase were created by Civic Bioscience
Ltée.

1D AGE. Total cellular DNA was extracted from HPV11-transfected U20S cells with Qiagen’s DNeasy
blood & tissue kit at 48 (Fig. 1B and C) or 72 (Fig. 1A and 3A) hours posttransfection. Alternatively,
low-molecular-weight DNA was extracted from HPV11-transfected U20S cells using the Hirt method (60)
72 h posttransfection (Fig. 7A and D). DNA samples were digested with single-cutter restriction enzyme
Hindlll (New England Biolabs) and methylation-sensitive restriction enzyme Dpnl (New England Biolabs)
at 37°C for 2 h prior to analysis. 1D AGE was run using a 1% agarose gel submerged in 1X Tris-acetate-
EDTA (TAE) buffer at 1.1 V/cm for 22 h at room temperature.

2D N/N AGE. Low-molecular-weight DNA was extracted from HPV11-transfected U20S or HaCaT cells
using the Hirt method (60) 72 h posttransfection. Extracted DNA was digested with the single-cutter
restriction enzyme Fspl (New England Biolabs) overnight at 37°C for the analysis of digested Rls (Fig. 2,
3, and 7). The 2D N/N AGE technique has been extensively described previously (60). The first dimension
was run using a 0.4% agarose gel submerged in 0.5X Tris-borate-EDTA (TBE) buffer either at 0.8 V/cm
(digested DNA) or at 0.65 V/cm (uncut DNA) at room temperature for 22 h. The second dimension was
run using either a 1% (digested DNA) or 0.6% (uncut DNA) agarose gel submerged in 0.5X TBE buffer
at 6 V/cm at 4°C for 5 h.

Southern blotting. DNA was transferred from the agarose gel to an Amersham Hybond-XL filter (GE
Healthcare) using either capillary transfer (described previously [60]) or a Bio-Rad Model 785 vacuum
blotter (Bio-Rad Laboratories). The subsequent hybridization method was described previously (60).
Radioactively labeled HPV11 genomic probes were generated using a Decalabel DNA labeling kit
(Thermo Fisher Scientific) and [«-32P]dCTP (PerkinElmer).

Southern blot signal quantitation and statistics. Southern blot signals were quantitated with
Image Studio Lite Ver 5.2. For 2D N/N AGE analyses, the approximate areas used to quantitate Southern
blot signals representing Rls generated by bidirectional theta and unidirectional replication are marked
in each figure with boxes. All data were analyzed with GraphPad Prism 7. The statistical analysis of signal
ratios calculated for 2D N/N AGE analyses used the Student’s t test, while the remaining statistical
analyses used ordinary one-way analysis of variance (ANOVA) followed by Dunnett's multiple-
comparison test. All P values (*, P = 0.05; **, P < 0.01; ***, P =< 0.001; ****, P = 0.0001) are two-tailed.

Yeast two-hybrid system and GST pull-down assay. Construction of the E1 bait proteins was
described previously (55). Briefly, PCR-amplified fragments of the E1 open reading frame were inserted
into the pAS1 plasmid containing the DNA-binding domain of GAL4. The baits were screened against a
human lymphocyte cDNA library cloned into the pACT2 vector backbone containing the activation
domain of GAL4. The yeast two-hybrid screening procedure has been described previously (55). For the
GST pull-down assay, DNA sequences coding for the E1 amino acid sequences from position 353 to 649
and position 191 to 649 were GST tagged, inserted into the pFASTBACT expression vector (Thermo Fisher
Scientific), expressed, and purified as previously described (63). The BLM, E2, and luciferase proteins used
in GST pull-down assays were generated by in vitro transcription-translation using a TnT quick-coupled
transcription/translation system (Promega). The T7 promoter-driven plasmids used for in vitro
transcription-translation were generated as previously described (55), while the plasmid for luciferase
was included in the kit. The pull-down assay was performed as previously described (55).

ACKNOWLEDGMENTS

We thank Mart Ustav for the gift of the HPV11 minicircle genomes and the
development of the U20S cell line-based HPV replication assay. We thank Karine Brault
and Steve Titolo for their work at Boehringer Ingelheim on the yeast two-hybrid
screening and GST-pull-down data. We thank Maureen Mundia for helpful discussions.

This work was supported by CIHR grant PJT-159819 and start-up funds provided by
McGill University. M.O. received support from the Wares Family Postdoctoral Award.

M.O. and J.A. developed the concept for the manuscript and designed the experi-
ments. M.O. performed all the experiments except for the yeast two-hybrid screening

March/April 2019 Volume 10 Issue 2 e00152-19

mBio’

mbio.asm.org 13


https://mbio.asm.org

Orav et al.

mBio’

and GST-pull-down assays. The manuscript was prepared by M.O. and J.A. All of us
participated in the discussion of results and contributed to editing the paper.

REFERENCES

1.

10.

11.

12.

13.

14.

15.

16.

17.

18.

March/April 2019 Volume 10

de Martel C, Plummer M, Vignat J, Franceschi S. 2017. Worldwide burden
of cancer attributable to HPV by site, country and HPV type. Int J Cancer
141:664-670. https://doi.org/10.1002/ijc.30716.

. Ustav M, Stenlund A. 1991. Transient replication of BPV-1 requires two viral

polypeptides encoded by the E1 and E2 open reading frames. EMBO J
10:449-457. https://doi.org/10.1002/j.1460-2075.1991.tb07967 x.

. Chiang CM, Ustav M, Stenlund A, Ho TF, Broker TR, Chow LT. 1992. Viral

E1 and E2 proteins support replication of homologous and heterologous
papillomaviral origins. Proc Natl Acad Sci U S A 89:5799-5803. https://
doi.org/10.1073/pnas.89.13.5799.

. Del Vecchio AM, Romanczuk H, Howley PM, Baker CC. 1992. Transient

replication of human papillomavirus DNAs. J Virol 66:5949-5958.

. Sverdrup F, Khan SA. 1994. Replication of human papillomavirus (HPV)

DNAs supported by the HPV type 18 E1 and E2 proteins. J Virol 68:
505-509.

. Lu JZ, Sun YN, Rose RC, Bonnez W, McCance DJ. 1993. Two E2 binding

sites (E2BS) alone or one E2BS plus an A/T-rich region are minimal
requirements for the replication of the human papillomavirus type 11
origin. J Virol 67:7131-7139.

. Sverdrup F, Khan SA. 1995. Two E2 binding sites alone are sufficient to

function as the minimal origin of replication of human papillomavirus
type 18 DNA. J Virol 69:1319-1323.

. Auborn KJ, Little RD, Platt TH, Vaccariello MA, Schildkraut CL. 1994.

Replicative intermediates of human papillomavirus type 11 in laryngeal
papillomas: site of replication initiation and direction of replication. Proc
Natl Acad Sci U S A 91:7340-7344. https://doi.org/10.1073/pnas.91.15
.7340.

. Flores ER, Lambert PF. 1997. Evidence for a switch in the mode of human

papillomavirus type 16 DNA replication during the viral life cycle. J Virol
71:7167-7179.

Orav M, Geimanen J, Sepp EM, Henno L, Ustav E, Ustav M. 2015. Initial
amplification of the HPV18 genome proceeds via two distinct replication
mechanisms. Sci Rep 5:15952. https://doi.org/10.1038/srep15952.
Cote-Martin A, Moody C, Fradet-Turcotte A, D'Abramo CM, Lehoux M,
Joubert S, Poirier GG, Coulombe B, Laimins LA, Archambault J. 2008.
Human papillomavirus E1 helicase interacts with the WD repeat protein
p80 to promote maintenance of the viral genome in keratinocytes. J
Virol 82:1271-1283. https://doi.org/10.1128/JV1.01405-07.

Lehoux M, Gagnon D, Archambault J. 2014. E1-mediated recruitment of
a UAF1-USP deubiquitinase complex facilitates human papillomavirus
DNA replication. J Virol 88:8545-8555. https://doi.org/10.1128/JV1.00379
-14.

Lehoux M, Fradet-Turcotte A, Lussier-Price M, Omichinski JG, Archam-
bault J. 2012. Inhibition of human papillomavirus DNA replication by an
E1-derived p80/UAF1-binding peptide. J Virol 86:3486-3500. https://doi
.org/10.1128/JV1.07003-11.

Gagnon D, Lehoux M, Archambault J. 2015. Artificial recruitment of
UAF1-USP complexes by a PHLPP1-E1 chimeric helicase enhances hu-
man papillomavirus DNA replication. J Virol 89:6227-6239. https://doi
.org/10.1128/JV1.00560-15.

Joo HY, Jones A, Yang C, Zhai L, Smith ADT, Zhang Z, Chandrasekharan
MB, Sun ZW, Renfrow MB, Wang Y, Chang C, Wang H. 2011. Regulation
of histone H2A and H2B deubiquitination and Xenopus development by
USP12 and USP46. J Biol Chem 286:7190-7201. https://doi.org/10.1074/
jbcM110.158311.

Li X, Stevens PD, Yang H, Gulhati P, Wang W, Evers BM, Gao T. 2013. The
deubiquitination enzyme USP46 functions as a tumor suppressor by
controlling PHLPP-dependent attenuation of Akt signaling in colon
cancer. Oncogene 32:471-478. https://doi.org/10.1038/0nc.2012.66.
McClurg UL, Summerscales EE, Harle VJ, Gaughan L, Robson CN. 2014.
Deubiquitinating enzyme Usp12 regulates the interaction between the
androgen receptor and the Akt pathway. Oncotarget 5:7081-7092.
https://doi.org/10.18632/oncotarget.2162.

Gangula NR, Maddika S. 2013. WD repeat protein WDR48 in complex
with deubiquitinase USP12 suppresses Akt-dependent cell survival sig-
naling by stabilizing PH domain leucine-rich repeat protein phosphatase

Issue 2 e00152-19

20.

21,

22.

23.

24,

25.

26.

27.

28.

29.

30.

31

32.

33.

34,

1 (PHLPP1). J Biol Chem 288:34545-34554. https://doi.org/10.1074/jbc
.M113.503383.

. McClurg UL, Chit N, Azizyan M, Edwards J, Nabbi A, Riabowol KT,

Nakjang S, McCracken SR, Robson CN. 2018. Molecular mechanism of the
TP53-MDM2-AR-AKT signalling network regulation by USP12. Oncogene
37:4679-4691. https://doi.org/10.1038/s41388-018-0283-3.

McClurg UL, Azizyan M, Dransfield DT, Namdev N, Chit N, Nakjang S,
Robson CN. 2018. The novel anti-androgen candidate galeterone targets
deubiquitinating enzymes, USP12 and USP46, to control prostate can-
cer growth and survival. Oncotarget 9:24992-25007. https://doi.org/
10.18632/oncotarget.25167.

van Twest S, Murphy VJ, Hodson C, Tan W, Swuec P, O'Rourke JJ,
Heierhorst J, Crismani W, Deans AJ. 2017. Mechanism of ubiquitination
and deubiquitination in the Fanconi anemia pathway. Mol Cell 65:
247-259. https://doi.org/10.1016/j.molcel.2016.11.005.

Moody CA, Laimins LA. 2009. Human papillomaviruses activate the ATM
DNA damage pathway for viral genome amplification upon differenti-
ation. PLoS Pathog 5:e1000605. https://doi.org/10.1371/journal.ppat
.1000605.

Gillespie KA, Mehta KP, Laimins LA, Moody CA. 2012. Human papilloma-
viruses recruit cellular DNA repair and homologous recombination fac-
tors to viral replication centers. J Virol 86:9520-9526. https://doi.org/10
.1128/JV1.00247-12.

Anacker DC, Gautam D, Gillespie KA, Chappell WH, Moody CA. 2014.
Productive replication of human papillomavirus 31 requires DNA repair
factor Nbs1. J Virol 88:8528-8544. https://doi.org/10.1128/JVI.00517-14.
Chappell WH, Gautam D, Ok ST, Johnson BA, Anacker DC, Moody CA.
2015. Homologous recombination repair factors Rad51 and BRCA1 are
necessary for productive replication of human papillomavirus 31. J Virol
90:2639-2652. https://doi.org/10.1128/JV1.02495-15.

Anacker DC, Aloor HL, Shepard CN, Lenzi GM, Johnson BA, Kim B, Moody
CA. 2016. HPV31 utilizes the ATR-Chk1 pathway to maintain elevated
RRM2 levels and a replication-competent environment in differentiating
keratinocytes. Virology 499:383-396. https://doi.org/10.1016/j.virol.2016
.09.028.

Hong S, Cheng S, lovane A, Laimins LA. 2015. STAT-5 regulates tran-
scription of the topoisomerase llbeta-binding protein 1 (TopBP1) gene
to activate the ATR pathway and promote human papillomavirus repli-
cation. mBio 6:€02006. https://doi.org/10.1128/mBi0.02006-15.

Sobeck A, Stone S, Landais |, de Graaf B, Hoatlin ME. 2009. The Fanconi
anemia protein FANCM is controlled by FANCD2 and the ATR/ATM
pathways. J Biol Chem 284:25560-25568. https://doi.org/10.1074/jbc
.M109.007690.

Castella M, Jacquemont C, Thompson EL, Yeo JE, Cheung RS, Huang JW,
Sobeck A, Hendrickson EA, Taniguchi T. 2015. FANCI regulates recruit-
ment of the FA core complex at sites of DNA damage independently of
FANCD2. PLoS Genet 11:e1005563. https://doi.org/10.1371/journal.pgen
.1005563.

Kim JM, Kee Y, Gurtan A, D’Andrea AD. 2008. Cell cycle-dependent
chromatin loading of the Fanconi anemia core complex by FANCM/
FAAP24. Blood 111:5215-5222. https://doi.org/10.1182/blood-2007-09
-113092.

Garcia-Higuera |, Taniguchi T, Ganesan S, Meyn MS, Timmers C, Hejna J,
Grompe M, D’Andrea AD. 2001. Interaction of the Fanconi anemia
proteins and BRCA1 in a common pathway. Mol Cell 7:249-262. https://
doi.org/10.1016/51097-2765(01)00173-3.

Sims AE, Spiteri E, Sims RJ, lll, Arita AG, Lach FP, Landers T, Wurm M,
Freund M, Neveling K, Hanenberg H, Auerbach AD, Huang TT. 2007.
FANCI is a second monoubiquitinated member of the Fanconi anemia
pathway. Nat Struct Mol Biol 14:564-567. https://doi.org/10.1038/
nsmb1252.

Renaudin X, Guervilly JH, Aoufouchi S, Rosselli F. 2014. Proteomic anal-
ysis reveals a FANCA-modulated neddylation pathway involved in
CXCR5 membrane targeting and cell mobility. J Cell Sci 127:3546-3554.
https://doi.org/10.1242/jcs.150706.

Fu D, Dudimah FD, Zhang J, Pickering A, Paneerselvam J, Palrasu M,
Wang H, Fei P. 2013. Recruitment of DNA polymerase eta by FANCD2 in

mbio.asm.org 14


https://doi.org/10.1002/ijc.30716
https://doi.org/10.1002/j.1460-2075.1991.tb07967.x
https://doi.org/10.1073/pnas.89.13.5799
https://doi.org/10.1073/pnas.89.13.5799
https://doi.org/10.1073/pnas.91.15.7340
https://doi.org/10.1073/pnas.91.15.7340
https://doi.org/10.1038/srep15952
https://doi.org/10.1128/JVI.01405-07
https://doi.org/10.1128/JVI.00379-14
https://doi.org/10.1128/JVI.00379-14
https://doi.org/10.1128/JVI.07003-11
https://doi.org/10.1128/JVI.07003-11
https://doi.org/10.1128/JVI.00560-15
https://doi.org/10.1128/JVI.00560-15
https://doi.org/10.1074/jbc.M110.158311
https://doi.org/10.1074/jbc.M110.158311
https://doi.org/10.1038/onc.2012.66
https://doi.org/10.18632/oncotarget.2162
https://doi.org/10.1074/jbc.M113.503383
https://doi.org/10.1074/jbc.M113.503383
https://doi.org/10.1038/s41388-018-0283-3
https://doi.org/10.18632/oncotarget.25167
https://doi.org/10.18632/oncotarget.25167
https://doi.org/10.1016/j.molcel.2016.11.005
https://doi.org/10.1371/journal.ppat.1000605
https://doi.org/10.1371/journal.ppat.1000605
https://doi.org/10.1128/JVI.00247-12
https://doi.org/10.1128/JVI.00247-12
https://doi.org/10.1128/JVI.00517-14
https://doi.org/10.1128/JVI.02495-15
https://doi.org/10.1016/j.virol.2016.09.028
https://doi.org/10.1016/j.virol.2016.09.028
https://doi.org/10.1128/mBio.02006-15
https://doi.org/10.1074/jbc.M109.007690
https://doi.org/10.1074/jbc.M109.007690
https://doi.org/10.1371/journal.pgen.1005563
https://doi.org/10.1371/journal.pgen.1005563
https://doi.org/10.1182/blood-2007-09-113092
https://doi.org/10.1182/blood-2007-09-113092
https://doi.org/10.1016/S1097-2765(01)00173-3
https://doi.org/10.1016/S1097-2765(01)00173-3
https://doi.org/10.1038/nsmb1252
https://doi.org/10.1038/nsmb1252
https://doi.org/10.1242/jcs.150706
https://mbio.asm.org

E1-UAF1-USP1 Interaction Promotes HPV Replication

35.

36.

37.

38.

39.

40.

41.

42.

43.

44,

45,

46.

47.

48.

49.

March/April 2019 Volume 10

the early response to DNA damage. Cell Cycle 12:803-809. https://doi
.org/10.4161/cc.23755.

Huang M, D’Andrea AD. 2010. A new nuclease member of the FAN club.
Nat Struct Mol Biol 17:926-928. https://doi.org/10.1038/nsmb0810-926.
Spardy N, Duensing A, Charles D, Haines N, Nakahara T, Lambert PF,
Duensing S. 2007. The human papillomavirus type 16 E7 oncoprotein
activates the Fanconi anemia (FA) pathway and causes accelerated
chromosomal instability in FA cells. J Virol 81:13265-13270. https://doi
.org/10.1128/JV1.01121-07.

Hoskins EE, Gunawardena RW, Habash KB, Wise-Draper TM, Jansen M,
Knudsen ES, Wells SI. 2008. Coordinate regulation of Fanconi anemia
gene expression occurs through the Rb/E2F pathway. Oncogene 27:
4798-4808. https://doi.org/10.1038/0nc.2008.121.

Spriggs CC, Laimins LA. 2017. FANCD2 binds human papillomavirus
genomes and associates with a distinct set of DNA repair proteins to
regulate viral replication. mBio 8:€02340-16. https://doi.org/10.1128/
mBi0.02340-16.

Hoskins EE, Morreale RJ, Werner SP, Higginbotham JM, Laimins LA,
Lambert PF, Brown DR, Gillison ML, Nuovo GJ, Witte DP, Kim MO, Davies
SM, Mehta PA, Butsch Kovacic M, Wikenheiser-Brokamp KA, Wells SI.
2012. The Fanconi anemia pathway limits human papillomavirus repli-
cation. J Virol 86:8131-8138. https://doi.org/10.1128/JVI.00408-12.
Harris L, McFarlane-Majeed L, Campos-Leon K, Roberts S, Parish JL. 2017.
The cellular DNA helicase ChIR1 regulates chromatin and nuclear matrix
attachment of the human papillomavirus 16 E2 protein and high-copy-
number viral genome establishment. J Virol 91:e01853-16. https://doi
.org/10.1128/JV1.01853-16.

Abe T, Ooka M, Kawasumi R, Miyata K, Takata M, Hirota K, Branzei D.
2018. Warsaw breakage syndrome DDX11 helicase acts jointly with
RAD17 in the repair of bulky lesions and replication through abasic sites.
Proc Natl Acad Sci U S A 115:8412-8417. https://doi.org/10.1073/pnas
.1803110115.

Geimanen J, Isok-Paas H, Pipitch R, Salk K, Laos T, Orav M, Reinson T,
Ustav M, Jr, Ustav M, Ustav E. 2011. Development of a cellular assay
system to study the genome replication of high- and low-risk mucosal
and cutaneous human papillomaviruses. J Virol 85:3315-3329. https://
doi.org/10.1128/JVI.01985-10.

Liang Q, Dexheimer TS, Zhang P, Rosenthal AS, Villamil MA, You C,
Zhang Q, Chen J, Ott CA, Sun H, Luci DK, Yuan B, Simeonov A, Jadhav A,
Xiao H, Wang Y, Maloney DJ, Zhuang Z. 2014. A selective USP1-UAF1
inhibitor links deubiquitination to DNA damage responses. Nat Chem
Biol 10:298-304. https://doi.org/10.1038/nchembio.1455.

Brewer BJ, Fangman WL. 1988. A replication fork barrier at the 3’ end of
yeast ribosomal RNA genes. Cell 55:637-643. https://doi.org/10.1016/
0092-8674(88)90222-X.

Boukamp P, Petrussevska RT, Breitkreutz D, Hornung J, Markham A,
Fusenig NE. 1988. Normal keratinization in a spontaneously immortal-
ized aneuploid human keratinocyte cell line. J Cell Biol 106:761-771.
https://doi.org/10.1083/jcb.106.3.761.

Dreer M, van de Poel S, Stubenrauch F. 2017. Control of viral replication
and transcription by the papillomavirus ESAE2 protein. Virus Res 231:
96-102. https://doi.org/10.1016/j.virusres.2016.11.005.

Isok-Paas H, Mannik A, Ustav E, Ustav M. 2015. The transcription map of
HPV11 in U20S cells adequately reflects the initial and stable replication
phases of the viral genome. Virol J 12:59. https://doi.org/10.1186/512985
-015-0292-6.

Martin-Parras L, Lucas |, Martinez-Robles ML, Hernandez P, Krimer DB,
Hyrien O, Schvartzman JB. 1998. Topological complexity of different
populations of pBR322 as visualized by two-dimensional agarose gel
electrophoresis. Nucleic Acids Res 26:3424-3432. https://doi.org/10
.1093/nar/26.14.3424.

Belanger KG, Mirzayan C, Kreuzer HE, Alberts BM, Kreuzer KN. 1996.

Issue 2 e00152-19

50.

51.

52.

53.

54,

55.

56.

57.

58.

59.

60.

61.

62.

63.

64.

mBio’

Two-dimensional gel analysis of rolling circle replication in the presence
and absence of bacteriophage T4 primase. Nucleic Acids Res 24:
2166-2175. https://doi.org/10.1093/nar/24.11.2166.

Chaudhury |, Sareen A, Raghunandan M, Sobeck A. 2013. FANCD2
regulates BLM complex functions independently of FANCI to promote
replication fork recovery. Nucleic Acids Res 41:6444-6459. https://doi
.org/10.1093/nar/gkt348.

Raghunandan M, Chaudhury |, Kelich SL, Hanenberg H, Sobeck A. 2015.
FANCD2, FANCJ and BRCA2 cooperate to promote replication fork re-
covery independently of the Fanconi anemia core complex. Cell Cycle
14:342-353. https://doi.org/10.4161/15384101.2014.987614.

Wu L, Davies SL, Levitt NC, Hickson ID. 2001. Potential role for the BLM
helicase in recombinational repair via a conserved interaction with
RAD51. J Biol Chem 276:19375-19381. https://doi.org/10.1074/jbc
.M009471200.

Doherty KM, Sommers JA, Gray MD, Lee JW, von Kobbe C, Thoma NH,
Kureekattil RP, Kenny MK, Brosh RM, Jr. 2005. Physical and functional
mapping of the replication protein A interaction domain of the Werner
and Bloom syndrome helicases. J Biol Chem 280:29494-29505. https://
doi.org/10.1074/jbc.M500653200.

Titolo S, Pelletier A, Pulichino AM, Brault K, Wardrop E, White PW,
Cordingley MG, Archambault J. 2000. Identification of domains of the
human papillomavirus type 11 E1 helicase involved in oligomerization
and binding to the viral origin. J Virol 74:7349-7361. https://doi.org/10
.1128/JV1.74.16.7349-7361.2000.

Titolo S, Pelletier A, Sauve F, Brault K, Wardrop E, White PW, Amin A,
Cordingley MG, Archambault J. 1999. Role of the ATP-binding domain of
the human papillomavirus type 11 E1 helicase in E2-dependent binding
to the origin. J Virol 73:5282-5293.

Rodriguez A, D’Andrea A. 2017. Fanconi anemia pathway. Curr Biol
27:R986-R988. https://doi.org/10.1016/j.cub.2017.07.043.

Sidorova JM, Kehrli K, Mao F, Monnat R, Jr. 2013. Distinct functions of
human RECQ helicases WRN and BLM in replication fork recovery and
progression after hydroxyurea-induced stalling. DNA Repair (Amst) 12:
128-139. https://doi.org/10.1016/j.dnarep.2012.11.005.

Davies SL, North PS, Hickson ID. 2007. Role for BLM in replication-fork
restart and suppression of origin firing after replicative stress. Nat Struct
Mol Biol 14:677-679. https://doi.org/10.1038/nsmb1267.

Kay MA, He CY, Chen ZY. 2010. A robust system for production of
minicircle DNA vectors. Nat Biotechnol 28:1287-1289. https://doi.org/10
.1038/nbt.1708.

Henno L, Tombak EM, Geimanen J, Orav M, Ustav E, Ustav M. 2017.
Analysis of human papillomavirus genome replication using two- and
three-dimensional agarose gel electrophoresis. Curr Protoc Microbiol
45:14B.10.1-14B.10.37.

Hu P, Beresten SF, van Brabant AJ, Ye TZ, Pandolfi PP, Johnson FB,
Guarente L, Ellis NA. 2001. Evidence for BLM and topoisomerase lllalpha
interaction in genomic stability. Hum Mol Genet 10:1287-1298. https://
doi.org/10.1093/hmg/10.12.1287.

Eladad S, Ye TZ, Hu P, Leversha M, Beresten S, Matunis MJ, Ellis NA. 2005.
Intra-nuclear trafficking of the BLM helicase to DNA damage-induced
foci is regulated by SUMO modification. Hum Mol Genet 14:1351-1365.
https://doi.org/10.1093/hmg/ddi145.

White PW, Pelletier A, Brault K, Titolo S, Welchner E, Thauvette L, Fazekas
M, Cordingley MG, Archambault J. 2001. Characterization of recombi-
nant HPV6 and 11 E1 helicases: effect of ATP on the interaction of E1
with E2 and mapping of a minimal helicase domain. J Biol Chem
276:22426-22438. https://doi.org/10.1074/jbc.M101932200.

Brewer BJ, Fangman WL. 1987. The localization of replication origins on
ARS plasmids in S. cerevisiae. Cell 51:463-471. https://doi.org/10.1016/
0092-8674(87)90642-8.

mbio.asm.org 15


https://doi.org/10.4161/cc.23755
https://doi.org/10.4161/cc.23755
https://doi.org/10.1038/nsmb0810-926
https://doi.org/10.1128/JVI.01121-07
https://doi.org/10.1128/JVI.01121-07
https://doi.org/10.1038/onc.2008.121
https://doi.org/10.1128/mBio.02340-16
https://doi.org/10.1128/mBio.02340-16
https://doi.org/10.1128/JVI.00408-12
https://doi.org/10.1128/JVI.01853-16
https://doi.org/10.1128/JVI.01853-16
https://doi.org/10.1073/pnas.1803110115
https://doi.org/10.1073/pnas.1803110115
https://doi.org/10.1128/JVI.01985-10
https://doi.org/10.1128/JVI.01985-10
https://doi.org/10.1038/nchembio.1455
https://doi.org/10.1016/0092-8674(88)90222-X
https://doi.org/10.1016/0092-8674(88)90222-X
https://doi.org/10.1083/jcb.106.3.761
https://doi.org/10.1016/j.virusres.2016.11.005
https://doi.org/10.1186/s12985-015-0292-6
https://doi.org/10.1186/s12985-015-0292-6
https://doi.org/10.1093/nar/26.14.3424
https://doi.org/10.1093/nar/26.14.3424
https://doi.org/10.1093/nar/24.11.2166
https://doi.org/10.1093/nar/gkt348
https://doi.org/10.1093/nar/gkt348
https://doi.org/10.4161/15384101.2014.987614
https://doi.org/10.1074/jbc.M009471200
https://doi.org/10.1074/jbc.M009471200
https://doi.org/10.1074/jbc.M500653200
https://doi.org/10.1074/jbc.M500653200
https://doi.org/10.1128/JVI.74.16.7349-7361.2000
https://doi.org/10.1128/JVI.74.16.7349-7361.2000
https://doi.org/10.1016/j.cub.2017.07.043
https://doi.org/10.1016/j.dnarep.2012.11.005
https://doi.org/10.1038/nsmb1267
https://doi.org/10.1038/nbt.1708
https://doi.org/10.1038/nbt.1708
https://doi.org/10.1093/hmg/10.12.1287
https://doi.org/10.1093/hmg/10.12.1287
https://doi.org/10.1093/hmg/ddi145
https://doi.org/10.1074/jbc.M101932200
https://doi.org/10.1016/0092-8674(87)90642-8
https://doi.org/10.1016/0092-8674(87)90642-8
https://mbio.asm.org

	RESULTS
	The E1-UAF1-USP1 complex is necessary for efficient replication of HPV11 episomes in U2OS cells. 
	The E1-UAF1-USP1 complex contributes to the generation of HPV11 RIs produced by unidirectional replication. 
	HPV11 genomes give rise to similar RIs in U2OS and HaCaT cells. 
	Increased expression of HPV11 E1 and E2 exacerbates the replication defect of UBS mutant genomes. 
	Bidirectional theta replication and unidirectional replication are initiated from HPV11 genomes in different topological forms. 
	HPV11 E1 protein interacts with BLM helicase in vitro. 
	The generation of uni-RIs is supported by the BLM helicase. 

	DISCUSSION
	MATERIALS AND METHODS
	Cell lines and transfections. 
	Plasmids. 
	1D AGE. 
	2D N/N AGE. 
	Southern blotting. 
	Southern blot signal quantitation and statistics. 
	Yeast two-hybrid system and GST pull-down assay. 

	ACKNOWLEDGMENTS
	REFERENCES

