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ABSTRACT The human papillomavirus (HPV) life cycle takes place in the stratified epi-
thelium, with the productive phase being activated by epithelial differentiation. The HPV
genome is histone-associated, and the life cycle is epigenetically regulated, in part, by
histone tail modifications that facilitate the recruitment of DNA repair factors that are
required for viral replication. We previously showed that the SETD2 methyltransferase
facilitates the productive replication of HPV31 through the trimethylation of H3K36 on vi-
ral chromatin. SETD2 regulates numerous cellular processes, including DNA repair via ho-
mologous recombination (HR) and alternative splicing, through the recruitment of various
effectors to histone H3 lysine 36 trimethylation (H3K36me3). We previously demonstrated
that the HR factor Rad51 is recruited to HPV31 genomes and is required for productive
replication; however, the mechanism of Rad51 recruitment has not been defined. SET do-
main containing 2 (SETD2) promotes the HR repair of double-strand breaks (DSBs) in
actively transcribed genes through the recruitment of carboxy-terminal binding protein
(CtBP)-interacting protein (CtIP) to lens epithelium-derived growth factor (LEDGF)-bound
H3K36me3, which promotes DNA end resection and thereby allows for the recruitment
of Rad51 to damaged sites. In this study, we found that reducing H3K36me3 through
the depletion of SETD2 or the overexpression of an H3.3K36M mutant leads to an
increase in gH2AX, which is a marker of damage, on viral DNA upon epithelial differentia-
tion. This is coincident with decreased Rad51 binding. Additionally, LEDGF and CtIP are
bound to HPV DNA in a SETD2-dependent and H3K36me3-dependent manner, and they
are required for productive replication. Furthermore, CtIP depletion increases DNA dam-
age on viral DNA and blocks Rad51 recruitment upon differentiation. Overall, these stud-
ies indicate that H3K36me3 enrichment on transcriptionally active viral genes promotes
the rapid repair of viral DNA upon differentiation through the LEDGF-CtIP-Rad51 axis.

IMPORTANCE The productive phase of the HPV life cycle is restricted to the differen-
tiating cells of the stratified epithelium. The HPV genome is histone-associated and
subject to epigenetic regulation, though the manner in which epigenetic modifica-
tions contribute to productive replication is largely undefined. In this study, we dem-
onstrate that SETD2-mediated H3K36me3 on HPV31 chromatin promotes productive
replication through the repair of damaged DNA. We show that SETD2 facilitates the
recruitment of the homologous recombination repair factors CtIP and Rad51 to viral
DNA through LEDGF binding to H3K36me3. CtIP is recruited to damaged viral DNA
upon differentiation, and, in turn, recruits Rad51. This likely occurs through the end
resection of double-strand breaks. SETD2 trimethylates H3K36me3 during transcrip-
tion, and active transcription is necessary for Rad51 recruitment to viral DNA. We
propose that the enrichment of SETD2-mediated H3K36me3 on transcriptionally
active viral genes upon differentiation facilitates the repair of damaged viral DNA
during the productive phase of the viral life cycle.
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Human papillomaviruses (HPVs) are small DNA viruses that exhibit a strict tropism for
epithelial cells. Over 400 types of HPV have been identified that infect either the cuta-

neous or mucosal epithelium (1). Of the types that infect the genital mucosa, the low-risk
HPV types (e.g., HPV6 and 11) induce benign genital warts, whereas the high-risk HPV
types (e.g., HPV16, 18, 31, and 45) cause cervical carcinomas and are associated with other
anogenital malignancies, such as penile, vulvar, and anal carcinomas. Additionally, the
high-risk HPV types are associated with an increasing number of oropharyngeal carcino-
mas, predominantly HPV16 (2). While the prophylactic HPV vaccines are efficacious in pre-
venting the development of cervical cancer, they are not therapeutic, and there are cur-
rently no antivirals to treat HPV-associated diseases. Cervical cancer remains the most
frequent cause of cancer deaths in developing countries and in the United States (3). HPV-
associated oropharyngeal carcinoma constitutes up to 90% of all new incidences of oro-
pharyngeal cancers in recent years (4).

The life cycle of HPV is dependent on the differentiation status of host keratinocytes.
HPV infects the basal cells of the stratified epithelium that are thought to become exposed
through microlesions (5). Following infection, the HPV episomes transiently amplify to 50
to 100 copies per cell (6). Recent studies suggest that episomal maintenance in undifferen-
tiated cells occurs through an amplification process, with the majority of viral genomes
being lost upon cell division due to them being untethered from host chromosomes,
essentially resetting the copy number to the pre-S phase level (7). The productive phase of
the HPV life cycle is activated upon epithelial differentiation, which leads to the expression
of late viral genes, the amplification of viral genomes to hundreds to thousands of copies
per cell, and virion assembly and release from the uppermost layers of the epithelium (6, 8,
9). Whereas normal keratinocytes exit the cell cycle upon differentiation, the HPV E6 and
E7 oncoproteins deregulate normal checkpoint controls to push infected cells back into
the cell cycle upon differentiation, thereby creating an environment that is conducive to vi-
ral replication (10).

High-risk HPV E7 proteins contribute to the establishment of a replication-compe-
tent environment in differentiating cells, in part, through the activation of the ataxia-
telangiectasia-mutated (ATM) and ATM and Rad3-related (ATR) DNA damage kinases,
which respond to double-strand DNA breaks (DSBs) and single-strand DNA (ssDNA),
respectively (10). High-risk HPVs use ATM and ATR signaling components to facilitate
the high-fidelity replication and amplification of viral genomes upon differentiation
(11–15). The HPV genome is histone-associated in virions and infected cells (16, 17),
and the activation of the DNA damage response (DDR) promotes the recruitment of
DNA repair factors to viral genomes through epigenetic modifications of the viral chro-
matin (18–21). In response to DSBs, ATM phosphorylates the histone H2AX at serine
139, which is referred to as gH2AX (22). gH2AX then coordinates the recruitment of
DDR effectors to the damaged sites to facilitate DNA repair. Several DDR-associated
epigenetic regulators have been implicated in HPV replication (20).gH2AX is bound to
HPV chromatin and colocalizes with HPV replication compartments (23). The E3 ubiqui-
tin ligase RNF168 ubiquitinates the histones H2A/H2AX on lysine 13/15 to promote
53BP1 and BRCA1 recruitment to DSBs, and we have shown that RNF168 is required
for productive viral replication (24, 25). In addition, the Tip60 acetyltransferase and
SIRT1 deacetylase promote the recruitment of homologous recombination factors to
HPV genomes via modifications of viral chromatin (21, 26–29). These studies demon-
strate that HPV chromatin modifications are accompanied by the recruitment of DDR
effectors that are essential for productive viral replication.

We previously showed that the histone methyltransferase SETD2 plays a key role in pro-
moting the productive replication of HPV31 upon differentiation (30). SETD2 interacts with
the phosphorylated C-terminal domain of RNA polymerase II (RNAPII) during transcription
elongation and catalyzes the trimethylation of histone H3K36 (H3K36me3) (31–33). By pro-
moting the recruitment of H3K36me3 readers, SETD2 regulates several cellular processes
that are also important for the HPV life cycle, including DNA repair and alternative splicing
(30, 34–36). We previously found that the HPV31 genome is enriched for H3K36me3 in a
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SETD2-dependent manner (30). Additionally, we found that ATM kinase activity is neces-
sary for H3K36me3 maintenance on viral chromatin (30). While these findings indicate that
HPV requires SETD2-mediated H3K36me3 for productive viral replication, the manner in
which SETD2 and H3K36me3 contribute to viral replication is unclear.

Recent studies have shown that SETD2 promotes HR repair of DSBs in active genes
through the constitutive binding of LEDGF to H3K36me3 through its PWWP domain (34).
Our previous studies showed that the Rad51 recombinase, which is critical to HR repair, is
bound to HPV chromatin and is required for productive replication (37). However, whether
SETD2 and H3K36me3 contribute to Rad51 recruitment is currently unclear. In response to
DNA damage, LEDGF recruits the C-terminal binding protein interacting protein (CtIP),
which promotes DSB end resection with Mre11 of the MRN complex (Mre11, Rad50, Nbs1)
(38, 39). End resection is necessary to initiate HR and results in the formation of ssDNA that
is bound by replication protein A (RPA), which is subsequently replaced by Rad51 (40).
SETD2 also promotes HR factor recruitment in response to replication stress via the consti-
tutive binding of PALB2 to the H3K36me3 effector MRG15 (41). PALB2 serves to physically
link BRCA1 and BRCA2 at sites of DNA damage to rapidly recruit Rad51 and to stabilize
and/or repair stalled replication forks (42).

Previous studies from our lab suggest that resection occurs on viral DNA during pro-
ductive replication, including the localization of the resection marker RPA to viral replica-
tion foci as well as the requirement for Mre11 nuclease activity in viral genome amplifica-
tion upon differentiation (15, 37, 43). In this study, we examined whether SETD2 and
H3K36me3 contribute to productive replication via Rad51 recruitment through the
LEDGF-CtIP axis. We found that SETD2 depletion results in a significant increase ofgH2AX
on viral chromatin upon differentiation, suggesting that SETD2 is important in promoting
repair of viral DNA. In support of this, we found that SETD2 depletion impacts the recruit-
ment of Rad51 to viral DNA. We also found that the inhibition of transcription results in an
accumulation of gH2AX on viral DNA and a reduction in Rad51 binding, indicating that
transcription promotes viral genomic integrity. Furthermore, we show that SETD2-medi-
ated H3K36me3 recruits LEDGF and CtIP to viral DNA upon differentiation and that CtIP
depletion results in a loss of Rad51 binding to viral DNA. We also demonstrate that LEDGF
and CtIP are required for productive replication. Together, these results indicate that the
enrichment of SETD2-mediated H3K36me3 on transcriptionally active viral genes pro-
motes the rapid repair of viral DNA through the LEDGF-CtIP-Rad51 axis.

RESULTS
SETD2 depletion and H3K36me3 deficiency result in cH2AX accumulation on

HPV DNA upon differentiation. Our previous studies showed that SETD2-mediated
H3K36me3 is required for productive viral replication (30). H3K36me3-enriched sites
are less prone to chromosomal breakage, and reduced H3K36me3 is associated with
increased replication stress and DNA damage (44). To determine whether SETD2 facili-
tates the repair of HPV DNA, we first examined the effect of SETD2 depletion on the
accumulation of gH2AX, which is a marker of DNA double-stranded breaks (DSBs), on
viral DNA via chromatin immunoprecipitation (ChIP), coupled with qPCR, using primers
to different regions of the HPV31 genome, as previously described (30). For these stud-
ies, we used the CIN612 cell line, which is derived from a CIN1 cervical lesion and stably
maintains HPV31 genomes. We previously used CIN612 cells to define the role of SETD2
and H3K36me3 in the HPV31 life cycle (30). As we showed previously,gH2AX is detected on
HPV31 DNA in undifferentiated cells, and the levels ofgH2AX increase significantly upon dif-
ferentiation in high-calcium medium, which has been shown to activate the productive
phase of the life cycle by 48 h post-exposure (Fig. 1A) (23). We found that the depletion of
SETD2 using our validated shRNAs resulted in a decrease ingH2AX on the viral chromatin in
undifferentiated cells (Fig. 1B and D) (30). In contrast, a significant increase ingH2AX accu-
mulation was observed on viral DNA upon differentiation, suggesting that SETD2 is impor-
tant in the maintenance of viral DNA integrity during the productive phase of the viral life
cycle (Fig. 1E). We observed a moderate increase in the global levels ofgH2AX in differenti-
ating cells upon the depletion of SETD2 (Fig. 1F), which is consistent with the finding of
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previous reports that identified a role for SETD2 in the maintenance of cellular genomic in-
tegrity (34). Importantly, epithelial differentiation was not impacted by SETD2 depletion, as
was demonstrated by the increase in the early differentiation marker involucrin and the ter-
minal differentiation markers loricrin and filaggrin (Fig. 1B and C).

To determine whether H3K36me3 plays a role in maintaining viral genome integ-
rity, we transiently overexpressed an H3.3 lysine 36 to methionine mutant that cannot
be methylated (H3.3K36M) and also reduces the levels of H3K36me3 on endogenous
histones by targeting the active site of SETD2, thereby competing for substrate binding
and turnover (45). In alignment with the results of our previous study (30), H3.3K36M
expression resulted in a global decrease in H3K36me3 levels without affecting epithe-
lial differentiation, as evidenced by the increase in involucrin (Fig. 2A). In contrast to the

FIG 1 SETD2 depletion leads to increased gH2AX accumulation on HPV DNA. (A) Chromatin was harvested from CIN612 cells that were undifferentiated
(0 h) or differentiated in high-calcium medium for 72 h. ChIP was performed using an antibody to IgG or gH2AX, and this was followed by quantitative
PCR (qPCR) using primer pairs to the HPV31 E1 and E5 as well as the L1 open reading frame or the untranslated regulatory region (URR). Data from three
independent experiments are represented as the fold enrichment over the IgG control for each time point. The values for each time point were normalized
to the input values that were amplified in parallel to control for changes in the episome copy number upon differentiation. (B–F) CIN612 cells were left
untreated or transiently transduced with a scramble control shRNA (shScrm) or shRNA that was specific to SETD2 (shSETD2) for 72 h. Cells were harvested
as an undifferentiated sample (T0) or induced to differentiate in high calcium medium for 72 h. Protein and chromatin were harvested at each time point.
(B) A Western blot analysis was performed using antibodies to SETD2, involucrin as a differentiation control, and GAPDH as a loading control. The
densitometry for SETD2 depletion was carried out using ImageJ. The protein levels were normalized to GAPDH, with the undifferentiated untreated sample
(UT T0) being set to one. (C) A Western blot analysis was performed on urea-solubilized proteins using antibodies to loricrin, filaggrin, and GAPH as a
loading control. (D and E) gH2AX ChIP coupled with qPCR was carried out, using the indicated primer pairs to the HPV31 genome. To control for the
increase in the viral copy number upon differentiation, PCR data from three independent experiments were normalized to the input values that were
quantified in parallel. Values are expressed as the fold changes in gH2AX binding, relative to the shScramble control, which is set to one for each primer
pair. (F) A Western blot analysis was performed using antibodies to gH2AX, total H2AX, and Ku70 as a loading control. The densitometry for gH2AX and
H2AX was performed across three independent experiments using ImageJ. The protein levels were normalized to Ku70. The values are expressed as fold
changes, relative to UT T0, which is set to one. (B, C, and F) Representative images of three independent experiments are shown. Statistical significance
was determined using a Student’s t test. Error bars represent the mean 6 the standard error. *, P # 0.05; **, P # 0.01; ***, P # 0.001; ns, not significant.
Ca, calcium.
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depletion of SETD2, the overexpression of H3.3K36M minimally affected the levels of
gH2AX on viral DNA in undifferentiated cells (Fig. 2B). However, upon differentiation,
H3K36me3 deficiency resulted in a further accumulation ofgH2AX on viral DNA, similar to
that observed upon SETD2 depletion (Fig. 2B). The global levels of gH2AX were modestly
altered by H3.3K36M overexpression, compared to H3.3 overexpression (Fig. 2C). These
results indicate that H3K36me3 on viral chromatin is important for promoting the repair of
damaged viral DNA upon differentiation. Intriguingly, the finding thatgH2AX decreases on
viral DNA upon SETD2 depletion but not upon H3.3K36M overexpression suggests that
SETD2 may facilitate upstream signaling events in DDR activation independently of
H3K36me3 during episomal maintenance.

Transcriptionally active loci are prone to chromosomal breakage and exhibit a prefer-
ence for HR repair that is regulated by the SETD2-mediated placement of H3K36me3 dur-
ing transcription elongation (46, 47). We previously showed that H3K36me3 enrichment
on HPV31 chromatin occurs in a SETD2-dependent manner (30). To determine whether
transcription contributes to viral genome integrity, we transiently inhibited transcription
using a-amanitin, which promotes RNA pol II degradation, as previously described
(41). As shown in Fig. 3A, 17 h of treatment with a-amanitin resulted in a reduction in
5-ethynyluridine (EU) incorporation in undifferentiated and differentiated CIN612 cells, indi-
cating the successful inhibition of transcription. Similar to SETD2 depletion and H3.3K36M
expression, we found that transcription inhibition also resulted in an increase in gH2AX
accumulation on viral chromatin upon differentiation, and this occurred without a marked
effect on global gH2AX levels (Fig. 3B–D). These results indicate that active transcription
protects viral DNA from damage, possibly via the placement of H3K36me3 by SETD2.

FIG 2 The depletion of H3K36me3 results in increased gH2AX accumulation on HPV chromatin. (A–C) CIN612 cells were left untreated or transiently
transduced with either wild-type H3.3 (H3.3WT) or the H3.3K36M mutant for 72 h. Cells were harvested as an undifferentiated sample (T0) or induced to
differentiate in high calcium medium for 72 h. Protein and chromatin were harvested at each time point. (A) A Western blot analysis was performed using
antibodies to H3K36me3, histone H3, involucrin as a differentiation control, and Ku70 as a loading control. The densitometry for H3K36me3 was performed
using ImageJ. The protein levels were normalized to H3, with the T0 untreated (UT) sample set to one. (B) ChIP was performed for gH2AX coupled with
qPCR, using the indicated primer pairs to the HPV31 genome. The ChIP data from three independent experiments were normalized to the input values
that were quantified in parallel. The values are expressed as fold changes in gH2AX binding, relative to the H3.3WT control, which is set to one for each
primer pair. (C) A Western blot analysis was performed using antibodies to gH2AX, total H2AX, and Ku70 as a loading control. The densitometry for gH2AX
and H2AX was performed across three independent experiments using ImageJ. The protein levels were normalized to Ku70. The values are expressed as
fold changes, relative to UT T0, which is set to one. (A and C) Representative images of three independent experiments are shown. Statistical significance
was determined using a Student’s t test. Error bars represent the mean 6 the standard error. *, P # 0.05; **, P # 0.01; ns, not significant. Ca, calcium.
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Rad51 is recruited to viral DNA in a SETD2-dependent and H3K36me3-depend-
ent manner. SETD2-mediated H3K36me3 promotes the HR repair of DSBs in actively tran-
scribed genes via the recruitment of Rad51 (34, 41). To determine whether the increase in
gH2AX accumulation on viral DNA upon SETD2 depletion corresponded with a decrease in
Rad51 recruitment, we performed ChIP, coupled with qPCR, using several primer pairs
across the HPV31 genome. As we showed previously (37), Rad51 binding to viral DNA
increases upon differentiation (Fig. 4A). Interestingly, SETD2 depletion resulted in a signifi-
cant decrease in Rad51 recruitment to viral DNA in both undifferentiated and differentiated
cells (Fig. 4B and C), with moderate changes in the Rad51 protein levels only occurring
upon differentiation (Fig. 4D). H3.3K36M overexpression also resulted in impaired Rad51
binding to viral DNA in both undifferentiated and differentiated cells, compared to WT
H3.3 (Fig. 4E and F), with minimal effect on global Rad51 levels (Fig. 4G). Furthermore, we
found that the transient treatment of CIN612 cells with a-amanitin also resulted in a
decrease in Rad51 recruitment to HPV DNA, but this occurred only upon differentiation

FIG 3 The inhibition of transcription increases gH2AX accumulation on HPV chromatin. (A) Immunostaining was performed on undifferentiated (T0) or
differentiated (72 h Ca) CIN612 cells that were left untreated (UT), treated with vehicle control (H2O), or treated with a-amanitin (4 mg/mL) for 17 h before
harvest. EU was added 1 h prior to harvest and developed using the Click-iT RNA protocol. Representative images of gH2AX, EU, and DAPI staining are
shown from three independent experiments. Images were collected on a Zeiss 710 confocal laser-scanning microscope. (B) ChIP-qPCR for gH2AX was
performed on chromatin that was harvested from the samples described in panel A, using primers to the E5 open reading frame. To control for changes in
the viral copy number upon differentiation, ChIP data from three independent experiments were normalized to the input values that were quantified in
parallel. Values are expressed as fold changes in gH2AX binding, relative to the UT T0 sample, which was set to 1. (C) A Western blot was performed using
antibodies to gH2AX, total H2AX, and Ku70 as a loading control. A representative image from three independent experiments is shown. (D) The
densitometry for gH2AX and H2AX was performed across three independent experiments using ImageJ. The protein levels were normalized to Ku70 and
expressed as fold changes, relative to the UT T0, which was set to 1. Statistical significance was determined using a one-way analysis of variance (ANOVA).
The error bars represent 6 the standard error of the mean. *, P # 0.05; ****, P # 0.0001; ns, not significant. Ca, calcium.
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FIG 4 SETD2 and H3K36me3 promote Rad51 recruitment to HPV DNA. (A) Chromatin was harvested from CIN612 cells that were either undifferentiated
(T0) or differentiated in high-calcium medium for 72 h. ChIP was performed using an antibody to IgG or Rad51, and this was followed by qPCR, using
primer pairs to the indicated regions of the HPV31 genome. Data from three independent experiments are represented as the fold enrichment over the
IgG control for each time point. The values for each time point were normalized to the input values that were amplified in parallel to control for changes
in the episome copy number upon differentiation. (B–G) CIN612 cells were left untreated or transiently transduced with a scramble control shRNA (shScrm),
shRNA specific to SETD2 (shSETD2), wild-type H3.3 (H3.3WT), or the H3.3K36M mutant for 72 h. The cells were harvested as an undifferentiated sample (T0)
or induced to differentiate in high calcium medium for 72 h. Protein and chromatin were harvested at the indicated time points (B, C). ChIP was performed
for Rad51 coupled with qPCR, using the indicated primers to the HPV31 genome. To control for the viral copy number, ChIP data from three independent
experiments were normalized the input values that were quantified in parallel. The values are expressed as fold changes in Rad51 binding, relative to the
shScramble control, which was set to 1 for each primer pair. (D) A Western blot analysis was performed using antibodies to SETD2 and Rad51, with GAPDH
as a loading control. The densitometry for the SETD2 protein levels was carried out using ImageJ. The protein levels were normalized to GAPDH, with UT
T0 being set to 1. (E, F) ChIP was performed for Rad51 coupled with qPCR, using the indicated primer pairs to the HPV31 genome. To control for the viral
copy number, ChIP data from three independent experiments were normalized to the input values that were quantified in parallel. The values are
expressed as the fold change in Rad51 binding, relative to the H3.3WT control, which was set to 1 for each primer pair. (G) A Western blot analysis was
performed using antibodies to Rad51, with GAPDH as a loading control. The densitometry for Rad51 was performed across three independent experiments
using ImageJ. The protein levels were normalized to GAPDH, and the values were expressed as the fold change, relative to UT T0, which was set to 1. (H, I)
Undifferentiated (T0) or differentiated (72 h Ca) CIN612 cells were left untreated (UT) or were treated with vehicle control (H2O) or a-amanitin (4 mg/mL)
for 17 h before harvest. Protein and chromatin were harvested at each time point. (H) ChIP-qPCR for Rad51 was performed using primers to the E5 open
reading frame. ChIP data from three independent experiments were normalized to the input values that were quantified in parallel to control for the viral
copy number. The values were expressed as the fold change in Rad51 binding, relative to the UT T0 sample, which was set to 1. (I) A Western blot analysis
was performed on lysates that were harvested from the indicated samples using antibodies to Rad51, with GAPDH as a loading control. The densitometry
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and with a modest effect on Rad51 protein levels, compared to the H2O control (Fig. 4H
and I). Overall, these results suggest that the SETD2-mediated trimethylation of H3K36 dur-
ing viral transcription upon differentiation promotes the repair of damaged viral DNA
through the recruitment of Rad51.

LEDGF recruitment to HPV chromatin requires SETD2 and H3K36me3. SETD2-
mediated H3K36me3 protects actively transcribed genes from replication stress and pro-
motes DSB repair through the MRG15/PALB2 pathway as well as the LEDGF/CtIP path-
way, respectively (34, 39, 41). Since our previous studies suggest that DSB resection
occurs on viral DNA (12, 43), we examined whether SETD2 recruits Rad51 through the
LEDGF/CtIP pathway. LEDGF levels were previously shown to be elevated in multiple
HPV-positive cancer cell lines containing integrated viral genomes (48). In undifferenti-
ated cells, we found the LEDGF protein and mRNA levels to be similar between undiffer-
entiated control human foreskin keratinocytes (HFKs) and CIN612 cells (Fig. 5A and B).
However, upon differentiation, the LEDGF protein levels rapidly declined in the HFKs but
were maintained in the CIN612 cells, along with increased LEDGF mRNA (Fig. 5A and B).
Similar results were observed in HFKs stably maintaining HPV-31 genomes (HFK-31),
compared to matched uninfected HFKs (Fig. 5C and D). Using ChIP, coupled with qPCR,
we detected a moderate increase in LEDGF binding to viral DNA in undifferentiated cells
(T0), compared to the IgG control (Fig. 5E). However, LEDGF binding significantly
increased upon differentiation across the viral genome, suggesting that LEDGF plays a
more prominent role during late viral events. Consistent with the low levels of LEDGF
bound to viral DNA in undifferentiated cells, SETD2 depletion led to a minimal reduction
in LEDGF binding to viral DNA, compared to that observed with control cells (Fig. 5F).
However, upon differentiation, a significant decrease in LEDGF binding occurred, and
this occurrence had no discernible effect on the global LEDGF levels (Fig. 5G and H). A
similar phenotype was observed upon the expression of H3.3K36M, compared to WT
H3.3 (Fig. 5I–K). Overall, these results indicate that LEDGF is recruited to viral DNA upon
differentiation in a SETD2-dependent and H3K36me3-dependent manner.

CtIP recruitment to viral DNA requires SETD2 and H3K36me3. The constitutive
binding of LEDGF to H3K36me3 serves as a docking site for CtIP in response to DNA
damage (34, 39). CtIP interacts with the MRN complex to initiate end resection with
the Mre11 and also interacts with BRCA1 to increase resection efficiency (49). End
resection is critical in the blocking of error-prone nonhomologous end joining repair
and in the initiation of HR (40). Based on our observation that SETD2 and H3K36me3
promote LEDGF and Rad51 recruitment to viral DNA, we next wanted to determine
whether CtIP is also recruited to viral DNA. We found that CtIP protein levels are
increased in undifferentiated CIN612 cells as well as HFK-31 cells, compared to unin-
fected HFKs (Fig. 6A and B). However, CtIP levels dramatically decreased upon differen-
tiation in HFKs as well as in CIN612 and HFK-31 cells, despite an increase in CtIP mRNA
(Fig. 6A–D). Using ChIP, coupled with qPCR, we detected minimal CtIP binding to viral
DNA in undifferentiated cells (Fig. 6E). However, CtIP recruitment to viral DNA signifi-
cantly increased upon differentiation, despite the drastic reduction in CtIP protein lev-
els (Fig. 6E). Given that CtIP is a DNA damage response protein (49), these results fur-
ther suggest that viral genome amplification and/or late gene expression renders viral
DNA susceptible to DNA damage. Not surprisingly, we found that SETD2 depletion did
not affect CtIP binding to viral DNA in undifferentiated cells but did result in a signifi-
cant decrease in CtIP binding upon differentiation (Fig. 6F). The overexpression of the
H3.3K36M mutant yielded a similar phenotype, with reduced CtIP binding being
observed upon differentiation (Fig. 6H). Neither SETD2 depletion nor H3.3K36M expres-
sion affected the global CtIP levels (Fig. 6G and I), indicating that the loss of CtIP

FIG 4 Legend (Continued)
for Rad51 was performed across three independent experiments using ImageJ. The protein levels were normalized to the GAPDH loading control, and the
values were expressed as the fold change, relative to UT T0, which was set to 1. (D, G, I) Representative images from three independent experiments are
shown. Statistical significance was determined using a Student’s t test. The error bars represent the mean 6 the standard error. *, P # 0.05; **, P # 0.01;
***, P # 0.001; ****, P # 0.0001; ns, not significant. Ca, calcium.
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FIG 5 LEDGF is recruited to HPV chromatin in a SETD2-dependent and H3K36me3-dependent manner. (A–D) Human foreskin keratinocytes (HFKs), CIN612,
and HFK-31 cells were harvested as an undifferentiated sample (T0) or induced to differentiate in high calcium medium for 48 and 96 h. (A, C) A Western
blot analysis was performed using antibodies to LEDGF, involucrin as a differentiation control, and GAPDH as a loading control. The densitometry for
LEDGF was performed across three independent experiments using ImageJ. The protein levels were normalized to GAPDH, and the values are expressed as

(Continued on next page)
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binding to viral chromatin is due to a decrease in H3K36me3 and not reduced levels of
CtIP. Furthermore, SETD2 depletion did not affect the recruitment of Nbs1 of the MRN
complex to viral DNA (Fig. 6J), which can also recruit CtIP to DSBs to initiate DNA end
resection (40). Overall, these results, coupled with our finding that LEDGF binds to viral
DNA in a H3K36me3-dependent manner, suggest that CtIP is recruited to damaged vi-
ral DNA upon differentiation via the H3K36me3-LEDGF pathway.

CtIP is required for Rad51 recruitment to viral DNA upon differentiation. To
determine whether CtIP influences the repair of viral DNA, we performed ChIP for gH2AX
and Rad51 on chromatin that was harvested from undifferentiated and differentiated
CIN612 cells that were transiently transduced with either the control shRNA (shScramble)
or validated shRNAs specific for CtIP (Fig. 7) (50). Whereas CtIP knockdown had no discerni-
ble effect on thegH2AX levels on viral DNA in undifferentiated cells, a significant increase
ingH2AX accumulation on viral DNA occurred upon differentiation, and this was accompa-
nied by a significant decrease in Rad51 binding (Fig. 7A and C). Importantly, the global lev-
els of gH2AX and Rad51 were not affected by CtIP depletion (Fig. 7B and D). To ensure
that the reduction in Rad51 recruitment was not due to the removal of LEDGF from viral
chromatin, we examined LEDGF binding to viral DNA upon CtIP depletion. Importantly, we
found that CtIP knockdown did not affect LEDGF binding to viral DNA in undifferentiated
or differentiated cells (Fig. 7E). Overall, these data suggest that CtIP is recruited to viral
DNA upon differentiation via the SETD2-H3K36me3-LEDGF pathway, thereby promoting
end resection that recruits Rad51 to facilitate repair.

LEDGF and CtIP are required for productive replication. The increase in binding
of LEDGF and CtIP to HPV chromatin upon differentiation, coupled with the require-
ment of CtIP in Rad51 recruitment to viral DNA, indicates that these factors are impor-
tant in viral genome amplification. To examine this, we transiently knocked down
LEDGF and CtIP using our validated shRNAs (50, 51) (Fig. 8A). While LEDGF depletion
moderately affected cell growth, we were unable to induce differentiation in a high-
calcium medium, which requires the maintenance of a confluent monolayer. Instead,
we induced differentiation via suspension in methylcellulose, which triggers the pro-
ductive phase of the viral life cycle by 24 h post-suspension (52). As shown in Fig. 8,
the depletion of LEDGF as well as CtIP had modest effects on episomal maintenance in
undifferentiated cells. However, LEDGF-depleted and CtIP-depleted cells failed to effi-
ciently amplify viral genomes upon differentiation (Fig. 8B and C). This finding is con-
sistent with the significant increase in the binding of LEDGF and CtIP to viral DNA
upon differentiation. Importantly, LEDGF and CtIP knockdown did not impede differen-
tiation, as shown by the differentiation-specific marker involucrin (Fig. 8A). This indi-
cates that the effect on viral genome amplification is not an indirect effect of inhibiting
cellular differentiation. We also confirmed the requirement of CtIP in productive repli-
cation using calcium-induced differentiation (Fig. 8D–F). HPVs amplify their genomes

FIG 5 Legend (Continued)
fold changes, relative to the HFK T0, which was set to 1. (B, D) Total RNA was extracted from the indicated samples, and RT-qPCR was performed using
primers specific to LEDGF. Fold changes were calculated using the 22DDCT method. The fold change relative to HFK T0, which was set to 1, is shown. (E)
Chromatin was harvested from CIN612 cells that were undifferentiated (T0) or differentiated in high-calcium medium for 72 h. ChIP was performed using
an antibody to IgG or LEDGF, and this was followed by qPCR, using the indicated primer pairs to the HPV31 genome. ChIP data from three independent
experiments is represented as the fold enrichment over the IgG control for each time point. The values for each time point were normalized to the input
values that were amplified in parallel to control for changes in the episome copy number upon differentiation. (F–K) CIN612 cells were left untreated or
transiently transduced with a scramble control shRNA (shScrm), shRNA specific to SETD2 (shSETD2), wild-type H3.3 (H3.3WT), or the H3.3K36M mutant for
72 h as an undifferentiated sample (T0) or were induced to differentiate in high calcium medium for 72 h. Protein and chromatin were harvested at each
time point. (F, G, I, J) ChIP-pPCR for LEDGF was performed using the indicated primer sets to the HPV31 genome. ChIP data from three independent
experiments were normalized to input values that were quantified in parallel to control for changes in the viral copy number upon differentiation. The
values are expressed as the fold change in LEDGF binding, relative to either the shScramble control (panels F and G) or the H3.3 WT (panels I and J), which
were set to 1 for each primer pair. (H) A Western blot analysis was performed using antibodies to SETD2 and LEDGF, with GAPDH and Ku70 as loading
controls. The densitometry for the SETD2 depletion was carried out using ImageJ. The protein levels were normalized to Ku70 and expressed as the fold
change, relative to the UT T0 sample, which was set to 1. The densitometry for LEDGF was performed across three independent experiments using ImageJ.
The protein levels were normalized to GAPDH, with the UT T0 being set to 1. (K) A Western blot analysis was performed using antibodies to H3K36me3,
H3, and LEDGF, with Ku70 and GAPDH as loading controls. The densitometry for LEDGF was performed across three independent experiments using
ImageJ. The protein levels were normalized to GAPDH, with the values expressed as the fold change, relative to UT T0, which was set to 1. Statistical
significance was determined using a Student’s t test. The error bars represent the mean 6 the standard error. *, P # 0.05; **, P # 0.01; ***, P # 0.001; ****,
P # 0.0001; ns, not significant. Ca, calcium.

The SETD2/LEDGF/CtIP Axis Promotes HPV31 Replication Journal of Virology

May 2023 Volume 97 Issue 5 10.1128/jvi.00201-23 10

https://journals.asm.org/journal/jvi
https://doi.org/10.1128/jvi.00201-23


FIG 6 CtIP is recruited to HPV DNA in a SETD2-dependent and H3K36me3-dependent manner. (A–D) Human foreskin keratinocytes (HFKs), CIN612, and
HFK-31 cells were harvested as an undifferentiated sample (T0) or induced to differentiate in high calcium medium for 48 or 96 h. (A, B) A Western blot

(Continued on next page)
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in a G2-arrested environment (53). Previous studies showed that LEDGF depletion
results in an accumulation of cells in the S and G2 phases, indicating that the effect
observed on viral replication upon knockdown is not due to an indirect effect on the
cell cycle (38). Additionally, CtIP depletion has been shown to have little effect on the
cell cycle (54). Overall, these results indicate that LEDGF and CtIP play important roles
in promoting viral replication in differentiating cells, presumably through the repair of
damaged viral DNA via the recruitment of Rad51 (Fig. 9).

DISCUSSION

Previous studies from our lab established a critical role for HR repair factors in sup-
porting viral genome amplification in differentiating cells, including the MRN complex,
BRCA1, and Rad51 (23, 37, 43). In this study, we demonstrate that SETD2-mediated
H3K36me3 protects the genomic integrity of HPV31 upon differentiation through the
recruitment of Rad51. We demonstrate that LEDGF and CtIP bind to viral chromatin in
a SETD2-dependent and H3K36me3-dependent manner and are required for produc-
tive replication. In addition, we show that CtIP mediates the recruitment of Rad51 to vi-
ral DNA upon differentiation to support productive viral replication. Overall, our data
identify a novel role for SETD2-mediated H3K36me3 in the epigenetic regulation of the
viral life cycle by supporting the HR repair of viral DNA through the LEDGF-CtIP axis.

gH2AX accumulates on viral DNA upon differentiation, indicating that late viral events
result in DNA damage that must be repaired for the successful completion of the viral life
cycle. A critical role has been established for the ATM DNA damage response pathway in
the facilitation of viral genome amplification through epigenetic modifications of viral
chromatin, including the maintenance of H3K36me3 on viral chromatin (11, 30). In this
study, we have found that SETD2 depletion as well as H3.3K36M overexpression result in
the further accumulation ofgH2AX on viral DNA upon differentiation, and this is accompa-
nied by reduced Rad51 loading, which is suggestive of an increase in DNA damage due to
a failure to mediate HR repair. In contrast, in undifferentiated cells SETD2 depletion
resulted in reduced gH2AX and Rad51 on viral DNA, suggesting a potential deficiency in
DDR initiation on viral chromatin. These contrasting findings indicate that different mech-
anisms of DDR regulation are employed during episomal maintenance in undifferentiated
cells and productive replication upon epithelial differentiation. Additionally, we found that
H3.3K36M overexpression in undifferentiated cells reduced Rad51 loading on viral DNA
but had no effect on gH2AX accumulation, in contrast to that which was observed with
SETD2 depletion. These results suggest that SETD2 may be acting through two different
pathways to initiate DDR signaling (H3K36me3-independent) and promote Rad51 recruit-
ment (H3K36me3-dependent) to viral DNA in undifferentiated cells. SETD2 has been

FIG 6 Legend (Continued)
analysis was performed using antibodies to CtIP, involucrin as a differentiation control, and GAPDH as a loading control. The densitometry for CtIP was
performed across three independent experiments using ImageJ. The protein levels were normalized to GAPDH, and the values are expressed as the fold
change, relative to HFK cells at T0, which was set to 1. (C, D) Total RNA was extracted, and RT-qPCR was performed, using primers specific to CtIP. The fold
change was calculated using the 22DDCT method. The fold change, relative to HFK T0, which was set to 1, is shown. (E) Chromatin was harvested from
CIN612 cells that were undifferentiated (0 h) or differentiated in high-calcium medium for 72 h. ChIP was performed using an antibody to IgG or CtIP, and
this was followed by qPCR, using the indicated primer pairs to the HPV31 genome. Data from three independent experiments are represented as the fold
enrichment over the IgG control for each time point. The values for each time point were normalized to the input values that were amplified in parallel to
control for changes in the episome copy number upon differentiation. (F–I) CIN612 cells were left untreated or transiently transduced with a scramble
control shRNA (shScrm), shRNA specific to SETD2 (shSETD2), H3.3, or H3K36M for 72 h. Cells were harvested as an undifferentiated sample (T0) or induced
to differentiate in high calcium medium for 72 h. Protein and chromatin were harvested at each time point. (F, H) ChIP-qPCR was performed for CtIP, using
the indicated primer sets. To control for the viral copy number, ChIP data from three independent experiments were normalized to the input values that
were quantified in parallel. Values are expressed as the fold change in CtIP binding, relative to the shScramble control or H3.3WT, which were set to 1 for
each primer pair. (G) A Western blot analysis was performed using antibodies to CtIP and SETD2, with GAPDH as a loading control. The densitometry for
SETD2 protein levels was carried out using ImageJ. The protein levels were normalized to GAPDH and expressed as the fold change, relative to the UT T0
sample, which was set to 1. The densitometry for CtIP was performed across three independent experiments using ImageJ. The protein levels were
normalized to GAPDH and are expressed as the fold change, relative to UT T0, which was set to 1. (I) Western blotting was performed using antibodies to
CtIP, with GAPDH as a loading control. The densitometry for CtIP was performed across three experiments, as described above. (J) ChIP-qPCR for Nbs1 was
performed using the indicated primers to the HPV31 genome. ChIP data from three independent experiments were normalized to input values that were
quantified in parallel. Values are expressed as the fold change in Nbs1 binding, relative to the shScramble control, which was set to 1 for each primer pair.
Statistical significance was determined using a Student’s t test. Error bars represent the mean 6 the standard error. *, P # 0.05; **, P # 0.01; ***, P # 0.001;
****, P # 0.0001; ns, not significant. Ca, calcium.
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FIG 7 CtIP is required for Rad51 recruitment to viral DNA upon differentiation. (A–E) CIN612 cells were left untreated or transiently transduced with a
scramble control shRNA (shScrm) or shRNA specific to CtIP (shCtIP) for 72 h. Cells were harvested as an undifferentiated sample (T0) or induced to
differentiate in high calcium medium for 72 h. Protein and chromatin were harvested at each time point. (A, C, E) ChIP-qPCR was performed for gH2AX
(panel A), Rad51 (panel C), or LEDGF (panel E), using the indicated primer pairs to the HPV31 genome. To control for the viral genome copy number, ChIP
data from three independent experiments were normalized to input values that were quantified in parallel. Values are expressed as the fold change in
gH2AX, Rad51, or LEDGF binding, relative to the shScramble control, which was set to 1 for each primer pair. (B) A Western blot analysis was performed
using antibodies to CtIP, gH2AX, H2AX, involucrin as differentiation control, and GAPDH and Ku70 as loading controls. The CtIP knockdown efficiency was
determined via densitometry using ImageJ. The protein levels were normalized to GAPDH and expressed as the fold change, relative to UT T0, which was
set to 1. The densitometry for gH2AX and H2AX was performed across three independent experiments using ImageJ. The protein levels were normalized to
Ku70 and expressed as the fold change, relative to UT T0, which was set to 1. (D) Western blotting was performed using antibodies to Rad51 and GAPDH
as a loading control. The densitometry for Rad51 was performed across three independent experiments using ImageJ. The protein levels were normalized
to GAPDH, and the values were expressed as the fold change, relative to UT T0, which was set to 1. Statistical significance was determined using a
Student’s t test. Error bars represent the mean 6 the standard error. *, P # 0.05; **, P # 0.01; ns, not significant. Ca, calcium.
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linked to the activation of ATM and ATR in response to DSBs and replication stress, respec-
tively, both of which play a critical role in the replication of high-risk HPVs (15, 35, 55).
Both ATM and ATR can phosphorylate H2AX to initiate the recruitment of repair factors to
sites of damage (56). The ATM signaling pathway is specifically required for viral genome
amplification in differentiating cells (11). In contrast, ATR activity is essential for viral repli-
cation during both the maintenance and productive phases of the life cycle (12–14). HPV
replication in undifferentiated cells occurs in a bidirectional manner that is thought to be

FIG 8 LEDGF and CtIP are required for productive replication. (A–C) CIN612 cells were left untreated (UT) or
transiently transduced with either the scramble control shRNA (shScrm), shRNAs to LEDGF (shLEDGF), or CtIP (shCtIP)
for 72 h. Cells were harvested as an undifferentiated sample (T0) or induced to differentiate in methylcellulose (MC)
for 48 h. Protein and DNA were harvested at the indicated time points. (A) A Western blot analysis was performed
using the indicated antibodies, with GAPDH as a loading control. The densitometry for CtIP and LEDGF knockdown
was carried out using ImageJ. The protein levels were normalized to GAPDH and expressed as the fold change,
relative to the UT T0, which was set to 1. (B) A Southern blot analysis was performed on DNA digested with BamHI
(viral DNA noncutter) or HindIII (viral DNA single cutter, linear) to analyze the episomal copy number, using a P32-
labeled HPV31 genome as a probe. (C) The densitometry of the episomal bands in panel B across three independent
experiments was performed using ImageJ. The values represent the average fold change in episomes, relative to UT
T0, which was set to 1. Statistical significance was determined using a one-way analysis of variance (ANOVA). Error
bars represent the mean 6 the standard error. **, P # 0.01; ***, P # 0.001; ns, not significant. (D–F) CIN612 cells
were left untreated (UT) or transiently transduced with either the control scramble shRNA (shScrm) or shRNAs to
CtIP (shCtIP) for 72 h. Cells were harvested as an undifferentiated sample (T0) or induced to differentiate in high
calcium medium for 72 h. (D) A Western blot was performed using antibodies to CtIP, involucrin as differentiation
control, and GAPDH as a loading control. The densitometry for CtIP protein levels was carried out using ImageJ. The
protein levels were normalized to GAPDH and expressed as the fold change, relative to the undifferentiated
untreated sample (UT T0), which was set to 1. (E, F) The Southern blot analysis, densitometry of episomal bands, and
statistical analysis were performed as described in panels B and C. Ca, calcium.
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inefficient and to result in stalled replication forks (57). Indeed, components of the ATR
response localize to HPV replication foci, indicating that stress occurs on viral DNA during
replication (23, 58). A recent study showed that SETD2 promotes ATR activation in response
to replication stress through the trimethylation of H3K14 (55). Whether SETD2 deficiency
impairs the activation of ATR on viral DNA in undifferentiated cells as well as whether this
occurs in an H3K14me3-dependent manner are subjects for future investigations.

Increasing evidence supports a role for chromatin marks that are placed independently of
DNA damage in the regulation of HR repair (47). Indeed, SETD2-mediated H3K36me3 plays a
critical role in the repair of DSBs in actively transcribed genes (34, 38, 59). Transcription-associ-
ated DSBs most commonly occur due to collisions between replication and transcription ma-
chinery (60). Epithelial differentiation triggers productive replication as well as the activation of
the late promoter, which drives high levels of late genes that facilitate viral genome amplifica-
tion as well as L1 and L2 to encapsidate newly synthesized viral genomes (20). A recent study
from the McBride lab demonstrated that the sites of HPV31 replication and transcription are
spatially separated upon differentiation, with replication machinery being located within the
cores of the HPV DNA foci and the transcription complexes being localized to the periphery
(61). These results suggest that newly synthesized viral genomes are shuttled to the outside of
the replication foci to serve as the templates for transcription. The spatial separation of viral
transcription and DNA synthesis may serve to protect highly transcribed viral genes from
codirectional as well as head-on transcription-replication collisions (TRC) and DNA damage
(62). However, our finding that transient transcription inhibition reduces Rad51 recruitment to
viral DNA upon differentiation suggests that viral replication, transcription, and DNA repair are
linked. SETD2-mediated H3K36me3 is placed during transcription elongation and is required
for Rad51 recruitment, further linking transcription to the establishment of the chromatin state

FIG 9 Model for Rad51 recruitment to viral DNA via SETD2-mediated H3K36me3. During the productive
phase of the viral life cycle, the SETD2-mediated placement of H3K36me3 on the transcriptionally active
viral genes directs the constitutive binding of LEDGF. In response to DNA damage, LEDGF recruits CtIP to
viral DNA, which facilitates the resection of double-strand breaks (DSB) and the initiation of HR repair.
RPA-coated single-strand DNA is replaced by Rad51, which directs the repair of damaged viral DNA,
which, in turn, supports productive viral replication. Created with BioRender.com.
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that supports the HR repair of damaged viral DNA. HPV replication is thought to shift from a
bidirectional mode in undifferentiated cells to a recombination-dependent, unidirectional
mode upon differentiation (63). The transition from bidirectional to unidirectional replication
at the onset of differentiation, coupled with the activation of late gene expression, may lead
to a significant overlap between active transcription and replication sites, thereby leading to
TRCs that render the viral genome susceptible to replication stress and genomic instability
(60). How unidirectional replication is coordinated with transcription, and whether this results
in an overlap of transcription and replication sites that can result in TRCs, is currently unclear.

Our findings demonstrate a novel role for LEDGF and CtIP in HPV replication, with
both DDR factors being required for productive replication upon differentiation.
Previous studies demonstrated that LEDGF levels are increased at the protein and
mRNA levels in an E6/E7-dependent manner in cervical carcinoma cell lines containing
integrated HPV genomes as well as in biopsy specimens of premalignant lesions and
cervical cancers (48). LEDGF is overexpressed in numerous human cancers and helps
promote cell survival in response to cellular stresses (64–68). LEDGF also plays an im-
portant role in HR repair via the recruitment of CtIP (38, 39). Our studies indicate that
LEDGF levels are elevated throughout the viral life cycle in cervical and foreskin kerati-
nocytes that stably maintain HPV31 episomes. We have found that LEDGF is bound to
viral DNA in a SETD2-dependent and H3K36me3-dependent manner, indicating a
direct role in the regulation of viral replication. Interestingly, LEDGF binding increases
on viral DNA upon differentiation, despite our previous observation that H3K36me3
enrichment on HPV genomes is similar in undifferentiated and differentiated cells (30).
One possibility is that other H3K36me3 effectors are present at higher levels in undif-
ferentiated cells that outcompete LEDGF for binding to viral DNA. Indeed, a recent
study showed that a decrease in the levels of the H3K36me3 effector FACT (facilitates
chromatin transcription), which is a histone chaperone, allows for the recruitment of
LEDGF and its family member HDGF2 to H3K36me2/me3 via their PWWP domains (69).
Whether competition occurs between effector proteins for binding to H3K36me3 on vi-
ral chromatin and how this changes over the course of the viral life cycle is an interest-
ing avenue for future investigation.

In response to DNA damage, CtIP phosphorylation by ATM and ATR promotes its stable
association with chromatin to initiate DSB end resection in conjunction with the Mre11
nuclease as well as through its association with BRCA1 (49, 70, 71). We have found that
CtIP is recruited specifically to viral DNA upon differentiation in a SETD2-dependent and
H3K36me3-dependent manner as well as that CtIP depletion prevents the recruitment of
Rad51 to viral DNA and blocks productive replication. We previously demonstrated that
RPA phosphorylated on Ser33, which is a target of ATR and a marker of end resection (72,
73), and localized to sites of HPV31 replication upon differentiation (23). Furthermore, we
found that the nuclease activity of Mre11 is required for productive replication (43). These
findings, coupled with the CtIP-dependent recruitment of Rad51 to viral DNA, indicate
that resection occurs on viral DNA upon differentiation and is necessary for successful viral
genome amplification. Interestingly, although SETD2 knockdown and H3K36me3 defi-
ciency resulted in reduced Rad51 recruitment to viral DNA in undifferentiated cells, CtIP
depletion had no effect on Rad51 binding. These findings further support an alternative
mechanism of SETD2-dependent Rad51 recruitment to viral DNA in undifferentiated cells
that is independent of resection. In addition to the methylation of H3K14, SETD2 facilitates
the response to replication stress through the recruitment of PALB2 to MRG15-bound
H3K36me3 (41). PALB2 physically links BRCA1 and BRCA2 at sites of DNA damage to facili-
tate the loading of Rad51 onto ssDNA at resected DSBs or stalled replication forks (42).
The constitutive tethering of PALB2 to MRG15-H3K36me3 at undamaged chromatin allows
a rapid response to DNA stress in active genes by linking BRCA1 and BRCA2 to load Rad51
and facilitate the protection and/or the repair of nearby stressed replication forks (74).
Whether the H3K36me3-MRG15-PALB2 axis plays a role in promoting Rad51 recruitment
to viral DNA during the maintenance phase of HPV replication is a subject of future
studies.
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We have found that CtIP protein levels decline drastically upon differentiation, yet
CtIP recruitment to viral DNA increases. Previous studies from the Laimins lab showed
that cellular DSBs increase in HPV31-positive cells upon differentiation, but HR factors
are preferentially recruited to viral DNA (75). The mechanism that regulates this preferen-
tial recruitment is currently unknown. However, recent studies showed that high-risk E7
proteins directly interact with the RNF168 ubiquitin ligase, thereby resulting in disrupted
repair at cellular DSBs (74). RNF168 is recruited to DSBs in response to ATM signaling
and is the rate-limiting factor in the recruitment of DDR proteins to sites of DNA damage
(76). In response to DNA damage, RNF168-mediated H2AK15ub recruits 53BP1, which
promotes error-prone NHEJ by blocking DSB end resection (77). However, in the S and
G2 phases, RNF168-mediated H2AK15ub at DSB sites promotes HR through the recruit-
ment of BRCA1, which overcomes the anti-resection activity of 53BP1(78). 53BP1 as well
as BRCA1 localize to sites of productive replication (23), indicating that RNF168 is active
on viral chromatin. RNF168 is required for productive replication; however, the mecha-
nism by which RNF168 contributes to viral replication is currently unclear (74). Our find-
ing that CtIP is recruited to viral DNA suggests that the resection barrier is overcome.
One possibility is that the E7-RNF168 interaction serves to direct ubiquitin machinery to
damaged viral DNA, thereby providing a mechanism by which the 53BP1 anti-resection
barrier can be overcome through the recruitment of BRCA1. DNA damage-induced his-
tone modifications on viral DNA may work in concert with H3K36me3 that is placed dur-
ing transcription elongation to direct repair to HR and protect viral genome integrity
during the productive phase of the viral life cycle.

Although we have uncovered essential roles for LEDGF and CtIP in HPV replication, our
findings do not exclude the possibility that other H3K36me3 effectors also contribute to vi-
ral replication. Besides HR repair, SETD2 also promotes genome stability through the mis-
match repair (MMR) pathway via the binding of H3K36me3 effector MSH6, which is a com-
ponent of the MMR MutSa complex (79). However, the importance of MMR factors in HPV
replication is currently unknown. In addition, the H3K36me3 binding factor DNA methyl
transferase 3B (DNMT3B) protects against cryptic transcription initiation by protecting the
gene body from the spurious entry of RNAPII (80). SETD2 may protect the fidelity of the ini-
tiation of transcription on viral chromatin via DNA methylation through DNMT3B over viral
gene bodies. Furthermore, H3K36me3 provides a docking site for the chromatin adapter
proteins MRG15 and p52, which subsequently recruit splicing factors (e.g., PTB, SRSF1, and
SRSF3) that have been implicated in the splicing of HPV RNAs (81–83). We previously found
that SETD2 regulates HPV31 gene expression through the splicing of the L1 RNA and that
H3K36me3 peaks over the most commonly used 39 splice acceptor site (SA3295) that is
located at the 39 end of the E4 open reading frame (30). However, whether H3K36me3 reg-
ulates the recruitment of splicing factors to the HPV genome is currently unknown.

Our studies have identified a mechanism by which SETD2-mediated H3K36me3 on
viral chromatin epigenetically regulates the HPV31 life cycle through the recruitment
of Rad51 via the LEDGF-CtIP pathway. The targeting of deregulated epigenetic path-
ways is emerging as a promising therapy (84, 85). Understanding how SETD2 regulates
the viral life cycle through the binding of alternative H3K36me3 effector proteins to vi-
ral chromatin will provide insights regarding the identification of novel therapeutic tar-
gets with which to block viral replication for the treatment of HPV-associated diseases.
In addition, SETD2 is considered to be a tumor suppressor and is frequently mutated in
human cancers (31–33, 86, 87). However, our previous and current studies indicate
that high-risk HPVs increase SETD2 protein levels and use SETD2 activity to support the
viral life cycle, which may promote viral persistence and genomic instability, which are
major risk factors in cancer development.

MATERIALS ANDMETHODS
Cell culture. Human foreskin keratinocytes (HFKs) were isolated from neonatal foreskin tissue and

maintained in DermaLife keratinocyte growth medium (KGM; LifeLine Cell Technology), as previously
described (52). HFKs maintaining wild-type HPV31 (HFK-31) were generated as previously described (88).
HFK-31 and CIN612 cell lines were cultured in E medium supplemented with 5 ng/mL mouse epidermal

The SETD2/LEDGF/CtIP Axis Promotes HPV31 Replication Journal of Virology

May 2023 Volume 97 Issue 5 10.1128/jvi.00201-23 17

https://journals.asm.org/journal/jvi
https://doi.org/10.1128/jvi.00201-23


growth factor (EGF, BD Biosciences) in the presence of mitomycin C-treated J2 3T3 fibroblast feeder cells,
as previously described (52). J2 fibroblast feeder cells were removed from HPV-positive cells via incuba-
tion in Versene (phosphate-buffered saline [PBS] supplemented with 1 mM EDTA) as necessary.

Keratinocyte differentiation. To induce differentiation in methylcellulose, CIN612 cells were sus-
pended in 1.5% methylcellulose, as previously described (52). For high calcium-induced differentiation,
subconfluent cells were cultured in serum-free keratinocyte basal medium (KBM, Lonza) containing
growth supplements overnight, and they were then changed to KBM media (without supplements) con-
taining 1.5 mM calcium chloride and cultured for 48, 72, or 96 h, as previously described (11). DNA, RNA,
and protein were harvested at the indicated time points for further analysis.

Lentivirus production and transduction. Validated lentiviral shRNAs and a scramble nontarget con-
trol shRNA were obtained from the UNC-Chapel Hill Lentiviral Core Facility (shSETD2, TRCN0000237837
[30]; shLEDGF, TRCN0000074819 [51]; shCtIP, TRCN0000005403 [50]). The H3.3 and H3.3K36M lentiviral
plasmids were kind gifts from David Allis (45). Lentiviral plasmid was cotransfected into 293T cells that
were cultured in Dulbecco’s modified Eagle’s medium (DMEM) supplemented with 10% fetal bovine serum
(FBS), along with psPAX2-Gag-Pol-Tet-Env plasmid DNA and pMD2.G-vesicular stomatitis virus G (VSG-G)
envelope expressing plasmid DNA using polyethyleneimine (PEI). Supernatants containing lentivirus were
harvested at 72 h posttransfection. CIN612 cells were transduced with 5 mL viral supernatant containing
4 mg/mL Polybrene (Sigma). 24 h postransduction, the viral supernatants were replaced with E media, and
J2 fibroblast feeder cells were added. The cells were allowed to grow for 48 h and were either harvested as
an undifferentiated sample or induced for differentiation.

EU incorporation and immunofluorescence (IF). CIN612 cells were grown on coverslips in the pres-
ence of vehicle control (H2O) or the transcription inhibitor a-amanitin (4mg/mL) for 17 h prior to harvest,
as described previously (89). EU incorporation assays were performed using a Click-iT RNA Alexa Fluor
594 Imaging Kit (ThermoFisher, number C10330), according to the manufacturer’s instructions. Briefly,
cells were incubated with 1 mM EU for 1 h prior to harvest. At T0 (undifferentiated) and 72 h postcalcium
induced differentiation, the cells were washed three times in phosphate-buffered saline (PBS), fixed in
4% paraformaldehyde in PBS for 10 min at room temperature, and then permeabilized in 0.5% Triton X-
100-PBS for 10 min at 4°C. Following three PBS washes, the Click-iT reaction was performed for 30 min
at room temperature, per the manufacturer’s instructions (ThermoFisher). The cells were then washed in
PBS and were subsequently blocked in PBS containing 5% bovine serum albumin (BSA) for 1 h at room
temperature. The primary antibody to gH2AX(S139) (Cell Signaling, number 2577) was diluted in PBS
containing 5% BSA and incubated on coverslips overnight at 4°C. The samples were then washed in PBS
and stained with Alexa Fluor 488 anti-rabbit antibody (Invitrogen) for 1 h at room temperature. Cellular
DNA was counterstained with 4,6-diamidino-2-phenylindole (DAPI), and the coverslips were mounted in
Vectashield (Vector Laboratories). Confocal images were acquired using an LSM 710 confocal laser-scan-
ning microscope (Zeiss) and were processed using the Zeiss Zen software package.

Western blot.Whole-cell lysates were collected by lysing cell pellets in RIPA lysis buffer (50 mM Tris [pH
7.5], 150 mM NaCl, 1 mM EDTA, 1% Nonidet P-40, 0.1% SDS) supplemented with the cOmplete Mini prote-
ase inhibitor (Roche) and PhoSTOP phosphatase inhibitor tablets (Roche). For urea solubilization, insoluble
cell pellets were resuspended in 8 M urea, 10% b-mercaptoethanol, and 2 mM PMSF, and they were rotated
at 37°C for 30 min. An equal amount of protein was electrophoresed using SDS-polyacrylamide gels, and the
protein was subsequently transferred to polyvinylidene difluoride (PVDF) membranes (Millipore). The follow-
ing antibodies were used: SETD2 (a kind gift from Brian Strahl, Epicypher),gH2AX(S139) (Cell Signaling, num-
ber 2577), H2AX (Cell Signaling, number 2595), LEDGF (Cell Signaling, number 2088), CtIP (Cell Signaling,
number 9201), H3K36me3 (D5A7) (Cell Signaling, number 4909), histone H3 (Cell Signaling, number 3638),
Rad51 (Abcam, number ab133534), Nbs1 (Novus Biologicals, number NB100-60654), GAPDH (Santa Cruz,
number sc-365062), Ku70 (Santa Cruz, number sc-5309), Involucrin (Santa Cruz, number sc-398952), Loricrin
(Novus Biologicals, number NBP1-33610), and Filaggrin (Santa Cruz, number sc-80609). The membranes
were then incubated with horseradish peroxidase (HRP)-conjugated secondary antibodies (GE Life Sciences)
for 1 h at room temperature. Western blots were developed using the Clarity Western ECL blotting substrate
(Bio-Rad). Images were captured using either autoradiography film or a Bio-Rad ChemidocMP imaging sys-
tem. The images were analyzed using the Bio-Rad ImageLab 6.1 software package. All of the Western blots
that are shown are representative images of three independent experiments.

DNA extraction and Southern blot. DNA extraction and Southern blotting were performed as pre-
viously described (90). Briefly, cell pellets were resuspended in DNA lysis buffer (400 mM NaCl, 10 mM
Tris [pH 7.5], 10 mM EDTA) and incubated with 50 mg/mL RNaseA at room temperature for 15 min. Cell
suspensions were then treated with 0.2% SDS and 50mg/mL proteinase K and were incubated overnight
at 37°C. DNA was then extracted using phenol chloroform and precipitated using sodium chloride and
ethanol. 3 mg of DNA were digested using BamHI (does not cut the HPV31 genome) or HindIII (linearizes
the HPV31 genome) (New England BioLabs). Digested DNA was separated on an 0.8% agarose gel for
18 h at 35 V, transferred to a positively charged nylon membrane (Millipore), and subsequently hybri-
dized to a radioactive DNA probe that consisted of a 32P-labeled linearized HPV31 genome.

Real-time PCR. Total RNA was extracted using RNA Stat 60 (Tel-Test Inc.), and this was followed by
DNase digestion (Invitrogen). cDNA was prepared using a Superscript VILO Reverse Transcription Kit
(Invitrogen), according to the manufacturer’s instructions. qPCR was performed in triplicate using 50 ng of
cDNA and an Applied Biosystems QuantStudio 6 Flex real-time PCR thermal cycler (Life Technologies) and
SsoAdvanced Universal SYBR Supermix (Bio-Rad). The thermal profile used for the PCR is as follows: 10 min
denaturation at 95°C, followed by 40 cycles of 95°C for 15 s and 60°C for 30 s. Melt curves were subsequently
performed to ensure proper primer annealing. Relative transcript levels were determined using the threshold
cycle method (22DDCT), using GAPDH as an endogenous control gene. The primer sequences are as follows:
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LEDGF forward, 59-CAAGGGAAGAAAGGGCCAAACA-39; LEDGF reverse, 59-CGTGCTGGCTTCATGGTTGT-39; CtIP
forward, 59-AGGGCGAAAGAGAAAAGCGA-39; CtIP reverse, 59-TGGACAGGTCAAATACCGCC-39; GAPDH for-
ward, 59-CTGTTGCTGTAGCCAAATTCGT-39; and GAPDH reverse, 59-ACCCACTCCTCCACCTTTGAC-39.

Chromatin immunoprecipitation (ChIP). ChIP was performed as previously described (91). Briefly,
CIN612 cells were fixed with 1% formaldehyde for 10 min and were then washed three times in ice cold PBS
and suspended in collection buffer (100 mM Tris-HCl [pH 9.4], 10 mM DTT supplemented with the COMPLETE
protease inhibitor cocktail [Roche]). The cells were subsequently washed with NCP1 buffer (10 mM EDTA,
0.5 mM EGTA, 10 mM HEPES [pH 6.5], 0.25% Triton X-100) and NCP2 buffer (1 mM EDTA, 0.5 mM EGTA,
10 mM HEPES [pH 6.5], 200 mM NaCl) and resuspended in lysis buffer (0.5% Empigen BB, 1% sodium dodecyl
sulfate, 10 mM EDTA, 50 mM Tris-HCl [pH 8.0] supplemented with the COMPLETE protease inhibitor cocktail
[Roche]). The chromatin was then sonicated for 45 cycles (30 s on, 30 s off) using a Diagenode Bioruptor. The
soluble chromatin was incubated overnight at 4°C with 2 mg of antibodies againstgH2AX (Millipore, number
05-636-I), LEDGF (Bethyl, number A300-847A), Rad51 (Millipore, number 05-530-I), CtIP (Novus, number NBP1-
41205), Nbs1 (Novus, number NB100-60654), or control IgG (Cell Signaling, number 2729) and 20 mL of pre-
blocked Dynabeads Protein G (Invitrogen) in IP buffer (1% Triton X-100, 0.1% sodium deoxycholate, 10 mM
EDTA, 50 mM Tris-HCl [pH 8.0]). The immune complexes were washed eight times with RIPA buffer (50 mM
HEPES [pH 8.0], 1 mM EDTA [pH 8.0], 1% NP-40, 0.7% deoxycholate, 0.5 M LiCl supplemented with protease in-
hibitor), and this was followed by TE buffer. The complexes were then eluted twice with 50mL of elution buffer
(10 mM Tris [pH 8.0], 1 mM EDTA, 10% SDS) at 65°C for 10 min each. The input samples were purified from
10% of the original lysates. Reverse cross-linking was performed by incubating the samples at 65°C
overnight. The samples were then purified using a Qiagen DNA Purification Kit, according to the
manufacturer’s instructions. The input and immunoprecipitated DNA were subjected to qPCR, as
described above, using the following primers to the HPV31 open reading frames or the URR: E1 for-
ward, 59-ATGTCCATGGGACAGTGGAT-39; E1 reverse, 59-CTTTACTATGTCCCTCCAGTCACC-39; E5 for-
ward, 59-CGGTCCAAACGCTCTACAA-39; E5 reverse, 59-GTACCTGCTGCTTTACATGTTTGA-39; L1 forward,
59-CCACCTGTCCCAGTGTCTAAA-39; L1 reverse, 59-GCCTGCGTGATAATATATGTTGG-39; URR forward,
59-GGCAGGATATAGGGCACGTC-39; and URR reverse, 59-GCTGGTGTAGTGGTAGATGCTG-39. Each inde-
pendent experiment was performed in a technical triplicate and the data are shown as the means 6 the
standard deviations of three independent experiments.
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