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ABSTRACT

Activation of the ATM (ataxia telangiectasia-mutated kinase)-dependent DNA damage response (DDR) is necessary for produc-
tive replication of human papillomavirus 31 (HPV31). We previously found that DNA repair and homologous recombination
(HR) factors localize to sites of HPV replication, suggesting that ATM activity is required to recruit factors to viral genomes that
can productively replicate viral DNA in a recombination-dependent manner. The Mre11-Rad50-Nbs1 (MRN) complex is an es-
sential component of the DDR that is necessary for ATM-mediated HR repair and localizes to HPV DNA foci. In this study, we
demonstrate that the HPV E7 protein is sufficient to increase levels of the MRN complex and also interacts with MRN compo-
nents. We have found that Nbs1 depletion blocks productive viral replication and results in decreased localization of Mre11,
Rad50, and the principal HR factor Rad51 to HPV DNA foci upon differentiation. Nbs1 contributes to the DDR by acting as an
upstream activator of ATM in response to double-strand DNA breaks (DSBs) and as a downstream effector of ATM activity in
the intra-S-phase checkpoint. We have found that phosphorylation of ATM and its downstream target Chk2, as well as SMC1
(structural maintenance of chromosome 1), is maintained upon Nbs1 knockdown in differentiating cells. Given that ATM and
Chk2 are required for productive replication, our results suggest that Nbs1 contributes to viral replication outside its role as an
ATM activator, potentially through ensuring localization of DNA repair factors to viral genomes that are necessary for efficient
productive replication.

IMPORTANCE

The mechanisms that regulate human papillomavirus (HPV) replication during the viral life cycle are not well understood. Our
finding that Nbs1 is necessary for productive replication even in the presence of ATM (ataxia telangiectasia-mutated kinase) and
Chk2 phosphorylation offers evidence that Nbs1 contributes to viral replication downstream of facilitating ATM activation.
Nbs1 is required for the recruitment of Mre11 and Rad50 to viral genomes, suggesting that the MRN complex plays a direct role
in facilitating productive viral replication, potentially through the processing of substrates that are recognized by the key homol-
ogous recombination (HR) factor Rad51. The discovery that E7 increases levels of MRN components, and MRN complex forma-
tion, identifies a novel role for E7 in facilitating productive replication. Our study not only identifies DNA repair factors neces-
sary for HPV replication but also provides a deeper understanding of how HPV utilizes the DNA damage response to regulate
viral replication.

Human papillomaviruses (HPVs) are small double-stranded
DNA viruses that exhibit a strict tropism for epithelial cells

(1). A subset of HPV types (termed high-risk HPVs) are the caus-
ative agents of cervical cancer and are also associated with other
genital malignancies, as well as an increasing number of head and
neck cancers (2). The life cycle of HPV is dependent upon the
differentiation of its host cell, the keratinocyte. There are three
phases of viral replication that characterize the viral life cycle (3).
Upon infection of basal keratinocytes, the virus transiently ampli-
fies to 50 to 100 episomal copies per cell. In undifferentiated cells,
the virus is maintained at a low copy number by replicating once
per cell cycle along with cellular DNA (4). In contrast, upon kera-
tinocyte differentiation, the productive phase of the viral life cycle
is activated, resulting in late gene expression, viral genome ampli-
fication to thousands of copies per cell, and virion assembly and
release (1). Viral genome amplification is thought to occur
through multiple rounds of replication following cellular DNA
synthesis in cells arrested in an S- or G2-like environment (5–8),
with some evidence indicating that this occurs through a switch to
rolling circle replication (9). Although it is well established that
the viral E7 protein promotes S-phase reentry of differentiating
cells to provide cellular factors necessary for productive replica-

tion (10), the mechanisms that regulate the switch to viral genome
amplification in differentiating cells are not well understood.

Over the past several years, it has become evident that DNA
and RNA viruses facilitate replication by targeting the DNA
damage response (DDR) (11). Previously, we showed that high-
risk HPV31 induces constitutive activation of an ATM (ataxia
telangiectasia-mutated kinase)-dependent DNA damage response
throughout the viral life cycle (12). ATM is a member of the phos-
phatidylinositol 3-kinase-like kinase (PIK) family of kinases,
which along with ATR (ataxia telangiectasia and Rad3-related
protein) and DNA-PK, respond to certain types of DNA damage
(13). ATM and DNA-PK are typically activated in response to
double-strand DNA breaks (DSBs), while ATR is activated in re-
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sponse to single-stranded DNA breaks, as well as replication
stress. Our previous studies demonstrated that HPV31 requires
ATM kinase activity for productive replication upon differentia-
tion but not for episomal maintenance in undifferentiated cells
(12). In HPV31-positive cells, the ATM response was character-
ized by phosphorylation of downstream targets, including Chk2,
Nbs1, and Brca1 (12). Similarly to inhibition of ATM, Chk2 inhi-
bition also blocked productive replication, indicating an impor-
tant role for ATM signaling specifically during the differentiation-
dependent phase of the viral life cycle. How HPV activates ATM is
currently unclear, though we have found that E7 expression alone
is sufficient to induce activation of ATM targets (12), possibly
through the induction of replication stress and DNA damage (14,
15). Recent studies by Hong and Laimins demonstrated that
E7-induced STAT5 activation is necessary for ATM activation,
possibly through peroxisome proliferator-activated receptor �
(PPAR�) expression (16). We, as well as others, have shown that
expression of viral helicase E1 can also stimulate ATM activation
(8, 17). Why HPV requires ATM activity for productive replica-
tion, as well as which ATM effectors contribute to viral DNA syn-
thesis, is not well understood.

In more recent studies, we demonstrated that multiple compo-
nents of the ATM DNA damage response pathway localize to sites
of HPV replication, including �H2AX, Chk2, and 53BP1 and
components of the MRN complex (Mre11, Rad50, and Nbs1)
(18). In addition, we found that Rad51 and Brca1, two proteins
necessary for the repair of DSBs through homologous recombina-
tion (HR) (19), are increased in expression in HPV-positive cells
and localize to viral DNA foci. The localization of cellular replica-
tion factors, PCNA and RPA32, to HPV DNA foci indicated that
these were sites of viral DNA synthesis. In addition, we observed
that RPA32 is phosphorylated at sites of HPV replication, which is
thought to redirect the function of replication protein A (RPA)
from DNA replication to repair synthesis and has been linked to
DSB resection (20–22). This suggests that HPV may utilize ATM
signaling to recruit DNA repair machinery to viral genomes to
promote replication through DNA repair. In support of this, we
found that �H2AX is bound to viral chromatin throughout the
viral life cycle, with binding increasing upon productive replica-
tion (18).

Increasing evidence suggests a role for recombination in HPV
replication (23). Indeed, the localization of Rad51 and Brca1 to
sites of HPV DNA synthesis suggests that productive replication
may result in structures that require HR for processing. HR is a
high-fidelity repair mechanism that requires ATM activity and
functions to rejoin DSBs and restart broken replication forks (19,
24). Replication-coupled recombination is thought to play a role
in the life cycles of several viruses, including simian virus 40
(SV40) (25), herpes simplex virus 1 (HSV-1) (26–28), Epstein-
Barr virus (EBV) (29, 30), and Kaposi’s sarcoma-associated her-
pesvirus (KSHV) (31). The MRN complex is also essential to ho-
mology-directed repair (32). The MRN complex serves as a sensor
of DNA damage that also controls the DNA damage response
(DDR) through activation of ATM (33–35). ATM is recruited to
sites of DSBs by directly binding Nbs1, where ATM activates the
DNA damage checkpoint and regulates DNA repair by phospho-
rylating specific substrates (36–38). In addition to facilitating
ATM activation and recruitment to DSBs, Nbs1 also acts down-
stream as an effector of ATM activity and initiates HR with Mre11,
a nuclease involved in resection of DNA ends (22, 39). The impor-

tance of Nbs1 in facilitating DNA repair is evident in patients with
Nijmegen breakage syndrome (NBS), a disorder due to hypomor-
phic mutations in the Nbs1 gene, which is characterized by cellular
radiosensitivity, cell cycle abnormalities, and a defective response
to DNA damage (40–42). Several viruses have been shown to re-
localize and/or degrade components of the MRN complex to fa-
cilitate viral replication (11). In addition, the SV40 large T antigen
(43), as well as the HSV protein UL12 (44), has been shown to
interact with MRN components. Our previous studies demon-
strated that HPV-positive cells exhibit high levels of MRN com-
ponents throughout the viral life cycle (12), which may be impor-
tant in HPV’s ability to activate ATM, and therefore contribute to
efficient viral replication upon differentiation.

In this study, we investigate whether Nbs1 and maintenance of
the MRN complex have an impact on the ability of HPV to effi-
ciently replicate. We report here that HPV31 and HPV16 E7 bind
to the MRN components Nbs1 and Rad50 but not Mre11. How-
ever, formation of the MRN complex is not disrupted and rather is
increased compared to uninfected keratinocytes. We have found
that Nbs1 is required for productive viral replication but not epi-
somal maintenance. Depletion of Nbs1 results in a loss of Mre11
and Rad50 as well as Rad51 from sites of viral replication upon
differentiation, suggesting that productive replication may occur
through a mechanism dependent on recombination. Although
phosphorylation of ATM and Chk2 is decreased in the absence of
Nbs1, relatively high levels remain during the productive phase of
the viral life cycle. Importantly, our results indicate that Nbs1 does
not contribute to productive viral replication solely as an up-
stream regulator of ATM activity but rather has functions down-
stream as well, with Nbs1 potentially acting as an effector of ATM
activity and/or ensuring efficient viral DNA synthesis through a
recombination-dependent mechanism.

MATERIALS AND METHODS
Cell culture. Human foreskin keratinocytes (HFKs) were collected from
neonatal foreskin tissue as described previously (45) and were maintained
in Dermalife keratinocyte growth medium (KGM; Lifeline Cell Technol-
ogy). The human cervical carcinoma cell line C33A was grown in Dulbec-
co’s modified Eagle medium (DMEM) supplemented with 10% bovine
growth serum (BGS) (Life Technologies). CIN612 9E cells, which are
derived from a CIN1 biopsy specimen and stably maintain HPV31 ge-
nomes, were grown in E medium supplemented with 5 ng/ml mouse
epidermal growth factor (BD Biosciences) and cocultured with mitomy-
cin C-treated J2 3T3 fibroblasts, as described previously (45). The NBS-
ILB1 fibroblast cell line was a generous gift from K. Cerosaletti and was
described previously (46). NBS-ILB1 cells were maintained in DMEM
with sodium pyruvate supplemented with 10% BGS. Generation and
maintenance of cells stably expressing pLXSN or pLXSN-HPV31 E7 or
pLXSN-HPV16 E7 through retroviral transduction have been previously
described (47). When necessary, J2 feeders were removed from HPV-
positive cells by incubation with 1 mM EDTA in phosphate-buffered sa-
line (PBS). U20S and 293T cells were grown in DMEM supplemented
with 10% BGS.

Plasmids and chemicals. The pBR322 min-HPV31 plasmid has been
described previously (48). The hemagglutinin (HA)-tagged HPV31 E7
proteins were previously described (49) and are as follows: HA-E7
�LHCYE contains an in-frame deletion of the Rb binding domain, and
the HA-E7 L67R construct contains a point mutation in the histone
deacetylase (HDAC) binding site, converting a leucine to an arginine. The
TAP-tagged HPV16 E7 construct was generously provided by J. Bodily
and was described previously (50). The retroviral plasmids pLXIN and
pLXIN-Nbs1 and those expressing Nbs1 truncation mutants (Nbs1 652
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and Nbs1 �ATM) were kind gifts from P. Concannon and were described
previously (51, 52). The pLXIN-Nbs1 FR5 deletion construct was ob-
tained from K. Cerosaletti and was described previously (52). The Mre11
binding mutant was also obtained from K. Cerosaletti and was generated
by site-directed mutagenesis (QuikChange; Agilent Technologies) based
on the identification of the Mre11 binding domain by You et al. (53),
resulting in an NFKK684-687AAAA conversion. KU-55933 was obtained
from Calbiochem, and Mirin was obtained from Tocris.

Generation of HPV31-positive HFKs. HFKs stably maintaining
HPV31 episomes were created as previously described (45). Briefly,
HPV31 genomes were excised from the pBR322 plasmid using HindIII
(New England BioLabs) and religated using T4 DNA ligase (Life Technol-
ogies). Primary HFKs were transfected with 1 �g of the ligated genomes
and 1 �g pSV2-Neo using FuGene 6 according to the manufacturer’s
instructions (Promega). Stable cell lines were generated through neomy-
cin selection (Sigma-Aldrich). After selection was complete, pooled pop-
ulations were expanded for further analysis.

Induction of keratinocyte differentiation. For differentiation, 1.5%
methylcellulose was used as described previously (54). Cells were har-
vested at T0 (undifferentiated), as well as 24 and 48 h postsuspension.
High-calcium medium was also used to induce differentiation as previ-
ously described (7). Cells were harvested at T0, as well as 48, 72, or 96 h
after exposure to high calcium. For both methylcellulose and calcium, at
each time point DNA was harvested from one half of the cells, and protein
was harvested from the other half. For every experiment, viral genome
amplification was measured by Southern blotting to ensure activation of
the productive phase of the viral life cycle.

Generation of lentivirus. Lentivirus was produced as previously de-
scribed (55). Plasmids carrying an Nbs1 short hairpin RNA (shRNA)
(TRCN0000010393) or a Scramble nontarget control shRNA in the pLKO
background were obtained from Open Biosystems (Pittsburgh, PA). Each
of these plasmids (5 �g) was cotransfected with 1.6 �g vesicular stomatitis
virus G plasmid DNA and 3.37 �g Gag-Pol-Tet-Rev plasmid DNA into
293T cells using polyethyleneimine (PEI) (VWR). Supernatants contain-
ing lentivirus were harvested 3 days posttransfection, filter sterilized, and
stored at �80°C until use. CIN612 9E and HFK-31 cells were transduced
with 5 ml viral supernatant consisting of Scramble or Nbs1 shRNA lenti-
virus particles in the presence of 4.8 �g/ml hexadimethrine bromide (Po-
lybrene) (Sigma-Aldrich) for 3 days, followed by selection in puromycin
to generate stable cell lines. Knockdown of Nbs1 was confirmed for each
experiment by Western blotting.

Nuclear/cytoplasmic fractionation. Fractionation was carried out ac-
cording to the methods of Schreiber et al. (56). Briefly, after being washed
in cold PBS, cells were resuspended in 400 �l Schreiber buffer A (10 mM
HEPES, 0.4 M NaCl, 0.1 mM EDTA, 0.1 mM EGTA, 1 mM dithiothreitol
[DTT], 0.5 mM phenylmethylsulfonyl fluoride [PMSF]) and swollen on
ice for 15 min. The cells were then lysed by the addition of 25 �l 10%
NP-40 and vortexing for 10 s. The nuclei were subsequently pelleted by
centrifugation at 4°C. The supernatant containing the cytoplasmic extract
was removed, and the nuclei were lysed by addition of 50 �l Schreiber
buffer C (20 mM HEPES, 10 mM KCl, 0.1 mM EDTA, 0.1 mM EGTA, 1
mM DTT, 0.5 mM PMSF) and shaking for 15 min at 4°C. The soluble
nuclear fraction was separated by centrifugation for 5 min at 4°C. Purity of
nuclear and cytoplasmic fractions was determined by Western blotting
using antibodies to lamin A/C (GeneTex) and tubulin (Sigma-Aldrich),
respectively.

Western blot analysis/immunoprecipitation. For Western blotting,
whole-cell lysates were harvested in radioimmunoprecipitation assay
(RIPA) lysis buffer supplemented with Complete Mini and PhosSTOP
tablets (Roche). Total protein levels were determined by the Bio-Rad pro-
tein assay. Western blot analysis was performed as described previously
(49). Equal protein amounts were electrophoresed on SDS-polyacryl-
amide gels and transferred to polyvinylidene difluoride membranes (Im-
mobilon-P; Millipore). For immunoprecipitations, cells were harvested in
1� cell lysis buffer (Cell Signaling), as described previously (12). The

following primary antibodies were used: anti-mouse HA, anti-rabbit HA,
anti-goat Nbs1, anti-mouse involucrin, anti-mouse Ku70, anti-mouse
CDC25C, anti-mouse cyclin A, anti-rabbit cyclin B, anti-rabbit RPA32,
and anti-mouse glyceraldehyde-3-phosphate dehydrogenase (GAPDH)
(Santa Cruz); anti-mouse cyclin E (Pharmingen); anti-mouse HPV16 E7
(Life Technologies); anti-rabbit Nbs1 and phospho-Nbs1 S343 (Novus
Biologicals); anti-rabbit phospho-ATM S1981, anti-mouse CDK2, and
anti-rabbit PCNA (Abcam); anti-rabbit phospho-Chk2 Thr68 and
Chk2, anti-rabbit CDK1, and anti-rabbit SMC1 (Cell Signaling Tech-
nologies); anti-rabbit ATM and anti-rabbit phospho-SMC1 Ser966
(Bethyl Laboratories); anti-mouse lamin A/C, anti-mouse Mre11, and
anti-rabbit Rad50 (GeneTex); anti-mouse tubulin (Sigma-Aldrich). Sec-
ondary antibodies used were horseradish peroxidase (HRP)-conju-
gated anti-goat (Santa Cruz), HRP-conjugated anti-rabbit (Cell Sig-
naling Technologies), and HRP-conjugated anti-mouse (GE Life
Sciences) antibodies.

Southern blot analysis. DNA isolation and Southern blotting were
performed as previously described (54). Briefly, cells were harvested in
buffer containing 400 mM NaCl, 10 mM Tris (pH 7.5), and 10 mM EDTA.
Cells were lysed by the addition of 30 �l of 20% SDS and subsequently
treated with 15 �l of 10-mg/ml proteinase K overnight at 37°C. DNA was
then extracted by phenol chloroform and precipitated using sodium ace-
tate and ethanol. Resultant DNAs were digested with BamHI (which does
not cut the HPV31 genome) or HindIII (which cuts the HPV31 genome
once). DNAs were resolved on a 0.8% agarose gel and transferred to a
positively charged nylon membrane (GeneScreen Plus; PerkinElmer).
Hybridization was performed using 32P-labeled HPV31 genome as a
probe.

IF and FISH. CIN612 9E cells stably expressing the Scramble or Nbs1
shRNA were grown on coverslips and harvested at T0 or after 72 h of
differentiation in high-calcium medium. At the indicated times, the cells
were fixed with 4% paraformaldehyde (PFA) for 10 min and then perme-
abilized with 1% Triton X-100 in phosphate-buffered saline (PBS) for 10
min, followed by three washes with PBS. Coverslips were blocked with 3%
bovine serum albumin (BSA) in PBS for 30 min and incubated with pri-
mary antibodies in 3% BSA-PBS overnight at 4°C in a humidified cham-
ber. Coverslips were washed three times with PBS and incubated with
secondary antibodies for 1 h, followed by three washes with PBS. Cover-
slips were cross-linked with cold methanol-acetic acid (3:1) at �20°C for
10 min, followed by fixation with 4% PFA for 10 min at room tempera-
ture. Coverslips were then analyzed for HPV DNA by fluorescence in situ
hybridization (FISH) using tyramide-enhanced fluorescence (Invitrogen)
as previously described (12, 57). The coverslips were mounted using
Vectashield containing 4=,6-diamidino-2-phenylindole (DAPI) to coun-
terstain the cellular DNA. Images were captured using a Zeiss CLSM 710
spectral confocal laser scanning microscope. For immunofluorescence
(IF), the following antibodies were used: mouse monoclonal anti-Mre11
(1:200; GeneTex), mouse monoclonal anti-Rad50 (1:200; GeneTex), and
rabbit polyclonal Rad51 (1:200; Santa Cruz). For the secondary antibody,
Alexa Fluor 568 goat anti-mouse antibody was used (Life Technologies).
IF-FISH was carried out for each repair factor on three independent ex-
periments. The number of foci positive for both HPV DNA and each
repair factor was quantified, with 25 to 40 FISH-positive cells being
counted for each experiment.

Real-time PCR. RNA was isolated from HFKs, as well as HFKs stably
expressing pLXSN-HPV31 or -HPV16 E7 using RNA Stat 60 (Tel-Test),
followed by treatment with DNase (Promega) according to the manufac-
turer’s instructions. RNA was reverse transcribed using the iScript reverse
transcription kit (Bio-Rad). Fifty nanograms of cDNA was analyzed in
triplicate reactions using quantitative PCR (qPCR) with 375 nM primers
and iTaq Universal SYBR green Supermix (Bio-Rad) in a total reaction
volume of 20 �l. Reactions were carried out in an ABI 7500 thermal cycler
with a thermal profile of 3 min at 95°C, 40 cycles of 95°C for 15 s, and then
30 s at 60°C, followed by a melting curve to ensure proper annealing. The
results were analyzed using version 2.0.5 of the ABI 7500 software appli-
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cation. The following gene-specific primer sequences were used: for
Mre11, forward, 5=-GCCTTCCCGAAATGTCACTA-3=, and reverse, 5=-
TTCAAAATCAACCCCTTTCG-3=; for Rad50, forward, 5=-GGAAGAGC
AGTTGTCCAGTTACG-3=, and reverse, 5=-GAGTAAACTGCTGTGGC
TCCAG-3=; for Nbs1, forward, 5=-CACCTCCAAAGACAACTGCGGA-
3=, and reverse, 5=-TCTGTCAGGACGGCAGGAAAGA-3=; for GAPDH,
forward, 3=-CTGTTGCTGTAGCCAAATTCGT-5=, and reverse, 3=-ACC
CACTCCACCTTTGAC-5=. Relative transcript amounts were calculated
using the threshold cycle (��CT) method using GAPDH as a reference
gene.

RESULTS
Expression of high-risk HPV E7 increases levels of repair fac-
tors, including the MRN complex. Previously, we demonstrated
that HPV31 E7 is sufficient to induce phosphorylation of the ATM
target Chk2 (12). To determine if this observation extends to
HPV16 E7, we examined Chk2 phosphorylation in human fore-
skin keratinocytes (HFKs) stably expressing pLXSN-HPV16 E7 or
vector control. As shown in Fig. 1A, we found that the expression
of HPV16 E7, similarly to HPV31 E7 (Fig. 1B), is sufficient to
induce Chk2, as well as Nbs1 phosphorylation, and also signifi-

cantly increases total levels of Chk2 (Fig. 1C and D). Our previous
studies also revealed that the MRN components Mre11, Rad50,
and Nbs1 are expressed at increased levels in HPV-positive cells
compared to uninfected keratinocytes (12). To determine if E7
could be responsible for increased levels of the MRN components
in infected cells, we examined the levels of Mre11, Rad50, and
Nbs1 in keratinocytes stably expressing HPV16 E7 or HPV31 E7.
As shown in Fig. 1, expression of both HPV16 E7 and HPV31 E7
resulted in a significant increase in protein levels of Mre11, Rad50,
and Nbs1; however, the repair proteins Ku70 and SMC1 were not
affected (Fig. 1A to D). To determine if the increase in MRN com-
ponents was regulated transcriptionally, we performed quantita-
tive real-time PCR on RNA extracted from HFKs stably expressing
HPV31 E7 or vector control. As shown in Fig. 1E, although ex-
pression of HPV 31E7 resulted in increased transcript levels of
Mre11 and Nbs1, only Mre11 was significantly changed. In con-
trast, Rad50 was significantly decreased at the transcript level in
HPV31 E7 cells compared to the vector control. Since Mre11 sta-
bilizes Rad50 and Nbs1 through binding (58, 59), it is possible that
the E7-mediated increase in Mre11 transcript and protein levels is

FIG 1 Expression of HPV E7 increases levels of proteins associated with detection and repair of DNA damage. (A) Whole-cell extracts were harvested from HFKs
stably expressing pLXSN vector control or pLXSN-HPV16 E7. Immunoblotting was performed using antibodies to phosphorylated Chk2 (Thr68) (pChk2), total
Chk2, phosphorylated Nbs1 S343 (pNbs1), total Nbs1, Rad50, Ku70, and SMC1. (B) Lysates harvested from HFK-pLXSN or HFK-pLXSN HPV31 E7 cells were
analyzed by Western blotting using antibodies to pChk2, Chk2, Nbs1, Rad50, Mre11, Ku70, and SMC1. GAPDH served as a loading control. (C and D) Bar graphs
demonstrate the average expression level of target proteins, normalized to GAPDH, in at least four independent Western blot analyses, including data from panels
A and B. Densitometry was performed using ImageJ software. The statistical analysis was assayed by 2-tailed t test. Data are means � standard errors. **, P value
less than 0.05. (E) Quantitative real-time PCR of gene expression analysis in HFK-pLXSN and HFK-pLXSN-31E7 lines. Expression levels are shown relative to
HFK-pLXSN cells and were calculated using GAPDH as a reference gene. Shown is the relative fold change in gene expression over three independent
experiments. The statistical analysis was assayed by 2-tailed t test. Data are means � standard errors. **, P value less than 0.05.
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sufficient to maintain elevated levels of Rad50 and Nbs1. Overall,
these results suggest that in addition to activation of ATM signal-
ing, E7 may be necessary to provide essential DNA repair factors
for viral replication.

E7 binds to the MRN components Nbs1 and Rad50. In previ-
ous studies, we found that HPV31 E7 binds preferentially to the
phosphorylated form of ATM (12), potentially due to the expo-
sure of the E7 binding site upon dissociation of inactive ATM
dimers to active monomers. Since Nbs1 binds ATM for recruit-
ment to DSBs, we wanted to determine if E7 also binds Nbs1. For
this, we immunoprecipitated HA-tagged HPV31 E7 from tran-
siently transfected U20S cells and performed Western blotting for
endogenous Nbs1. As shown in Fig. 2A, Nbs1 coimmunoprecipi-
tates with HPV31 E7, and we found similar results when endoge-
nous Nbs1 was immunoprecipitated, followed by Western blot-
ting for HPV16 E7 (Fig. 2B) or HPV31 E7 (Fig. 2D and E). The
E7-Nbs1 interaction does not appear to occur nonspecifically
through DNA, as immunoprecipitation in the presence of
ethidium bromide did not affect the ability of E7 to bind Nbs1
(data not shown).

In order to map the Nbs1 interaction domain on HPV31 E7, we
used previously characterized mutants that block the binding of
either Rb (�LHCYE) or histone deacetylases (HDACs) (L67R)
(Fig. 2C) (49). As shown in Fig. 2D, both the E7 Rb binding mu-
tant and the HDAC binding mutant were deficient in immuno-
precipitating Nbs1. Since we previously found that ATM also
binds E7 through these two domains (12), we wanted to next
determine if E7 interacts with Nbs1 indirectly through its binding

to ATM. For this, we treated cells with the small-molecule inhib-
itor of ATM, KU-55933, which inhibits ATM phosphorylation
and ablates the ability of E7 to bind ATM (Fig. 2E) (12). However,
we found that Nbs1 was still able to immunoprecipitate E7, even
when the E7-ATM interaction was disrupted (Fig. 2E), indicating
that E7 binds Nbs1 independently of ATM.

To map the HPV31 E7 interaction site on Nbs1, we utilized a
series of previously characterized Nbs1 deletion mutants (Fig. 3A)
(51, 52). For these studies, we used the NBS-ILB1 fibroblast cell
line that is hypomorphic for Nbs1 and produces undetectable lev-
els of a 70-kDa C-terminal polypeptide (46, 60). NBS-ILB1 cells
were retrovirally transduced with wild-type (WT) Nbs1, a mutant
that lacks the C terminus (Nbs1 652), a mutant that lacks the N
terminus (FR5), or a mutant that lacks the ATM binding site
(�ATM), and stable cell lines were generated through neomycin
selection. Immunoprecipitation of Nbs1 from lysates of cells con-
taining the pLXIN vector, WT Nbs1, or the mutants revealed that
the C terminus of Nbs1 is required to immunoprecipitate E7 (Fig.
3B). Importantly, we found that E7 was still able to coimmuno-
precipitate with the Nbs1 mutant lacking the ATM binding do-
main, confirming our results with the ATM inhibitor (Fig. 3B).
The C terminus of Nbs1 contains an Mre11 binding domain (52,
53), in addition to an ATM binding site (38, 53, 61). To determine
if the Mre11 binding domain of Nbs1 is required for immunopre-
cipitation of E7, we utilized a construct that is mutated in the
Mre11 binding site. As shown in Fig. 3C, mutation of the Mre11
binding site abrogated the ability of E7 to immunoprecipitate with
Nbs1, suggesting that E7 interacts with Nbs1 through the Mre11

FIG 2 HPV E7 interacts with Nbs1 independently of ATM. (A) Whole-cell lysates of U20S cells transiently transfected with HA-HPV31 E7 or empty vector (EV)
were immunoprecipitated with antibodies to HA or Nbs1, followed by immunoblotting with an antibody to Nbs1 or HA. (B) Whole-cell lysates of U20S cells
transiently transfected with TAP-HPV16 E7 or empty vector (EV) were immunoprecipitated using an anti-Nbs1 antibody, followed by immunoblotting with an
HPV16 E7 antibody. Inputs were analyzed using antibodies to Nbs1 and HA (A) and Nbs1 and HPV16E7 (B). (C) Structure of E7 and mutations examined in
this study. Indicated are cellular targets that have been shown to interact with the Rb (LHCYE) and HDAC (L67) binding domains. Targets in bold have been
identified as binding to HPV31 E7 (97). (D) Whole-cell lysates of U20S cells transiently transfected with EV alone, HA-HPV31 E7, HA-HPV31 E7 �LHCYE, or
HA-HPV31 E7 L67R were immunoprecipitated using an anti-Nbs1 antibody and subsequently immunoblotted using an anti-HA or anti-Nbs1 antibody. Input
lysates were analyzed by Western blotting using antibodies to HA and Nbs1. (E) Whole-cell lysates of U20S cells expressing EV alone or HA-HPV31 E7 in the
presence or absence of 10 �M ATM inhibitor KU-55933 were immunoprecipitated using an anti-Nbs1 antibody and immunoblotted using an anti-HA antibody
(left panel). Input lysates were immunoblotted with antibodies to Nbs1 and HA as well as phosphorylated ATM (Ser1981) and total ATM to demonstrate ATM
inhibition. Lysates were also subjected to immunoprecipitation with an antibody to HA, followed by immunoblotting to ATM and HA. Inputs were analyzed
using an antibody to HA, as well as phosphorylated and total ATM to demonstrate ATM inhibition. Ab, antibody; IP, immunoprecipitation; W, immunoblotting;
ATMi, KU-55933. All results are representative of observations from three or more independent experiments.
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binding domain, though it is currently unclear if this occurs in a
direct or indirect manner.

To form the MRN complex, Nbs1 binds Mre11, which binds to
Rad50 (40, 62). Since we were able to immunoprecipitate Nbs1
with E7, we next wanted to determine if E7 interacts with other
components of the MRN complex. For this, we immunoprecipi-
tated HA-tagged HPV31 E7 or TAP-tagged HPV16 E7 from ly-
sates harvested from U20S cells and performed Western blot anal-
ysis for Mre11 and Rad50. Interestingly, as shown in Fig. 4A, we
found that both HPV31 E7 and HPV16 E7 could immunoprecipi-
tate with Rad50, but neither interacted with Mre11. However, we
found that the presence of E7 did not disrupt formation of the
MRN complex, as Nbs1 was still able to interact with Rad50 and
Mre11 (Fig. 4B). Rather, our results indicate that the presence of
E7 increases the formation of the MRN complex, which may result
from increased Mre11 expression. We also found that the forma-
tion of the MRN complex is not disrupted in HPV-infected cells
(see Fig. 8B) or cells stably expressing HPV31 E7 (data not shown).

Nbs1 is necessary for productive viral replication. Previously,
we demonstrated that inhibition of ATM kinase activity has min-
imal effect on the ability of HPV to be maintained as an episome
(12). However, in addition to being essential for ATM activation
in response to DSBs, Nbs1 can also mediate ATR activation (63,
64), which could potentially be important for episomal mainte-
nance. To examine the effect of Nbs1 depletion on episomal main-
tenance, we transduced HPV31-positive CIN612 9E cells with a
Scramble control shRNA or a previously validated Nbs1 shRNA
(65) and generated stable cell lines. The cells were routinely pas-
saged, and DNA and protein were harvested at every passage.
Southern blot analysis was performed to examine the status of the
episomal viral DNA. As shown in Fig. 5 (see also Fig. 12A), in two
independently derived CIN612 9E lines, there was no significant

difference in the ability of viral episomes to be maintained across
passages in cells containing either the Scramble control or the
Nbs1 shRNA. Similar results were observed with four indepen-
dent experiments (Fig. 5B). These results mirror what we previ-

FIG 3 HPV31 E7 interacts with Nbs1 through the Mre11 binding domain. (A) Schematic of Nbs1 constructs depicting relevant binding domains and
phosphorylation sites. (B) NBS-ILB1 cells stably expressing pLXIN vector alone or the indicated Nbs1 mutants were transiently transfected with HA-HPV31 E7.
Immunoprecipitations were performed using an antibody to Nbs1, followed by Western blotting using an antibody to HA. Western blot analysis was performed
on the indicated input lysates using antibodies to HA, Nbs1, and GAPDH. (C) NBS-ILB1 cells stably expressing pLXIN vector alone, pLXIN-Nbs1, or a
pLXIN-Nbs1 Mre11 binding mutant (Mre11 BM) were transiently transfected with HA-HPV31 E7. Immunoprecipitation of whole-cell lysates was performed
using an antibody to Nbs1 followed by Western blotting with an antibody to HA and Mre11. Western blot analysis was performed on the indicated input lysates
using antibodies to HA, Nbs1, Mre11, and GAPDH. IP, immunoprecipitation; W, immunoblotting. All results are representative of observations of three
independent experiments.

FIG 4 HPV E7 interacts with Nbs1 and Rad50 but not Mre11. (A) U20S cells
were transiently transfected with vector alone (EV), HA-HPV31 E7, and TAP-
HPV16 E7, and immunoprecipitations of whole-cell lysates were performed
using an HA antibody, followed by immunoblotting with Mre11, Rad50, and
Nbs1 antibodies. (B) U20S cells were transiently transfected with EV alone,
HA-HPV31 E7, or TAP-HPV16 E7. Immunoprecipitations were performed
on lysates using an antibody to Nbs1, followed by Western blotting using
antibodies to Mre11, Rad50, and Nbs1 antibodies. For panels A and B, input
lysates were analyzed by Western blotting using antibodies to HA, Mre11,
Rad50, and Nbs1. GAPDH served as a loading control. IP, immunoprecipita-
tion; �, antibody heavy chain. All results are representative of observations
from three independent experiments.
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ously observed upon inhibition of ATM activity and indicate that
Nbs1 is not necessary for episomal maintenance. In addition, we
observed no effect of Nbs1 knockdown on Chk1 phosphorylation
(data not shown).

Since we previously found that ATM activity is necessary for
productive viral replication, and given that Nbs1 is necessary for
ATM activation in response to DSBs (32, 35, 36), we next wanted
to determine the effect of Nbs1 depletion on productive replica-
tion. For this, CIN612 9E cells stably maintaining the Scramble or
Nbs1 shRNAs were induced to differentiate in high-calcium me-
dium, which activates the productive phase of the viral life cycle by
48 h postexposure (66). As shown in Fig. 6A, Southern blot anal-
ysis for HPV DNA demonstrated that cells containing the Nbs1
shRNA were greatly inhibited in their ability to undergo viral ge-
nome amplification compared to the Scramble shRNA control,
exhibiting a decrease in episomal copy number upon differentia-
tion. This experiment was performed at least three times with
three independently derived CIN612 9E-Scramble and Nbs1
shRNA lines with similar results. In addition, we found that Nbs1
knockdown also decreased productive replication of human fore-
skin keratinocytes stably maintaining HPV31 genomes (HFK-31)
after differentiation in methylcellulose (Fig. 6C). Importantly,
Nbs1 knockdown did not inhibit the ability of HPV-positive cells
to differentiate in high-calcium medium or methylcellulose as in-
dicated by the expression of the differentiation-specific marker
involucrin (Fig. 6B and D). In addition, as shown in Fig. 7, Nbs1
knockdown had minimal effect on the level of cellular factors in-
volved in replication and cell cycle regulation, including the S-
phase cyclins (cyclin A and cyclin E) and CDK (CKD2) (Fig. 7A),
as well as mitotic cyclin B, the M-phase CDK (CDK1), and the
CDC25C phosphatase (Fig. 7B). In addition, both RPA and PCNA
were maintained at levels in the Nbs1 shRNA cells similar to those
in the Scramble control (Fig. 7C). These results suggest that the

block in productive viral replication observed in response to Nbs1
knockdown was not due to alterations in cell cycle control or the
lack of cellular factors directly required for viral replication. We
also observed similar effects on productive viral replication fol-
lowing transient knockdown of Nbs1 for 3 days (data not shown).
Overall, these results indicate that Nbs1 is specifically necessary
for differentiation-dependent viral replication.

The MRN complex is disrupted upon Nbs1 knockdown. As
Nbs1 functions in a complex with Mre11 and Rad50, we next
wanted to determine if Nbs1 depletion affected the levels of Mre11
and Rad50. As shown in Fig. 5A and 8A, Nbs1 knockdown had
little effect on the levels of Mre11 or Rad50, as measured by West-
ern blotting, consistent with previous studies (58). Although
Rad50 levels appear to decrease after 72 h in high-calcium me-
dium (Fig. 8A), this result was not consistently observed. Since
Nbs1 contains a nuclear localization signal and is necessary for the
localization of Mre11 and Rad50 to the nucleus (52, 67), we next
wanted to determine if Nbs1 depletion affected Mre11 and Rad50
localization. As shown in Fig. 8B, CIN612 9E cells exhibited in-
creased levels of Mre11, Rad50, and Nbs1 in the nucleus compared
to uninfected HFKs, indicating increased MRN complex forma-
tion, which is consistent with our immunoprecipitation results
(Fig. 4B). However, upon depletion of Nbs1, we observed a dra-
matic decrease in levels of Mre11 and Rad50 in the nucleus of
CIN612 9E cells and a marked relocalization to the cytoplasm (Fig.
8C), indicating disruption of the MRN complex, as previously
shown in NBS fibroblasts (40). These results raise the possibility
that formation of the MRN complex, rather than Nbs1 alone, is
crucial to productive viral replication. To test this, we examined
the effect of Mirin, an inhibitor of Mre11 nuclease activity, on
productive replication of CIN612 9E cells. As shown in Fig. 8D,
inhibition of Mre11 by Mirin resulted in a decreased ability of viral
episomes to amplify upon differentiation, similarly to Nbs1 deple-

FIG 5 Nbs1 is not necessary for HPV31 genome maintenance. (A) DNA was isolated at the indicated passages from CIN612 9E cells stably maintaining a
Scramble shRNA (shScram) or Nbs1 shRNA (shNbs1) and analyzed by Southern blotting. Passage 22 (p22) represents the passage at which the CIN612 9E cells
were transduced with the respective shRNAs. Each passage following transduction is represented by p22-#. Western blot analysis was performed on lysates
harvested at each passage using an antibody to Nbs1 to demonstrate knockdown, as well as antibodies to Mre11 and Rad50. GAPDH served as a loading control.
IB, immunoblotting. (B) Bar graph represents episome copy number quantified and averaged across the passages of cells containing Scramble shRNA (set at 1)
compared to passages of Nbs1 shRNA-containing cells. The data represent the averages of four independent experiments. Densitometry was performed using
ImageJ software. The statistical analysis was assayed by 2-tailed t test. Data are means � standard errors.
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tion. Similar results were observed in three independent experi-
ments. Overall, these results indicate that the MRN complex is
required for productive viral replication.

Nbs1 knockdown affects the localization of Mre11, Rad50,
and the HR factor Rad51 to HPV DNA foci. Since we previously
observed that MRN components colocalize with HPV DNA foci
(18), we next wanted to determine if Nbs1 knockdown affected
the localization of Mre11 and Rad50 to sites of HPV DNA repli-
cation. We performed fluorescence in situ hybridization (FISH)
for HPV DNA coupled with immunofluorescence for Mre11 and
Rad50, as described previously (3, 18). As shown in Fig. 9, in
undifferentiated CIN612 9E cells containing the Scramble shRNA,
we found that Mre11 and Rad50 colocalized with viral genomes in
�44% � 5.6% and 41% � 0.78% of cells containing HPV DNA
foci, respectively (Fig. 9A to D). Upon differentiation in high-
calcium medium, this number significantly increased, with Mre11
and Rad50 colocalizing with viral genomes in 90% � 5.3% and
86% � 0.98% of cells positive for HPV DNA foci, respectively.
Consistent with viral genome amplification, the size of the Mre11/
Rad50/HPV DNA foci increased upon differentiation. In contrast,
Nbs1 knockdown resulted in a significant decrease in the localiza-
tion of Mre11 and Rad50 to HPV DNA foci in undifferentiated
cells, with Mre11 and Rad50 localized to viral genomes in 9% �

FIG 6 Nbs1 is necessary for productive viral replication. (A) DNA was harvested from CIN612 9E cells stably expressing a Scramble shRNA or Nbs1 shRNA at
T0 (undifferentiated) or after 48 and 96 h of differentiation in high-calcium medium. Southern blot analysis was performed to analyze viral genome amplification.
The bar graph represents quantification of the episome copy number present at each time point, relative to T0 shScramble, which was set to 1. Densitometry was
performed using ImageJ. Ca, calcium. (B) Total protein was harvested from CIN612 9E shScramble and shNbs1 cells at T0 or after 48 and 96 h of differentiation
in high-calcium medium. Western blot analysis was performed using antibodies to Nbs1 and involucrin, and GAPDH as a loading control. (C) DNA was
harvested from human foreskin keratinocytes stably maintaining HPV31 genomes (HFK-31) at T0 or after 24 and 48 h of differentiation in methylcellulose (MC)
and analyzed by Southern blotting for amplification of viral genomes. DNA samples were digested with BamHI (does not cut the viral genome; upper panel) or
with HindIII to linearize viral genomes. The bar graph represents quantification of the episome copy number present at each time point, relative to T0 shScramble
(set to 1). Densitometry was performed using ImageJ. (D) Western blot analysis was performed on lysates harvested from HFK-31 cells at T0 or after 24 and 48
h of differentiation in methylcellulose using antibodies to Nbs1 and involucrin. GAPDH was used as a loading control. All results are representative of
observations of four or more independent experiments.

FIG 7 Levels of cell cycle or replication proteins are not affected by Nbs1
knockdown. Western blot analysis was performed on lysates harvested from
CIN612 9E cells stably maintaining the Scramble (shScram) or Nbs1 shRNAs
at T0, or after 72 h of differentiation in high-calcium medium using antibodies
to cyclin A, cyclin E, and CDK2 (A); cyclin B, CDC25C, and CDK1 (B); and
RPA (C), as well as PCNA. GAPDH served as a loading control. All results are
representative observations of at least three independent experiments. Ca, cal-
cium.
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1.3% and 8% � 4.3% of HPV DNA focus-positive cells, respec-
tively (Fig. 9A to D). Although an increase in Mre11 and Rad50
localization to viral genomes was observed upon differentiation,
this was significantly less compared to the Scramble control cells
(Mre11, 20% � 17%; Rad50, 14% � 5.5%). In addition, consis-
tent with a block in viral genome amplification, the size of the
HPV DNA/Mre11/Rad50 foci did not increase upon differentia-
tion. These results suggest that Nbs1 may contribute to productive
replication through the localization of MRN components to viral
genomes.

Since the MRN complex is important in facilitating ATM-
mediated HR repair (22, 39), we examined the effect of Nbs1
knockdown on the localization of the principal HR factor Rad51,
a recombinase that we previously showed localized to HPV repli-
cation foci (18). Interestingly, in undifferentiated cells, we found
no difference in Rad51 localization to HPV DNA foci between the
Scramble control (�41% � 8.4%) and Nbs1 knockdown
(�44% � 6.25%) (Fig. 9E). Upon differentiation, however, while
Rad51 localization to HPV DNA foci significantly increased in the
Scramble control cells (�77% � 3.4%), no increase was observed
in the Nbs1 knockdown cells, with Rad51 localizing to �37% �
12.8% of cells containing HPV DNA foci. Overall, these results
indicate that Nbs1 is required for the localization of Mre11 and
Rad50 to viral genomes and suggest that productively replicating
genomes require Rad51 activity, which may rely on an intact MRN
complex.

Nbs1 knockdown moderately affects phosphorylation of
ATM and Chk2 in HPV-positive cells. Nbs1, as part of the MRN

complex, is an essential part of the DDR, acting upstream to acti-
vate ATM, as well as downstream in the intra-S-phase checkpoint,
and in the repair of DSBs through HR (13). To determine if Nbs1
contributes to productive viral replication through facilitating
ATM activation, we examined the effect of Nbs1 depletion on
ATM and Chk2 phosphorylation in CIN612 9E cells. We first ex-
amined the effect of stable Nbs1 knockdown on ATM pSer1981
(pATM) and Chk2 pThr68 (pChk2) in undifferentiated cells over
several passages. As shown in Fig. 10, pATM and pChk2 were both
decreased to a certain extent in response to Nbs1 depletion. While
the decrease in pATM relative to total ATM ranged from 1.3- to
2-fold over the indicated passages, the decrease in Chk2 phos-
phorylation relative to Chk2 was more dramatic, ranging from a
1.2- to a 8.3-fold difference in this particular line (Fig. 10). We
previously showed that Chk2 activation is dependent on ATM
activity in HPV-positive cells (12), indicating that a small decrease
in ATM phosphorylation is sufficient to induce significant
changes in downstream targets. These results suggest that Nbs1
may affect viral genome amplification through its effects on ATM
and Chk2, both of which are necessary for productive replication.

We next determined if Nbs1 knockdown results in a further
decrease in pATM and pChk2 upon differentiation. As shown in
Fig. 11A and B, in this particular passage (p22-6) at time zero
(undifferentiated), the levels of pATM in CIN612 9E-shNbs1 cells
were decreased only 1.3-fold compared to Scramble control, while
pChk2 remained essentially unchanged. Upon differentiation, al-
though Nbs1 levels decreased in CIN612-shNbs1 cells, there was
no further decrease in pATM levels compared to total, and these

FIG 8 Nbs1 knockdown disrupts MRN complex formation. (A) Whole-cell lysates were harvested from HFK, CIN612, and CIN612 9E cells stably expressing
shScramble or shNBS1 at T0 and after 72 h of differentiation in high-calcium medium (Ca). Immunoblotting was performed using Mre11, Rad50, and Nbs1
antibodies. GAPDH was used as a loading control. (B) Total, nuclear (Nuc), and cytoplasmic (Cyto) lysates were harvested from HFK and CIN612 cells.
Immunoblotting was performed using Mre11, Rad50, and Nbs1 antibodies. (C) Total, nuclear (Nuc), and cytoplasmic (Cyto) lysates were harvested from stable
CIN612 9E shScramble and CIN612 9E shNBS1 cells. Immunoblotting was performed using Mre11, Rad50, and Nbs1 antibodies. For panels B and C, lamin A/C
and tubulin were used to confirm nuclear and cytoplasmic fractionation, respectively. (D) DNA was harvested from CIN612 9E cells at T0 and after 72 h of
differentiation in high-calcium medium with dimethyl sulfoxide (DMSO) as a vehicle control or 50 �M Mre11 inhibitor Mirin. Southern blot analysis was
performed to analyze viral genome amplification of DNA digested with BamHI (nonviral genome cutter; upper panel) or HindIII (cuts viral genome once; lower
panel). All results are representative of observations of two or more independent experiments.
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cells exhibited only a moderate 1.6-fold decrease in pATM upon
differentiation compared to Scramble control. Despite the rela-
tively high level of pATM, however, viral genome amplification
was still diminished in shNbs1 cells (Fig. 11C). Interestingly, the
decrease in pATM levels in shNbs1 cells upon differentiation did
not correlate with decreased pChk2 levels. Rather, pChk2 levels
increased relative to total Chk2 in CIN612-shNbs1 cells, as well as
in CIN612-shScramble and CIN612 control cells (Fig. 11B). An
increase in pChk2 was observed upon differentiation across mul-
tiple passages (Fig. 12D), as well as with HFK-31–shScramble and

–shNbs1 cells suspended in methylcellulose (data not shown).
While the decrease in pATM and pChk2 observed in undifferen-
tiated cells suggests that Nbs1 contributes to their activation in
HPV-positive cells, the relatively high levels of pATM and pChk2
observed upon differentiation in shNbs1 cells potentially indicate
an alternative mechanism for ATM activation, independent of the
MRN complex. Overall, these data offer support for the idea that
Nbs1 contributes to productive replication at least in part through
a mechanism that is independent of promoting ATM activation.
Nbs1 may serve as a downstream effector of ATM activity through

FIG 9 Nbs1 knockdown results in decreased localization of Mre11, Rad50, and Rad51 to viral genomes. (A and B) Immunofluorescence (IF) for Mre11 (red) (A)
and Rad50 (red) (B), followed by fluorescence in situ hybridization (FISH) for HPV DNA (green), was performed on CIN612 9E cells stably maintaining the
Scramble or Nbs1 shRNAs at T0 (undifferentiated), as well as after 72 h of differentiation in high-calcium medium. Cellular DNA was counterstained with DAPI.
(C and D) Bar graphs represents quantification of percentages of HPV DNA focus-positive cells that were also positive for Mre11 (C) and Rad50 (D). (E)
Quantification of percentage of cells positive for HPV DNA foci by FISH that were also positive for Rad51 by IF in CIN612 9E-shScram and -shNbs1 cells at T0,
as well as after 72 h of differentiation in high-calcium medium. The data represent the averages of at least three independent experiments. The statistical analysis
was assayed by 2-tailed t test. Data are means � standard errors. **, P value less than 0.05; *, P value less than 0.01; Ca, calcium.
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phosphorylation and/or ensure the localization of repair factors to
viral genomes that are required for efficient DNA synthesis, which
could potentially occur in a recombination-dependent manner.

Levels of pATM and pChk2 do not influence productive viral
replication. While we previously found that ATM and Chk2 ac-
tivity is necessary for productive replication (12), it is unclear if
higher levels of pATM and/or pChk2 could influence the ability of
HPV to productively replicate. As shown in Fig. 10 and 12B, in two
independently derived CIN612-shScramble and -shNbs1 lines, we
have found that the levels of pATM and pChk2 fluctuate over
time, with or without depletion of Nbs1. Similar results were ob-
served for phosphorylated SMC1 S966 (pSMC1), a target of ATM
that requires Nbs1 for phosphorylation and is involved in the
intra-S-phase checkpoint (Fig. 12B) (68–70). To determine if the
levels of pATM and pChk2 in undifferentiated cells affect produc-
tive replication, and to further examine the effect of Nbs1 deple-
tion on pATM and pChk2 levels upon differentiation, we exam-
ined viral genome amplification in three different passages of
CIN612 9E cells stably expressing the Scramble or Nbs1 shRNA
(Fig. 12C). We compared passages 19-2, 19-3, and 19-6, in which,
in undifferentiated cells, Nbs1 knockdown resulted in a 2.2-,
1.75-, and 1.53-fold decrease in pATM, respectively, and a 1.4-,
2.2-, and 1.1-fold decrease in pChk2, respectively (Fig. 12B). We
found that even though the p19-6 Scramble control cells (undif-
ferentiated) exhibited higher levels of pATM than did p19-2 and
p19-3 (Fig. 12B), productive viral replication was not enhanced
(Fig. 12C). Likewise, in the Nbs1 shRNA cells, the higher level of
pATM and pChk2 present in the p19-6 undifferentiated cells was
not sufficient to allow for productive viral replication. In addition,
as shown in Fig. 12D, Nbs1 knockdown had no significant effect
on pATM and pChk2 levels upon differentiation when averaged
across these three passages, and we observed similar results for
pSMC1 (data not shown). The lack of productive replication in
Nbs1 knockdown cells, despite maintenance of pATM and pChk2,

furthers suggests that Nbs1 has a multifaceted role in promoting
productive replication, one that is more complex than functioning
solely to activate ATM.

DISCUSSION

Previously, we demonstrated that MRN components localize to
sites of HPV DNA synthesis (18). We have now found that Nbs1 is
necessary for productive replication, though exactly how Nbs1
contributes to efficient viral DNA synthesis is unclear. Nbs1, as
part of the MRN complex, acts as a sensor of DNA breaks and also
regulates activation of ATM (32, 39). We have found that deple-
tion of Nbs1 disrupts formation of the MRN complex, resulting in
relocalization of Mre11 and Rad50 to the cytoplasm. This, coupled
with the finding that the nuclease activity of Mre11 is also required
for productive replication, suggests a key role for the MRN com-
plex during the productive phase of the viral life cycle.

One of the simplest explanations for how Nbs1 contributes to
productive viral replication is through facilitating activation of
ATM. However, while Nbs1 knockdown did affect the levels of
pATM and pChk2 to some extent, pATM and pChk2 remained
quite high for most passages, especially upon differentiation. De-
spite the presence of pATM and pChk2, however, a defect in HPV
genome amplification was consistently observed. These results
suggest that Nbs1, while certainly influencing activation of ATM
in HPV-infected cells, is likely playing a role outside its function as
an upstream regulator of ATM activation to drive productive viral
replication.

There are several possible ways by which Nbs1 could contrib-
ute to viral replication independently of activating ATM. Nbs1 is a
target for phosphorylation by ATM on Ser343, and this phosphor-
ylation is necessary for activation of the intra-S-phase checkpoint
(71), which serves to slow down cellular DNA replication in re-
sponse to DNA damage (70). However, while phosphorylation of
SMC1, a key regulator in this checkpoint (68, 69), was decreased

FIG 10 Phosphorylated ATM and Chk2 levels are decreased variably in response to Nbs1 knockdown. Whole-cell lysates were harvested from stable CIN612 9E
shScramble and shNbs1 cells at the indicated passages. Passage 22 (p22) represents the passage at which the CIN612 9E cells were transduced with the respective
shRNAs. Each passage following transduction is represented by p22-#. Lysates were immunoblotted with antibodies to phosphorylated ATM (Ser1981) (pATM)
and Chk2 (Thr68) (pChk2), as well as total ATM, Chk2, and Nbs1. GAPDH served as a loading control. Protein levels were quantified using ImageJ, with
phosphorylated protein levels first normalized to total levels and then GAPDH. Bar graphs represent the fold changes compared to the first passage of the
shScramble cells for this representative experiment, which is set at 1. Results shown are representative of observations of three independent experiments.
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upon Nbs1 knockdown, pSMC1 levels exhibited little change
upon differentiation, suggesting that a block in the intra-S-phase
checkpoint was not responsible for the abrogation of productive
replication. Nbs1 has also been implicated in DNA damage-in-
duced apoptosis (72). While we have shown that caspase activa-
tion is necessary for productive viral replication (66), Nbs1 knock-
down had no effect on caspase activation in differentiating cells
(data not shown). This is not surprising, as pChk2 levels were not
affected upon differentiation by Nbs1 depletion, and we previ-
ously found Chk2 activation to be necessary for caspase activation
(66).

As mentioned, downstream of ATM activation, Nbs1 and the
MRN complex also assist in the repair of DNA breaks, primarily
through homologous recombination (HR) when cells are in the S
or G2 phase of the cell cycle (32). Nbs1, as part of this complex, has
specific functions that contribute to efficient HR repair. Nbs1 con-
tains protein-protein interaction motifs important for the local-
ization of MRN to nuclear foci (52, 73, 74), as well as the recruit-
ment of CtIP (C-terminal-binding-protein-interacting protein)
to DNA DSB ends for end processing and HR (22, 75–77). In
addition to two ATM phosphorylation sites (S278 and S343) (71,

78, 79), Nbs1 is also phosphorylated by CDK2 on Ser432, which
stimulates MRN-dependent conversion of DSBs into structures
recognized by HR for repair (80, 81). Furthermore, recent studies
indicate that Nbs1 may be required for Rad51 localization to RPA-
coated DNA and the restart of stalled replication forks (81, 82).

Our finding that productive viral replication requires ATM
activity and Nbs1, coupled with the localization of the MRN com-
plex and the HR factors Rad51 and Brca1 to sites of viral genome
synthesis (18, 83), suggests that recombination-dependent repair
may play a role in productive viral replication. We have found that
Mre11, Rad50, and Rad51 increase in localization to viral genomes
upon differentiation and that this is abrogated in the absence of
Nbs1. These results suggest that these repair and recombination
factors are required at viral DNA to ensure efficient productive
replication, possibly through facilitating HR. In support of this,
studies from our lab indicate that Rad51 is necessary for produc-
tive viral replication (W. Chappell and C. Moody, unpublished
data). Whether Nbs1 recruits Rad51 to viral DNA, or if productive
replication results in HR structures that are processed by MRN
and then bound by Rad51, is currently unclear. The massive am-
plification of HPV genomes upon differentiation could result in

FIG 11 Phosphorylation of ATM and Chk2 is maintained with Nbs1 knockdown upon differentiation. (A) Whole-cell lysates were harvested from HFKs and
CIN612 9E cells, as well as CIN612 9E cells stably expressing shScramble or shNBS1 cells at T0 and 72 h after differentiation in high-calcium medium.
Immunoblotting was performed using antibodies to phosphorylated ATM (Ser1981) (pATM), total ATM, and Nbs1. Tubulin was used as a loading control.
Protein levels were quantified using ImageJ, with phosphorylated protein levels normalized first to total levels and then to tubulin. Levels for this representative
experiment are graphed as fold change compared to the T0 HFK sample, which is set to 1. (B) Whole-cell lysates were harvested from HFK, CIN612 9E, CIN612
9E shScramble, and CIN612 9E shNBS1 cells at T0 and 72 h after differentiation in high-calcium medium. Immunoblotting was performed using antibodies to
phosphorylated Chk2 (Thr68) (pChk2), total Chk2, and Nbs1. GAPDH was used as a loading control. Protein levels were quantified using ImageJ as indicated
above. Shown is a representative experiment where levels are graphed as fold change compared to the T0 HFK sample, which is set at 1. (C) DNA was harvested
from CIN612 9E, CIN612 9E shScramble, and CIN612 9E shNBS1 cells at T0 and after 72 h of differentiation in high-calcium medium and linearized by digestion
with HindIII. HPV episomes were visualized via Southern blot analysis. Results shown are representative observations of four or more independent experiments.
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DSBs or stalled replication forks that require ATM-mediated HR
to restart (84), and it will be important to examine the effect of
ATM inhibition, as well as depletion of Nbs1, on the formation of
replication intermediates to assess this possibility, as has been
done recently for SV40 (85).

Curiously, we found that Mre11 and Rad50 localize to viral
genomes in �40% of cells containing HPV DNA foci in undiffer-
entiated Scramble control cells, despite Nbs1 not being required

for episomal maintenance. The possibility exists that the MRN
complex contributes to viral replication in undifferentiated cells
but that, in its absence, replication proceeds efficiently enough
such that episomal copy number and maintenance are not af-
fected at a discernible level. This may also apply to Rad51, which
we found localized to viral genomes in a similar percentage of
undifferentiated HPV DNA focus-positive cells. In contrast to
Mre11 and Rad50, though, Nbs1 knockdown did not affect Rad51

FIG 12 Levels of phosphorylated ATM and Chk2 do not influence viral genome amplification. (A) DNA was harvested from CIN612 9E cells stably expressing
shScramble and shNbs1 at the indicated passages and digested with BamHI (nonviral genome cutter). HPV genomes were visualized via Southern blot analysis.
Passage 19 (p19) represents the passage at which the CIN612 9E cells were transduced with the indicated shRNAs. p19-# indicates that passage at which DNA and
protein were harvested following transduction. (B) Whole-cell lysates were harvested from CIN612 9E shScramble and shNbs1 cells at the indicated passages, and
immunoblotting was performed with antibodies to phosphorylated ATM (Ser1981) (pATM), phosphorylated Chk2 (Thr68) (pChk2), phosphorylated SMC1
(Ser966) (pSMC1), and total ATM, Chk2, SMC1, and Nbs1. GAPDH was used as a loading control. Protein levels were quantified using ImageJ, with phosphor-
ylated protein levels normalized first to total levels and then to GAPDH. Levels are graphed as fold change compared to the first passage (p19-2) of the shScramble
cells, which is set to 1. (C) DNA was harvested from p19-2, p19-3, and p19-6 CIN612 9E shScramble and shNbs1 cells at T0 and after differentiation for 72 h in
high-calcium medium. Southern blot analysis was performed to analyze viral genome amplification. Levels of HPV episomes were quantified using ImageJ;
episome amounts are shown relative to the T0 shScramble, which is set to 1. (D) Protein was harvested from p19-2, p19-3, and p19-6 CIN612 9E shScramble and
shNbs1 cells at T0 as well as after 72 h of differentiation in high-calcium medium. Western blot analysis was performed using antibodies to phosphorylated ATM
(S1981) (pATM) and phosphorylated Chk2 (Thr68) (pChk2). GAPDH served as a loading control. Protein levels were quantified using ImageJ, as described
above. The average fold change in pATM and pChk2 levels across the three passages in undifferentiated shScram and shNbs1 cells compared to cells differentiated
in high-calcium medium for 72 h is graphed. Fold change is shown relative to shScram T0, which is set to 1. Results shown are representative of observations of
three or more independent experiments.
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localization to viral genomes in undifferentiated cells. However,
recent studies have shown that in the absence of Nbs1, Rad51 foci
serve as markers of HR substrates, rather than reflecting HR ac-
tivity (86), and could potentially account for Rad51 localization to
viral genomes in these cells. Understanding the contribution of
Rad51 and recombination to maintenance replication, in addition
to productive replication, will be important areas of future re-
search.

The finding that ATM and Chk2 are phosphorylated at high
levels in differentiating cells upon Nbs1 knockdown suggests ei-
ther that ATM activation occurs in an MRN-independent manner
or that an alternative mode of ATM activation is stimulated in the
presence of decreased Nbs1. The ATM interactor (ATMIN) pro-
tein is required for ATM signaling in an Nbs1-independent
manner in response to hypotonic stress, as well as inhibitors of
replication such as hydroxyurea (87). Nbs1 knockdown could po-
tentially increase the flux through the ATMIN-dependent arm of
the ATM signaling pathway (87, 88), maintaining phosphoryla-
tion of ATM targets. The DNA repair protein 53BP1, which is
expressed at high levels in HPV-positive cells (18), has also been
shown to be a mediator of ATM function (89, 90), with its effects
on ATM activity enhanced in situations in which the MRN com-
plex is present at low levels (90). Activated STAT5 has been shown
to be necessary for ATM activation in HPV-positive cells (16),
though whether this occurs in an MRN-dependent manner is un-
clear. Regardless, the maintenance of ATM signaling upon differ-
entiation is not sufficient to drive productive viral replication, as
the decreased levels of Nbs1 still act as a barrier to viral replication.
Understanding the role of the MRN complex in the regulation of
ATM activity in HPV-infected cells will be the focus of future
investigations.

Our studies indicate that E7 expression is sufficient to increase
protein levels of MRN components, as well as those of other repair
factors, such as Chk2. Interestingly, E7 significantly increased only
the transcript levels of Mre11, which may in turn serve to stabilize
protein levels of Nbs1 and Rad50 in infected cells. We previously
showed that HPV-positive cells exhibit increased levels of key pro-
teins involved in HR repair (18), including Rad51 and Brca1, and
preliminary studies indicate that this occurs in an E7- and E2F-
dependent manner (W. Chappell, B. Johnson, and C. Moody, un-
published data). Taken together, these results suggest that E7 may
increase levels of proteins involved in the DNA damage re-
sponse to support viral replication. Recent studies by Hong and
Laimins demonstrated that the protein levels of ATM, Chk2,
Brca1, and Rad51 decreased upon STAT5 depletion (16). De-
regulation of E2F and STAT5 activity may be necessary to en-
sure sufficient levels of DNA repair genes that drive viral rep-
lication in response to E7-, or potentially E6- and E1-induced,
DNA damage (8, 15, 17, 83).

We have found that E7 immunoprecipitates with Nbs1, but in
a manner independent of ATM. Interestingly, we found that E7
also immunoprecipitates with Rad50 but not Mre11. Nbs1 has
been shown to be capable of forming a complex with Rad50 (91),
and it will be important to determine if E7 binds directly with
either of these MRN components, as has been shown for HSV
UL12 (44). We have found that immunoprecipitation of Mre11
does not pull down E7 (data not shown), suggesting that at least
two, possibly three, complexes exist in HPV-infected cells: Mre11/
Rad50/Nbs1 and E7/Nbs1/	/�Rad50. E7 may form a complex
with Nbs1 in the nucleus, regulating its stability when not bound

to Mre11. Several studies indicate that the activity of Nbs1 is reg-
ulated by posttranslational modifications, including acetylation in
addition to phosphorylation, and E7 may contribute to this regu-
lation through multiple mechanisms. E7 increases levels of SIRT1
(92), which deacetylates Nbs1 to allow its phosphorylation by
ATM on S343 (93). E7 decreases the acetyltransferase activity of
PCAF (94), which has been shown to acetylate Nbs1 and block
phosphorylation (93). In addition, E7 maintains CDK2 activity
(95, 96) and may target Nbs1 for phosphorylation through bind-
ing, potentially regulating HR repair in HPV-infected cells.

In summary, our studies demonstrate that HPV utilizes Nbs1
and the MRN complex for efficient productive replication. Nbs1
knockdown does not significantly affect the phosphorylation of
ATM and Chk2 upon differentiation, suggesting that Nbs1 may
contribute to efficient productive replication outside its ability to
facilitate ATM activation, potentially through the localization of
Mre11, Rad50, and Rad51 to viral genomes. In addition, we have
shown that E7 affects expression of DNA repair factors that are
required for productive replication. E7 may further modulate the
DNA damage response and drive viral replication through inter-
actions with components of the MRN complex.
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