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The Fanconi Anemia Pathway Limits Human Papillomavirus
Replication
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Columbus, Ohio, USAe; Viral Oncology, Comprehensive Cancer Center, The Ohio State University College of Medicine, Columbus, Ohio, USAf; Division of Pathology and
Laboratory Medicine, Cincinnati Children’s Hospital Medical Center, Department of Pediatrics, University of Cincinnati College of Medicine, Cincinnati, Ohio, USAg;
Division of Biostatistics and Epidemiology, Cincinnati Children’s Hospital Medical Center, Department of Pediatrics, University of Cincinnati College of Medicine,
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University of Cincinnati College of Medicine, Cincinnati, Ohio, USAj; and Division of Pathology and Laboratory Medicine and Pulmonary Biology, Cincinnati Children’s
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High-risk human papillomaviruses (HPVs) deregulate epidermal differentiation and cause anogenital and head and neck squa-
mous cell carcinomas (SCCs). The E7 gene is considered the predominant viral oncogene and drives proliferation and genome
instability. While the implementation of routine screens has greatly reduced the incidence of cervical cancers which are almost
exclusively HPV positive, the proportion of HPV-positive head and neck SCCs is on the rise. High levels of HPV oncogene ex-
pression and genome load are linked to disease progression, but genetic risk factors that regulate oncogene abundance and/or
genome amplification remain poorly understood. Fanconi anemia (FA) is a genome instability syndrome characterized at least in
part by extreme susceptibility to SCCs. FA results from mutations in one of 15 genes in the FA pathway, whose protein products
assemble in the nucleus and play important roles in DNA damage repair. We report here that loss of FA pathway components
FANCA and FANCD2 stimulates E7 protein accumulation in human keratinocytes and causes increased epithelial proliferation
and basal cell layer expansion in the HPV-positive epidermis. Additionally, FANCD2 loss stimulates HPV genome amplification
in differentiating cells, demonstrating that the intact FA pathway functions to restrict the HPV life cycle. These findings raise the
possibility that FA genes suppress HPV infection and disease and suggest possible mechanism(s) for reported associations of
HPV with an FA cohort in Brazil and for allelic variation of FA genes with HPV persistence in the general population.

Human papillomaviruses (HPVs) are double-stranded DNA
viruses comprised of more than 100 subtypes, some of which,

designated high risk, cause cervical and approximately one quar-
ter of head and neck squamous cell carcinomas (HNSCCs) (1, 20,
21). HPV is associated primarily with HNSCCs that occur in the
oropharynx, which includes the back of the tongue, walls of the
throat, the soft palate, and the tonsils. Approximately 60% of oro-
pharyngeal SCCs are caused by one of the high-risk types of HPV,
and the vast majority of those are positive for HPV type 16
(HPV16) (10). Importantly, these HNSCCs are a distinct type
distinguishable from HPV-negative tumors which have alcohol
and tobacco use as the predominant risk factors (1).

HPV is the causative agent of nearly all cervical cancers and is
best studied in that disease. Although HPV infections are com-
mon, with up to 90% of women estimated to be infected in their
lifetime, most infections are cleared by the immune system and do
not progress to cancer. A small fraction of HPV infections, how-
ever, lead to low-grade and high-grade squamous intraepithelial
lesions and cervical cancer. Persistent infection is the most signif-
icant risk factor for developing cervical cancer. While the exact
progression of events is still not entirely understood, replication,
persistence, integration of the viral genome, and increased expres-
sion of the viral E6 and E7 oncogenes are important steps in ma-
lignant progression. The tumor suppressors p53 and Rb are fre-

quently inactivated in human SCC either by mutation or by the E6
and E7 oncogenes following high-risk HPV infection. HPV E6
causes the degradation of p53 and the induction of hTERT. HPV
E7 is considered the predominant oncogene and inhibits Rb, re-
sulting in the activation of E2F transcription factors which stim-
ulate proliferation and inhibit differentiation. While there are
many genes whose expressions are altered by E7, the most critical
downstream targets and pathways are still being elucidated. One
downstream effector of E7 is �Np63, a transcription factor which
is required both to maintain the pool of epithelial progenitor cells
and to initiate skin stratification (30). Less is known about up-
stream signaling pathways which modify E7 abundance and their
effects on the HPV life cycle and SCC development.

Fanconi anemia (FA) is a rare inherited autosomal recessive
disease characterized by genome instability, bone marrow failure,
leukemia, and an extreme susceptibility to anogenital and head
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and neck SCCs (2, 3, 22). Detection of HPV in primary HNSCCs
from individuals with FA has found both increased prevalence of
HPV in the United States (19) and decreased prevalence in the
Netherlands (31) relative to that of the general population; thus,
the role of HPV in FA HNSCC remains controversial. A recent
report from Brazil has demonstrated increased HPV prevalence in
oral rinses from an FA cohort compared to that in controls (8).
Furthermore, allelic variation of FA pathway components is a re-
ported risk factor for HPV persistence in cervical cancers in the
general population (32). FA is caused by mutations in one of 15
genes in the FA pathway (including FANCA and FANCD2). Their
respective protein products assemble in the nucleus and play
important roles in DNA repair. In response to DNA damage or
replication stress, eight FA proteins, including FANCA, form
the nuclear core complex. Complex formation leads to monou-
biquitination of the FANCD2/FANCI (ID) complex, followed by
colocalization with DNA repair proteins, including BRCA2/
FANCD1 and BRCA1 (16, 17, 29). The bone marrow failure that
characterizes FA may be associated with immune defects (9).
However, successful bone marrow transplantation does not pro-
tect from early and aggressive SCC development in individuals
with FA, suggesting that the FA pathway prevents epithelial cell
transformation through cell-autonomous mechanisms.

Previous molecular studies have demonstrated that the HPV
E7 oncogene upregulates the transcription and function of these
FA proteins (13, 27, 28). Furthermore, FANCA loss in human
keratinocytes caused increased cellular proliferation and hyper-
plasia in high-risk HPV-positive organotypic epithelial rafts (14).
Additionally, FANCD2 knockout stimulated HPV16 E7-driven
head and neck cancer in mice (26). While it is therefore evident
that FA loss supports SCC phenotypes in epidermal models, it is
unknown whether this is specific to the HPV-positive environ-
ment, and relevant molecular links and consequences for the HPV
life cycle have not yet been reported. Here, we show that FA loss in
keratinocytes and organotypic rafts leads to elevated levels of
�Np63 and that both elevated �Np63 levels and cellular hyper-
plasia are specific to HPV-positive epidermis and not observed
in HPV-negative epidermis. Furthermore, FANCA and
FANCD2 knockdown stimulated the accumulation of E7 pro-
tein levels in the absence of any other HPV gene products and
through a posttranscriptional mechanism. Finally, FA loss in-
creased HPV genome amplification in organotypic rafts and
differentiated cells, thus demonstrating that the HPV life cycle
is attenuated by the intact FA pathway.

MATERIALS AND METHODS
Cell culture. Primary human foreskin keratinocytes (HFKs) (34), near
diploid immortalized keratinocytes that form skin (NIKS), HPV16�

NIKS, and CIN 612 cells were carried as previously described (4, 35).
Irradiated J2-3T3 mouse fibroblasts were used as feeder cells.

Retroviral and lentiviral transduction. Nontargeting and FANCD2-
and FANCA-specific short hairpin RNA (shRNA)-expressing lentiviral
vectors were obtained through the Sigma MISSION shRNA program (Sig-
ma-Aldrich) as previously described (14). LXSN 16E7, LXSN 16E7DLYC,
and pBABE 16E7 vectors were previously described (12, 15). Cells were
transduced at 30 to 50% confluence for a total of 4 h for retroviruses or 8
h for lentiviruses in a final concentration of 8 �g/ml Polybrene. For the
LXSN vectors, cells were selected for 2 days in 200 �g/ml G418. For the
pBABE and lentiviral vectors, cells were selected and carried in 1 �g/ml
puromycin.

Organotypic epithelial raft culture. Organotypic rafts were generated
as previously described (25). After 16 days of growth, the resulting tissue was
fixed in 2% paraformaldehyde, embedded in paraffin, sectioned, and mor-
phologically examined by hematoxylin and eosin (H&E) staining.

Ventana in situ HPV DNA detection. A chromogenic in situ hybrid-
ization test for the detection of several high-risk HPV genomes, including
HPV16 and HPV31(Ventana Medical Systems), was carried out by the
CCHMC Division of Pathology. Sections were incubated with a fluores-
cein-tagged DNA probe and counterstained using the fully automated
Ventana BenchMark instrument (6).

Immunofluorescence. Immunofluorescence was performed as previ-
ously described (14). Antibodies used were mouse monoclonal BrdU (1:
100; Invitrogen), mouse monoclonal �Np63 (1:200; Santa Cruz), mouse
monoclonal K10 (1:200), and rabbit polyclonal K14 (1:2,000) (both from
Covance Research Products). Primary antibodies were detected with ei-
ther a mouse or rabbit secondary antibody conjugated to rhodamine (1:
200; Jackson ImmunoResearch). The sections were mounted in
Vectashield/DAPI (4=,6-diamidino-2-phenylindole; Vector Labs)
mounting medium and analyzed using a Leica DMI6000 microscope
(Leica) and Openlab5 software (Improvision).

Immunohistochemistry. Tissue sections were deparaffinized with xy-
lene and rehydrated. Following antigen retrieval in 10 mM sodium citrate,
sections were blocked in M.O.M. mouse IgG (Vector Laboratories) in a
humidity chamber for 1 h. Sections were then incubated for 1 h with a
mouse monoclonal BrdU antibody (1:100; Invitrogen). After washes in
phosphate-buffered saline (PBS), sections were incubated with biotinyl-
ated secondary antibody for 30 min. Staining was developed in DAB (Vec-
tor Laboratories) and counterstained with nuclear fast red (Biomeda;
M209). Sections were then dehydrated in ethanol followed by xylene and
mounted in Permount (Fisher Scientific).

Keratinocyte differentiation in methylcellulose. Cells were sus-
pended in F medium containing 1.5% methylcellulose, allowed to differ-
entiate for 24 or 48 h, and harvested by stringent washes with cold PBS
(33). DNA or protein was extracted for analysis.

Calcium differentiation. A total of 4 � 105 cells were seeded in
60-mm dishes on J2-3T3 feeder fibroblasts. When 80% confluence was
reached, feeders were removed by 0.05% trypsin/1� EDTA treatment,
and cells were calcium starved overnight with Epilife medium plus HKGS
(Cascade Biologics). Epilife medium containing 20% fetal bovine serum
(FBS) and 5 mM CaCl2 was added, and cells were allowed to differentiate
for 24 or 48 h. Media and cells were collected, and DNA or protein was
extracted for analysis.

Quantitative RT-PCR. RNA was reverse transcribed into cDNA using
the Quantitech reverse transcription (RT) kit (Qiagen). Primers used were
HPV16 E7 (5=-GAG ATA CAC CTA CAT TGC ATG-3= and 5=-TGC TTT
GTA CGC ACA ACC GAA-3=) and c-abl (5=-TGC CCA GAG AAG GTC
TAT GAA CT-3= and 5=-AAC ATT GTT TCA AAG GCT TGG TG-3=).
cDNA was run in duplicate for each sample in 2� SYBR green master
mix (Applied Biosystems) using an ABI 7300 real-time PCR system. A
serial dilution of cDNA was used to generate a standard curve for
HPV16 E7 and c-abl. Threshold cycle (CT) values were compared back
to the standard curve, and HPV16 E7 was normalized to the c-abl
control.

Quantitative PCR. Primers used were HPV31 E7 (5=-AAT TAC CCG
ACA GCT CAG ATG-3= and 5=-GGC ACA CGA TTC CAA ATG AG) and
GAPDH (5=-CCG CAG AGG TGT GGT GGC TG-3= and 5=-CAG CCT
GGC CTT TGG GGT CG-3=). DNA was run in duplicate for each sample
in 2� SYBR green master mix (Applied Biosystems) using an ABI 7300
real-time PCR system. A serial dilution of CIN 612 DNA was used to
generate a standard curve for HPV31 E7 and GAPDH. CT values were
compared back to the standard curve and HPV31 E7 was normalized to
the GAPDH control.

Western blot analyses. Whole-cell protein extracts were harvested
with lysis buffer (0.1% Nonidet P-40, 250 mM NaCl, 50 mM Tris [pH
7.4], and 5 mM EGTA) and supplemented with protease inhibitor cocktail
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(Pharmingen), 10 mM NaF, 5 mM NaVO3, and 0.5 mM phenylmethyl-
sulfonyl fluoride (PMSF). Blotting was performed as previously described
(34). Antibodies used were mouse monoclonal �Np63 (Santa Cruz), rab-
bit polyclonal FANCD2 (Novus), rabbit polyclonal FANCA (Cascade
Bioscience), or mouse pan-actin-specific antiserum (gift from J. Lessard,

CCHMC). For Western blots in which HPV16 E7 was also probed, whole-
cell extracts were harvested in supplemented radioimmunoprecipitation
assay (RIPA) buffer. A primary antibody mix of mouse monoclonal anti-
16E7 antibody (1:150, 8C9 [Invitrogen]; 1:200, ED17 [Santa Cruz]) and
SuperSignal West Femto substrate (Pierce) was used for detection.

FIG 1 FA gene knockdown increases HPV16 E7 protein levels in keratinocytes, though E7 transcript levels are unchanged. (A) HPV16 E7 protein levels are increased
in FANCD2-depleted LXSN-E7-expressing HFKs from 2 different donors (�, nontargeting short hairpin control; �, FANCD2 knockdown) (B) and with LXSN-E7- or
pBABE-E7-transduced NIKS (C). Elevated E7 protein levels are maintained for at least 3 cell passages in LXSN-E7-transduced NIKS (D) and are still observed with a
mutant unable to bind and degrade Rb (E7DLYC). (E) Although E7 protein levels are consistently higher when FANCD2 is knocked down, E7 mRNA levels remain
unchanged (n � 3; P � 0.94) (means � SEM). (F) Knockdown of FANCA produces a similar increase in E7 protein (G), but overexpression of FANCA or FANCC does
not alter E7 levels (G).
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Statistics. Time course experiments measuring HPV genome copy
number in cells transduced with FANCD2 shRNA or nontargeting shRNA
were performed in triplicate (n � 3 independent experiments). Statistical
significance was determined using two-way analysis of variance
(ANOVA) with Bonferroni post hoc tests using an � value of 0.05. All other
significance was determined using a Student t test. Statistical analyses were
performed using GraphPad Prism 5 software.

RESULTS
FA gene knockdown stimulates the accumulation of E7 in pri-
mary and immortalized keratinocytes. Our previous data
showed that HPV-immortalized keratinocytes derived from in-
dividuals with FA were more proliferative than their isogenic,
gene-corrected counterparts. Furthermore, FANCA and
FANCD2 knockdown in HPV-positive keratinocytes stimu-
lated proliferation. Since loss of FA pathway function in HPV-
positive cells exacerbated epidermal proliferation and hyper-
plasia (14), and since these are phenotypes closely associated
with HPV E7 protein activities, we tested directly whether FA
knockdown could regulate E7. Levels of E7 oncoprotein were
examined by Western blot analysis in E7-transduced,
FANCD2-knockdown versus control keratinocytes. FANCD2
depletion in E7-expressing primary human foreskin keratino-
cytes (HFKs) was sufficient to stimulate E7 protein accumula-
tion compared to cells transduced with the nontargeting short
hairpin control (NTsh) (Fig. 1A). Transduction of near-dip-
loid immortalized keratinocytes that form skin (NIKS) with
two different retroviral E7 expression vectors (LXSN or

pBABE) yielded similar results (Fig. 1B). The elevated E7 pro-
tein level in NIKS was maintained for at least 3 cell passages
(Fig. 1C). Furthermore, the observed E7 accumulation was not
dependent upon the ability of E7 to bind and degrade the tu-
mor suppressor Rb, as shown by transduction with a mutant E7
construct defective for binding RB and p21 (DLYC E7) (Fig.
1D). Detection of E7 message levels in FANCD2sh versus NTsh
keratinocytes did not reveal significant differences; thus, we
conclude that E7 regulation occurs posttranscriptionally (Fig.
1E). E7 protein levels also increased following knockdown of
FANCA, a pathway component upstream of FANCD2 (Fig.
1F). Finally, when either FANCA or FANCC were overex-
pressed in E7-NIKS, protein levels of E7 remained unchanged
compared to those of vector control-transduced cells (Fig. 1G).
Taken together, these data show that FA deficiency stimulates
E7 accumulation in the absence of other HPV proteins. The
finding that FA gene overexpression does not repress E7 pro-
tein levels suggests that E7 regulation by FA is not a straight-
forward epistatic relationship.

Previous research indicates that HPV-driven hyperplasia is en-
hanced in FA-deficient cells (14). One possibility is that elevated
E7 levels mediate the phenotype observed upon FA pathway loss.
We therefore determined whether additional E7 expression in
cells stably harboring episomal HPV was sufficient to exacerbate
hyperplasia and to further disrupt differentiation. NIKS contain-
ing 30 to 50 copies of HPV16 genomic DNA was transduced with
a retroviral vector expressing HPV16 E7 (either LXSN or pBABE)

FIG 2 Exogenous E7 oncoprotein expression exacerbates HPV-driven hyperplasia. (A) Retroviral LXSN-E7 or pBABE-E7 expression in NIKS already harboring
HPV16 causes hyperplasia in organotypic rafts (shown by H&E). (B to D) Increased proliferation (BrdU), increased number of �Np63-positive cells, and
expansion of the basal cell compartment (K14/K10) (means � SD).
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and subsequently cultured in organotypic rafts, a three-dimen-
sional system that permits keratinocyte differentiation and forma-
tion of fully stratified epithelium. E7-transduced compared to
control rafts exhibited increased proliferation in excess of that
induced by HPV alone, as shown by exaggerated hyperplasia
(H&E), BrdU incorporation, and nuclear counts (means � stan-
dard deviations [SD]) (Fig. 2A to C). Squamous cell carcinoma is
thought to originate in the stem and/or progenitor cell compart-
ment. Proliferation correlated with an expansion of this basal cell
compartment, marked by increased numbers of �Np63- and K14-
positive cells (means � SD) (Fig. 2B and D).

Differentiation abnormalities in response to FA loss are spe-
cific to HPV-positive epidermis. E7 expression gains within
HPV16-positive epidermis caused abnormal differentiation and
augmented hyperplasia reminiscent of FA-deficient HPV16-pos-
itive epidermis (14) (Fig. 2B). Viral replication is tightly depen-

dent upon host cell differentiation, and the consequences of defi-
cient FA pathway function on HPV replication are unknown. The
HPV31 CIN 612 cell line is known to productively replicate HPV
genomes under multiple differentiation conditions (4), and we
therefore first characterized FANCD2sh-induced differentiation
abnormalities in these cells. FANCD2 loss increased the propor-
tion of �Np63 (P 	 0.05) (means � standard errors of the means
[SEM]) and K14-positive cells compared to those of NTsh control
raft cultures (Fig. 3A and B). In all cases, control NTsh rafts had a
continuous and clearly defined K10 layer, while the K10 layers of
the FANCD2sh rafts were irregular and often absent (Fig. 3B). The
loss of K10-positive cell layers in the FANCD2sh rafts correlated
with increasing numbers of K14-positive cells in the basal com-
partment, often extending as clusters into suprabasal areas, and an
overall increase in total nuclei as quantified by DAPI counts (P 	
0.05) (means � SEM) (Fig. 3B). Elevated �Np63 expression in

FIG 3 FANCD2 knockdown mimics E7 overexpression by stimulating �Np63 expression and expanding the basal cell compartment. (A) �Np63-positive cells
are increased in FANCD2-knockdown HPV31� CIN 612 cells (*, n � 3; P 	 0.05) (means � SEM). (B) K14/K10-positive cell layers are skewed toward the
K14-positive basal cell compartment. Total nuclei are also increased as quantified by DAPI counts (*, n � 3; P 	 0.05) (means � SEM). �Np63 protein levels are
elevated under nondifferentiating conditions and following 24 h of differentiation in methylcellulose (C) or in calcium in FANCD2sh CIN 612 cells (D).
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response to FANCD2 knockdown was also observed by Western
blot analysis under nondifferentiating conditions or following dif-
ferentiation either by methylcellulose (Fig. 3C) or calcium
(Fig. 3D). Importantly, FANCD2 depletion in HPV-negative
NIKS did not result in hyperplasia (Fig. 4A), increased �Np63
expression, or the number of DAPI-positive cells in organotypic
rafts (Fig. 4B and C), thus demonstrating for the first time that at
least some of the hyperplastic phenotypes caused by FA loss are
specific to the HPV-positive environment.

FA loss increases HPV DNA replication. To determine the
effects of a deficient FA pathway on HPV replication, we per-
formed in situ hybridization assays for viral DNA detection in
organotypic raft cultures generated with cells containing
HPV16 or HPV31. These were stably transduced either with
NTsh control vector or FANCD2 shRNA expression vector.
Assay sensitivity was below the 30 to 50 genomes present per
cell in each case; thus, a positive signal denotes productive
replication. As previously described (14), hyperplasia and cel-
lular proliferation were increased following FANCD2 knock-
down in HPV16� NIKS (Fig. 5A). Interestingly, the number of
cells that productively replicated HPV16 viral genomes was
also increased (means � SD) (Fig. 5B), suggesting that produc-
tive HPV replication is more abundant following perturbation
of FA pathway function. Increased replication was observed
immediately after FANCD2 knockdown and at passage 28
(Fig. 5B). To confirm these findings, we used three indepen-
dent methods to assay the replication of the closely related
high-risk HPV31 in FANCD2-deficient CIN 612 cells. Similar
to HPV16, replication of HPV31 was increased in organotypic
rafts as measured by in situ hybridization (Fig. 6A). HPV31
replication was also increased in FANCD2 knockdown CIN 612
cells relative to NTsh controls when embedded in methylcellu-
lose (Fig. 6B). Finally, when cells were differentiated in high-

FIG 4 Tumor phenotypes are not observed in FA-deficient, HPV-negative keratinocytes. (A) Hyperplasia (H&E) does not occur following knockdown of FANCA or
FANCD2 in HPV-negative NIKS, nor are DAPI counts or �Np63-positive cell numbers (B) (means � SEM) or �Np63 protein levels significantly different by Western
blot analysis (C).

FIG 5 FANCD2 knockdown stimulates HPV16 replication. Organotypic raft cul-
ture hyperplasia (H&E) and cellular proliferation (BrdU) (A) and viral replication
(in situ hybridization for HPV genomes) (B) are increased in FANCD2-deficient
HPV16� NIKS (means � SD). P28, passage 28; P1, passage 1.
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calcium medium, FANCD2 knockdown cells showed signifi-
cantly greater HPV31 replication compared to NTsh controls
(Fig. 6C). HPV31 replication also increased when the FA path-
way was perturbed via FANCA knockdown (data not shown).
Taken together, these data show that FA loss stimulates the
HPV replicative life cycle.

DISCUSSION

We demonstrate here that the FA pathway, widely known for its
important role in DNA repair, controls the replication of a major
human pathogen, HPV. In following up on this finding, we un-
covered a new and unexpected role for FA in regulating the accu-
mulation of the viral E7 oncoprotein. HPV infection is the cause of
a subset of anogenital and head and neck cancers and is responsi-
ble for 4% of all cancers worldwide. In the year 2000 alone, the
total direct medical costs attributable to sexually transmitted HPV
infection in the United States were an estimated $2.9 billion, with
an overwhelming majority of the funds spent on monitoring and
treating abnormal pap results (7). Blanket therapy has thus
achieved tremendous reductions in the incidence of the HPV-
associated cancer but has come at a cost to society and distress to
affected individuals who are often treated unnecessarily. Impor-

tantly, decades of HPV research have not identified specific ge-
netic modifiers of high-risk HPV infection and transformation,
thus limiting our ability to identify and focus on the population at
greatest risk for malignant conversion. Since HPV infection is
linked to human cancer, the finding that FA loss stimulates HPV
oncogene production and the viral life cycle has implications for
our understanding of HPV-associated squamous cell carcinoma.
The observed HPV hyperreplication in FA-deficient epidermis
may be relevant for individuals with FA: recent data from Brazil
suggest increased HPV prevalence in oral rinses from an FA co-
hort compared to controls. However, whether this prevalence
translates into viral persistence and ultimately disease remains to
be determined, particularly since HPV genome presence in FA
SCCs is controversial.

FANCD2 or FANCA knockdown in E7-transduced keratino-
cytes increased the accumulation of E7 protein but did not affect
message levels. It is likely that E7 stabilization is responsible for the
observed protein accumulation, but we emphasize that these data
do not rule out other posttranscriptional regulatory mechanisms.
Experiments to define the relevant molecular pathways and pro-
cesses which link the FA pathway with E7 production are now
critical. The E7 protein results were extremely reproducible in E7-

FIG 6 FANCD2 knockdown stimulates HPV31 replication. (A) Organotypic raft hyperplasia (H&E) and viral replication (in situ hybridization for HPV
genomes) are upregulated in FANCD2-deficient HPV31� CIN 612 cells. Increased numbers of cells that productively replicate HPV are observed in FANCD2-
deficient CIN 612 rafts (*, n � 3; P 	 0.05) (means � SEM). Increased genome copy number is observed during methylcellulose differentiation (DNA quantified
by qPCR) (*, n � 3; P 	 0.05) (means � SEM) (B) or calcium-induced differentiation (DNA quantified by qPCR) (**, n � 3; P 	 0.01; *, P 	 0.05) (means �
SEM) (C). (D) Model depicting FA and E7 cross talk. A negative feedback loop is depicted wherein the FA pathway limits HPV replication and transformation
through E7-dependent mechanisms. Arrows indicate activation, and lines indicate repression. Under normal circumstances, HPV infection and E7 production
upregulate FA gene expression through Rb inhibition and lead to FANCD2 monoubiquitination and pathway activation. The intact FA pathway in turn limits
E7 accumulation through unknown but Rb-independent mechanisms. Loss of FA function and consequent release of E7 from the negative feedback loop may
hyperstimulate HPV replication and transformation. The dotted line indicates the possibility of E7-independent effects on viral phenotypes.
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expressing cells and particularly when E7 expression was low. How-
ever, it is important to note that a similar induction by FA loss was
only sometimes, and not consistently, observed in cells coexpressing
E6 and E7, either for technical or biological reasons. In contrast, up-
regulated �Np63 protein levels are observed in E6/E7-positive cells
upon FA loss (Fig. 3C and D), together with an expansion of the
�Np63-associated stem and progenitor cell compartment (Fig. 3A).
Published data have defined �Np63 as an induced target of E7, and
E7 expression was sufficient for stimulating �Np63 expression
through inhibition of miR-203 microRNA production (23). More-
over, �Np63 expression promoted productive viral DNA amplifica-
tion (24). It is possible that E7 stimulates �Np63 expression to sup-
port FA phenotypes and viral replication. Alternatively, these events
may be separate from each other. Regardless, increased copy num-
bers of transcriptionally active HPV genome templates in infected FA
cells would be expected to stimulate E6/E7 oncogene expression and
thus cancer risk. In the cervix, high viral load and persistent viral
infection are strongly associated with cytological abnormalities and
disease severity, specifically for HPV16 (11, 18). HPV E7 is known to
promote transformation in cells where the life cycle has been inter-
rupted, which often occurs through spontaneous integration of the
viral genome (5). Loss of the FA pathway may therefore increase the
risk of viral integration not only through associated genome instabil-
ity but potentially also through stimulation of viral replication and
thus increased genome load. In conclusion, our data demonstrate
that the FA pathway restricts HPV E7 protein levels and viral genome
amplification in differentiated epidermis and should encourage epi-
demiological studies of HPV prevalence in FA populations and in
sporadic SCCs which are deficient for FA gene functions.
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