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The results of seroepidemiological studies suggest that infection with adeno-associated virus type 2 (AAV2)
is negatively correlated with the incidence of human papillomavirus (HPV)-associated cervical cancer. We
studied the potential of AAV2 oncosuppression of HPV and showed that HPV/AAV2 coinfection of cells
culminated in apoptotic death, as determined by DNA laddering and caspase-3 cleavage. The induction of
apoptosis coincided with AAV2 Rep protein expression; increased S-phase progression; upregulated pRb
displaying both hyper- and hypophosphorylated forms; increased levels of p21™*", p16™*4, and p27¥™!
proteins; and diminished levels of E7 oncoprotein. In contrast, normal keratinocytes that were infected with
AAV2 or transfected with the cloned full-length AAV2 genome failed to express Rep proteins or undergo
apoptosis. The failure of AAV2 to productively infect normal keratinocytes could be clinically advantageous.
The delineation of the molecular mechanisms underlying the HPV/AAV2 interaction could be harnessed for
developing novel AAV2-derived therapeutics for cervical cancer.

Human papillomavirus (HPV)-positive cervical cancer pa-
tients exhibit antibodies to adeno-associated virus type 2
(AAV2) less frequently than matched controls (27), suggesting
that AAV2 has a “protective” effect against the development
of this cancer (19). AAV2 is a nonpathogenic, 4.7-kb single-
stranded DNA parvovirus (8) with tumor-suppressive proper-
ties (37). AAV2 has been detected in cervical tissues (17) and
found colocalized with HPV (15, 41). We have reported that in
HPV/AAV2-coinfected organotypic cultures, AAV2 inhibited
HPV genome amplification concomitant with active AAV2
DNA replication (29). AAV2 inhibition of HPV replication
displayed a typical helper/parasite relationship similar to that
between AAV2 and adenoviruses (11). The AAV2-encoded
nonstructural Rep78 protein inhibited cellular transformation
mediated by papillomaviruses in vitro (19), which was due
to Rep protein-mediated transcriptional inhibition from the
papillomavirus early promoters (20). AAV2 also targets key
cell cycle checkpoints. In adenovirus/AAV2-coinfected cells,
Rep78 antagonizes the expression and activity of pRb (4) and
E2F (5), thus decreasing S-phase progression. Consequently,
cell cycle proteins targeted by adenovirus-mediated deregula-
tion subsequently become subject to AAV2-mediated “reregu-
lation.” AAV2 also interferes with cellular proliferation by
implementing cell cycle blocks and growth arrest (3, 18, 23, 42)
and differentiation (2). Recently, AAV2 was shown to induce a
moderate degree of caspase activation during adenovirus coin-
fection (40).

We have begun characterizing potential mechanisms of
AAV?2 suppression of HPV oncogenesis. We have reported

* Corresponding author. Mailing address: Department of Microbi-
ology and Immunology, Pennsylvania State University College of Med-
icine, 500 University Drive, Hershey, PA 17033. Phone: (717) 531-
6240. Fax: (717) 531-4600. E-mail: cmm10@psu.edu.

¥ Published ahead of print on 22 July 2009.

that in HPV/AAV2-coinfected cultures, AAV2 targeted the
p21WAF! cyclin-dependent kinase (CDK) inhibitor for acceler-
ated proteosome-mediated degradation (1). In contrast, AAV2
infection of primary human keratinocytes (HK) resulted in
upregulated p21VAF! protein levels (1), which was previously
correlated with growth arrest in AAV2-infected primary fibro-
blasts (18). Since in normal cells, p21"VAF! protein levels are
decreased in preparation for S-phase entry and progression
(25), our observations appeared to contradict the role of
AAV2 as a tumor-suppressive parvovirus. To further investi-
gate this observation, we characterized the downstream con-
sequences of AAV2 infection in actively cycling HPV-infected
cells.

We used the cervical intraepithelial neoplasia (CIN) type I
biopsy-derived cell line CIN-612 9E which maintains episomal
genomes of HPV type 31b (HPV31b) (6). As controls, we used
HK cells isolated as described previously (1). Using keratino-
cytes was relevant to our studies as they are natural hosts for
both HPV and AAV2 (17). Cells were synchronized as de-
scribed previously (1). AAV2 viral stocks were prepared and
infections performed as we have previously described (1). We
used 0.02 multiplicities of infection (MOIs) of AAV2 (using
AAV2 MOIs of 10, 20, 30, and 100 yielded similar results).
Both AAV2-infected and mock-infected cells were grown to
80% confluence (day 2), at which time the cells were passaged
at a ratio of 1:2. On day 3, HPV31/AAV2-coinfected cells
showed growth retardation, which eventually culminated in
complete apoptotic cell death as evidenced by DNA laddering
(Fig. 1A). In contrast, AAV2 infection of HK cells did not
induce apoptosis (Fig. 1B). The induction of apoptosis corre-
lated with caspase-3 cleavage/activation in AAV2-infected
HPV31 cells (Fig. 1C), whereas infected HK cells displayed
only the pro-caspase-3 form (Fig. 1D). These experiments have
been repeated multiple times with reproducible results.
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FIG. 1. AAV2-induced apoptosis in HPV31-infected cells. (A and B) CIN-612 9E (HPV31 positive) (A) and HK (HPV negative) (B) mono-
layer cultures were synchronized in G,, followed by infection with AAV2 at an MOI of 0.02. Cell pellets were collected each day over a seven-day
period. Cells were passaged 1:2 on day 2. DNA laddering assays were performed by isolating low-molecular-weight DNA using standard protocols.
Twenty micrograms of DNA was resolved in a 1% agarose-Tris-borate-EDTA gel and stained with ethidium bromide. Detection of caspase-3
cleavage/activation was done by Western blotting. Total protein extracts were prepared and detected as described previously (1). (C and D) Sixty
micrograms of total protein extracts from HPV31/AAV2-coinfected cells (C) and HK cells infected with AAV2 (D) were resolved in SDS-
polyacrylamide gel electrophoresis (PAGE) gels. To detect the procaspase form, protein samples were resolved in 10% SDS-PAGE gels and
detected with caspase-3 rabbit monoclonal antibody (Cell Signaling Technology). To detect the 19-kDa and 17-kDa cleaved caspase-3 forms,
protein samples were resolved in 15% SDS-PAGE gels and detected with cleaved caspase-3 rabbit antibody (Cell Signaling Technology). Results
shown are representative of three individual experiments. t, time; +, present; —, absent.

AAV2 encodes four nonstructural proteins, of which Rep78
and Rep68 regulate multiple viral functions, including DNA
replication and transcription, whereas Rep52 and Rep40 are
involved in packaging viral genomes into capsids (8). The
Rep78, Rep68, and Rep40 proteins were clearly expressed in
HPV31/AAV2-coinfected cells beginning on day 3 and con-
tinuing up to day 7 (Fig. 2A), but they were not expressed in
AAV2-infected HK cells (Fig. 2B). The clarification of Rep52
expression was rendered difficult by the overabundance of con-
taminating cellular keratins which also resolve in this region.
We consistently detected the dimer form of Rep78 (Fig. 2A).
This is not uncommon, since others have also reported observ-
ing high-molecular-weight Rep78 complexes, which are essen-
tially Rep-Rep protein concatemers containing two to six Rep
proteins which persist in sodium dodecyl sulfate (SDS) (24,
31). Rep protein expression preceded apoptotic DNA ladder-
ing, which was observed on day 4 but increased on day 5 (Fig.
1A). Previously, the expression of Rep78 alone was shown to
be sufficient for caspase-3 cleavage and the induction of apop-
tosis in HL60 cells in vitro (38). To rule out the possibility that

the failure of AAV2-infected HK cells to express Rep proteins
was due to inability of the virus to infect these cells, we per-
formed Southern blot analysis to detect the status of AAV2
DNA replication. The 4.7-kb replicative-form DNA monomer
was detectable in both HPV31/AAV2-coinfected (Fig. 2C) and
AAV2-infected HK cells (Fig. 2D). In contrast, Rep proteins
were expressed only in HPV31/AAV2-coinfected cells (Fig.
2A). These results suggest that the induction of apoptosis in
HPV31/AAV2-coinfected cells was due to the expression of
Rep proteins.

We also observed that the 4.7-kb replicative form of AAV2
was weak in infected HK cells in comparison to the clearly
increased AAV?2 genome amplification in HPV31/AAV2-coin-
fected cells (compare Fig. 2C and D). Additionally, there was
no appreciable increase in AAV2 genome amplification in HK
cells until day 7 (Fig. 2D), indicating that AAV2 was unable to
replicate efficiently in HK cells during this time course. Thus,
the failure of AAV2 to productively infect HK cells could lead
to the absence of Rep protein expression and the induction of
apoptosis in normal cells. To address this possibility, we ana-
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FIG. 2. AAV2 induction of apoptosis in HPV31-infected cells correlates with Rep protein expression. For detecting Rep proteins in Western
blots, total protein extracts were prepared as we have previously described (1). (A and B) Sixty micrograms of total protein extracts from
HPV31/AAV2-coinfected cells (A) and HK cells infected with AAV2 (B) were resolved in a 7.5% SDS-polyacrylamide gel electrophoresis gel and
detected with an AAV2 Rep-specific antibody (Progen). (C and D) Southern blot analysis to detect 4.7-kb AAV2 replicative-form monomer
representing active genome replication in HPV31/AAV2-coinfected cells (C) and HK cells infected with AAV2 (D). A total of 5 pg of total DNA
was then detected with AAV2 genomic DNA as probe as previously described (29). One hundred nanograms of total DNA isolated from cells was
used as loading control (bottom). Results shown are representative of three individual experiments. t, time; +, present; —, absent.

lyzed the effect of physically delivering the AAV2 genome into
HK cells using standard calcium-phosphate-DNA coprecipita-
tion/transfection protocols. For these experiments, we trans-
fected 15 pg of the full-length cloned AAV2 genome into
HPV31 and HK cells. In the current study, the same AAV2
clone was used for production of the AAV2 virus stocks. To
determine the transfection efficiency, we also cotransfected 15
g of a green fluorescent protein (GFP) expression vector
(Clontech) as a surrogate marker for delivery of the unlabeled
AAV2 genome into both cell types. In our hands, the efficiency
of the transfection protocol performed with 15 pg of the GFP
expression vector alone routinely resulted in an average of
15% of HPV31 and HK cells being GFP positive (Fig. 3A and
B, respectively), which is within the efficiency range reported
for keratinocytes in published studies (12, 33). Cotransfection
of the GFP expression vector with the AAV2 genome into
HPV31 cells resulted in a reduced number of adherent cells, as
determined visually, compared with the number of adherent
HPV31 cells transfected with GFP alone (Fig. 3A). Addition-
ally, delivery of the AAV2 genome induced cell death in GFP-
positive HPV31 cells, as determined from their morphology
(Fig. 3A), and could be correlated with the expression of
Rep78, Rep52, and Rep40 proteins (Fig. 3C). Under these
conditions, the expression of Rep68 could not be clearly re-
solved. In contrast, HK cells cotransfected with the GFP ex-

pression vector and the AAV2 genome expressed numbers of
GFP-positive cells that were approximately equal to the num-
bers of HK cells expressing GFP alone (Fig. 3B). Delivery of
the AAV2 genome into HK cells did not induce cell death, as
determined by the morphology of adherent GFP-positive cells
(Fig. 3B) and failure to express Rep proteins (Fig. 3C). Thus,
regardless of implementing infection or transfection as the
mode of AAV2 genome delivery into HPV31 and HK cells,
identical results were obtained (compare Fig. 2 and 3).

The observed lack of Rep protein expression in AAV2-
infected (Fig. 2B) or -transfected (Fig. 3C) HK cells could be
due to the absence of transcription-/translation-related func-
tions necessary for AAV2 gene expression. Others have re-
ported that the HPV16 E2 protein provides functions neces-
sary for productive AAV2 replication in HPV16-positive cells
but not in cells lacking HPV16 genomes (32). Additionally,
AAV2 was shown to induce a G,-phase-mediated growth ar-
rest and subsequently kill cancer cells with defective pS3, but
cells expressing normal p53 proteins were shown to maintain
this block (35).

During apoptosis, both caspase-dependent and caspase-in-
dependent pathways regulate DNA fragmentation (14). Addi-
tionally, the DNA fragmentation observed in HPV31/AAV2-
coinfected cells could be a function of Rep78, as studies have
reported the ability of Rep78 to induce cellular DNA damage
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FIG. 3. Calcium-phosphate transfection of HPV31 and HK cells with the cloned AAV2 genome and the GFP expression vector (Clontech) as
transfection control. For each experiment, nontransfected (—GFP) cells are shown in the left panels, GFP-only controls (+GFP) are shown in the
middle panels, and GFP vector and AAV2 genome-transfected cells (+GFP/+AAV2) are shown in the right panels. (A) HPV31 cells transfected
with the GFP expression vector and AAV2 cloned genome. AAV2-induced cell death was correlated with decreased numbers of cells adhering to
plates. The membrane integrity of GFP-positive HPV31 cells in cells cotransfected with AAV2 was disrupted in comparison to the membrane
integrity of cells transfected with the GFP vector alone. All images were captured with a 20X objective. (B) HK cells transfected with the GFP
expression vector and cloned AAV2 genome. GFP expression is observed equally irrespective of the presence of AAV2, and cell death was not
observed, as determined from membrane integrity. All images were captured with a 20X objective. (C) Transfection of AAV2 genome induced
cell death, which was correlated with the expression of Rep proteins in HPV31-positive cells but not in transfected HK cells. For detecting Rep
proteins in Western blots, total protein extracts were prepared as we have previously described (1). Western blotting was performed using 60 g
of total protein extracts from HPV31 and HK cells transfected with the GFP expression vector and AAV2 genome. As controls, cells were
transfected with the GFP vector alone. Protein samples were resolved in a 7.5% SDS-PAGE gel and detected with an AAV2 Rep-specific antibody
(Progen). For clarity of detection of individual Rep proteins, blots were exposed for 10, 20, and 45 s as indicated. Arrows point to individual Rep
proteins detected in HPV31 cells transfected with AAV2. Rep52 was detected in lane 3, Rep40 was detected in lane 6, and Rep78 dimer was

detected in lane 9. Rep68 expression could not be clearly established. +, present; —, absent.

and invoke a damage response (9). Under normal conditions,
nicking of cellular chromatin results from the inherent site-
specific endonuclease activity of Rep78/Rep68, a function re-
quired for AAV replication and integration into the human
genome (21). Thus, our results suggest the possibility that Rep
proteins could also be involved in mediating signals for the
induction of apoptosis via DNA damage in HPV-infected cells.

Studies have suggested a connection between apoptosis and
cell cycle control (10, 16). To determine whether the induction
of apoptosis in HPV31/AAV2-coinfected cells could be corre-
lated with cell cycle progression, we performed fluorescence-
activated cell sorting (FACS) analysis. On day 3 and day 4,
HPV/AAV2-coinfected cells increasingly entered into S phase
compared with the cell cycle progression of controls (Fig. 4A
and B). Increased S-phase entry was correlated with upregu-
lated CDK2-associated kinase activity (Fig. 4C, left panel) and
with stabilized pRb protein expression displaying both hyper-
phosphorylated (inactive) and hypophosphorylated (active)
forms of the protein (Fig. 4D). Others have reported the ability
of Rep78 to promote pRb hypophosphorylation and a com-

plete S-phase arrest (9, 36), mediated via Rep78 binding to
CDC25A and preventing access to its substrates, CDK2 and
CDKI1 (9, 36). Normally, pRb inactivation and E2F release is
required for E2F transcription of S-phase genes (7). However,
DNA damage-induced pRb acetylation/inactivation promotes
E2F1 transcription of proapoptotic genes (26). In contrast,
DNA damage-induced Chk2-mediated phosphorylation of
pRD leads to E2F sequestration and transcriptional inhibition
of proapoptotic genes (22). In our current study, we demon-
strate the ability of AAV2 to catalyze S-phase entry in cycling
cells in the presence of pRb in both its active and inactive
forms, which could represent a novel trigger for the induction
of apoptosis. In HPV31/AAV2-coinfected cells, death could
occur due to conflicting signals arising from a breach of G,/S
checkpoints, followed by S-phase entry and progression (me-
diated by hyperphosphorylated pRb), simultaneous with the
transcription of genes related to differentiation and growth
arrest (activated by hypophosphorylated pRb). It is also nota-
ble that on day 3, AAV2-triggered S-phase entry occurred in
the presence of increased levels of CDK inhibitors p21WAF?,
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FIG. 4. (A) FACS analysis profiles of HPV31/AAV2-coinfected cells. Cells were infected with AAV2 and stained with propidium iodide as
previously described (1). Both control and AAV2-infected cells were passaged on day 2. (B) Percentages of HPV31/AAV2-coinfected and
mock-infected cells in Gy, S, and G, phases of the cell cycle. Experiments were repeated three times. Results shown represent averages determined
from three individual experiments, with standard deviations presented in parentheses. (C) AAV2 infection of HPV31 cells affects S phase and G,
phase kinase activities. (Left) Beginning on day 3 after infection with AAV2, HPV31/AAV2-coinfected cells displayed increased CDK2-associated
kinase activity compared with that in control cells, which corresponded to increased entry of HPV/AAV2-infected cells into S phase. HPV31/
AAV2-coinfected cells displayed increased CDK1-associated kinase activity beginning on day 5, indicating increased G,-specific activation. CDK2-
and CDK1-associated kinase activities were determined using histone H1 as substrate as described previously (1). To determine equal loading of
total protein in immunoprecipitated samples (IP) used in the kinase assays, an identical blot was stained with GelCode blue stain reagent (Pierce).
(Right) Western blots were used to determine CDK2 and CDKI1 total protein levels. Changes in kinase activities of CDK2 and CDKI1 are observed
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p27%™"1 and p16™%* (Fig. 4D), conditions which otherwise
should be expected to mediate growth arrest in G,. The ability
of AAV2 to promote increased S-phase entry could be a
mechanism whereby AAV2 competes with HPV for cellular
factors for its own transcription. Alternatively, Rep proteins
could directly activate proapoptotic pathways independent
of pRb/E2F.

Late in infection, on day 5, an increased percentage of
HPV31/AAV2-coinfected cells entered into G, (Fig. 4A and
B). In normal cells, intact p53 and p21VAF! proteins respond
to DNA damage signaling by sustaining a G,-phase arrest
which is a protective cellular mechanism for allowing DNA
repair before proceeding into mitosis, thus inhibiting cell death
(39). However, on day 6 and day 7, the steady increase in G,
progression in HPV31/AAV2-coinfected cells (Fig. 4B) corre-
lated with increased CDK1-associated kinase activity (Fig. 4C),
which normally mediates entry into mitosis. In contrast, control
cells reached confluence and became contact inhibited. Failure
to mount an effective G,/M arrest by inhibiting CDK1 kinase
activity could be due to the inability of these cells to maintain
p21WAFL CDK inhibitor protein levels, as compared with the
levels in control cells (day 4 to day 7) (Fig. 4D). Decreasing
p21WVAF! Jevels regulate the ability of p21™WAF! to block apop-
tosis (13). Thus, AAV2-mediated downregulation of p21"VAF!
levels may act to prime HPV-infected cells for downstream
events which culminate in apoptosis. The observed AAV2-
mediated downregulation of multiple CDK inhibitors, includ-
ing p27%™! and p16™* in HPV31/AAV2-coinfected cells
(day 4 to day 7) (Fig. 4D), could be a mechanism necessary to
counteract cell cycle checkpoint-induced growth arrest in
HPV31/AAV2-coinfected cells. Additionally, changes in
p21WAF! Jevels occurred in the absence of changes in total
levels of p53 (Fig. 4D), which is a transcriptional activator of
p21WAF! (25).

We also routinely observed aberrant fluctuations in CDK2-
associated kinase activities in HPV31 cells infected with AAV2
on day 7 compared with the activities at earlier time points
(Fig. 4C, left panel). The large standard deviations observed in
the results of FACS analyses of the HPV31/AAV2-coinfected
cells (Fig. 4B) could be correlated with variations in kinase
activities in dying cells nearing the end of their life span.

We also determined the effect of AAV2 infection on E7
oncoprotein levels, which were downregulated in HPV31/
AAV2-coinfected cells (day 4 to day 7) (Fig. 4E). Loss of E7
protein in coinfected cells correlated with decreased levels
of its cellular binding partners pRb and p21WV4F! (30) (Fig.
4D). Also, pRb appeared to be differentially phosphorylated
(Fig. 4D).
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TABLE 1. Summary of different HPV-positive cell lines which
underwent apoptosis upon infection with AAV2*

. HPV genome Induces

Cell line (HPV type) stftus apoptosis
CIN-612 9E (HPV31b) Episomal Yes
CIN-612 6E (HPV31b) Integrated Yes
W12 (HPV16) Episomal Yes
RECA (HPV16) Integrated Yes
HPV16(114b):9 Episomal Yes
HPV18wt:4 Episomal Yes
AWCA (HPV18) Integrated Yes
Primary HK cells None No

“ Cell lines maintaining episomal genomes are representative of low-grade
cervical lesions. Cell lines maintaining integrated genomes are representative of
high-grade lesions. CIN-612 9E and CIN-612 6E cell lines were both derived
from a CIN I lesion. RECA and AWCA are cell lines which were derived from
invasive carcinomas (34). HPV16(114b):9 (28) and HPV18wt:4 are both cell lines
derived and characterized in our laboratory.

AAV?2 induction of apoptosis was not unique to the HPV31-
positive CIN-612 9E cells. In the current study, we also tested
CIN-612 6E cells (which maintain only integrated copies of the
HPV31b genome) by infecting them with AAV2, and these
cells also underwent apoptosis (Table 1). In our hands, we also
observed that other cell lines derived from both low- and
high-grade HPV-infected tissues, such as RECA and AWCA
cell lines (high-risk invasive-carcinoma-derived counterparts of
HPV16 and HPV18 cell lines, respectively), and our laboratory-
derived cell lines maintaining episomal copies of HPV16 and
HPV18 (Table 1) were also susceptible to the induction of
apoptosis upon AAV2 infection. Our results show that cells
infected with a range of different HPV types and CIN grades
are susceptible to AAV2-mediated cell killing.

In conclusion, our results suggest a specific interaction be-
tween AAV2 and HPV and represent novel data which un-
mask a previously undocumented capacity of the wild-type
AAV2 virus to induce apoptosis in HPV-infected cells but not
in normal keratinocytes. HK cells were resistant to the apop-
tosis-inducing effects of AAV2, likely due to the failure of the
AAV2 virus to productively infect normal keratinocytes. These
observations are of interest, and further studies are required to
determine the nature of this block in normal keratinocytes. For
the purposes of the current study, whether AAV2 fails to
productively infect normal cells or whether a cellular block in
normal cells prevents the expression of AAV2 Rep proteins is
a secondary consideration but one which could prove ex-
tremely advantageous in the design of AAV2-derived thera-
peutics for HPV-associated cancers. Our studies portray
AAV2 as a potential anticancer agent which targets HPV-

in the absence of changes in their total protein levels. Thirty micrograms of total protein was resolved on a 10% SDS-polyacrylamide gel
electrophoresis gel, followed by detection with rabbit polyclonal antibodies as we have previously described (1). Actin was used as a loading control.
(D) At early time points, AAV2 mediated stabilization of pRb expression representing both hyperphosphorylated (inactive) and hypophosphor-
ylated (active) forms; upregulation of p16™4, p275P1 "and p21WAF! correlated with increased S-phase entry and the induction of apoptosis. At
later time points, increased G,-phase entry correlated with loss of p21WAF! p275¥IP1 and p16™%* tumor suppressor protein levels, whereas p53
protein levels were unchanged. Western blot analysis of all proteins was performed as we have previously described (1). IgG, immunoglobulin G.
(E) Total E7 oncoprotein levels declined in HPV31/AAV2-coinfected cells compared with the levels in controls. Western blot analysis was
performed using a mouse monoclonal antibody against HPV16 E7 (Santa Cruz), using protocols we have previously described (1). Downregulation
of E7 was correlated with increased entry into G, and diminished total pRb protein expression which appeared to be differentially phosphorylated.
Results shown are representative of three individual experiments. Actin was used as a loading control. t, time; +, present; —, absent.
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infected cells but leaves normal cells intact and which could be
exploited to clinical advantage. In the future, the identification
of antiproliferative/proapoptotic AAV2-derived proteins and
the cell growth/apoptosis pathways activated by AAV2-derived
products could be used to design targeted therapeutics for
multiple HPV-related cancers.
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