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ABSTRACT Epstein-Barr virus (EBV) is implicated in the pathogenesis of human
papillomavirus (HPV)-associated oropharyngeal squamous cell carcinoma (OSCC).
EBV-associated cancers harbor a latent EBV infection characterized by a lack of viral
replication and the expression of viral oncogenes. Cellular changes promoted by
HPV are comparable to those shown to facilitate EBV latency, though whether HPV-
positive cells support a latent EBV infection has not been demonstrated. Using a
model of direct EBV infection into HPV16-immortalized tonsillar cells grown in orga-
notypic raft culture, we showed robust EBV replication in HPV-negative rafts but lit-
tle to no replication in HPV-immortalized rafts. The reduced EBV replication was in-
dependent of immortalization, as human telomerase-immortalized normal oral
keratinocytes supported robust EBV replication. Furthermore, we observed reduced
EBV lytic gene expression and increased expression of EBER1, a noncoding RNA
highly expressed in latently infected cells, in the presence of HPV. The use of human
foreskin keratinocyte rafts expressing the HPV16 E6 and/or E7 oncogene(s) (HPV E6
and E7 rafts) showed that E7 was sufficient to reduce EBV replication. EBV replica-
tion is dependent upon epithelial differentiation and the differentiation-dependent
expression of the transcription factors KLF4 and PRDM1. While KLF4 and PRDM1 lev-
els were unaltered, the expression levels of KLF4 transcriptional targets, including
late differentiation markers, were reduced in HPV E6 and E7 rafts compared to their
levels in parental rafts. However, the HPV E7-mediated block in EBV replication cor-
related with delayed expression of early differentiation markers. Overall, this study
reveals an HPV16-mediated block in EBV replication, through E7, that may facilitate
EBV latency and long-term persistence in the tumor context.

IMPORTANCE Using a model examining the establishment of EBV infection in HPV-
immortalized tissues, we showed an HPV-induced interruption of the normal EBV life
cycle reminiscent of a latent EBV infection. Our data support the notion that a per-
sistent EBV epithelial infection depends upon preexisting cellular alterations and
suggest the ability of HPV to promote such changes. More importantly, these find-
ings introduce a model for how EBV coinfection may influence HPV-positive (HPV-
pos) OSCC pathogenesis. Latently EBV-infected epithelial cells, as well as other EBV-
associated head-and-neck carcinomas, exhibit oncogenic phenotypes commonly
seen in HPV-pos OSCC. Therefore, an HPV-induced shift in the EBV life cycle toward
latency would not only facilitate EBV persistence but also provide additional viral on-
cogene expression, which can contribute to the rapid progression of HPV-pos OSCC.
These findings provide a step toward defining a role for EBV as a cofactor in HPV-
positive oropharyngeal tumors.
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The incidence of oropharyngeal squamous cell carcinoma (OSCC) has dramatically
increased in a number of developed countries, reaching epidemic rates over the

past several decades (1). Decreasing trends in the consumption of alcohol and tobacco,
traditional risk factors for OSCC, led to the identification of human papillomavirus (HPV)
as an important etiological factor in a subset of OSCCs. Over 90% of HPV-positive
(HPV-pos) OSCCs are infected with HPV16 (2).

HPV has been strongly associated with cancers of the anogenital tract, especially
cervical cancer, of which HPV is a causal factor in over 95% of cases. Interestingly,
HPV-pos OSCC exhibits distinct characteristics compared to HPV-associated anogenital
tumors. HPV-pos OSCC shows a more rapid progression than HPV-pos cervical cancers,
as HPV-pos OSCC patients frequently present with nodal involvement and metastatic
disease and lack an HPV-pos precancerous lesion (3–5). The unique characteristics
observed in HPV-pos OSCC compared to other HPV-linked tumors suggest the possi-
bility of additional factors in tumor progression.

One candidate cofactor in HPV-pos OSCC is the oncogenic herpesvirus Epstein-Barr
virus (EBV). The oropharynx serves as the site of EBV persistence, as the virus infects B
lymphocytes and epithelial cells within the lymphoid-rich tonsils and base of tongue
(BOT), anatomical sites where the majority of OSCCs occur (6, 7). We have shown that
HPV-pos OSCCs are often coinfected with EBV, with 25% and 70% of tonsillar and BOT
carcinomas exhibiting coinfection, respectively (8). In contrast to HPV, a role for EBV in
OSCC pathogenesis remains controversial, given its highly variable rates of detection in
oropharyngeal tumors (9–15). However, EBV may contribute to early stages of tumor
progression and be lost at later stages. We have shown that EBV can epigenetically
reprogram epithelial cells, resulting in tumorigenic phenotypes that remain after loss of
EBV genomes from cells. Epithelial cells either persistently or transiently infected with
EBV exhibit enhanced invasiveness and delayed differentiation (16–18). EBV could
therefore contribute to the invasive potential and poorly differentiated status often
observed in HPV-pos OSCCs through virally induced epigenetic alterations as EBV
transits through the epithelium.

The oncogenic potential of EBV in carcinomas is linked to interruption of the normal
viral life cycle. EBV normally replicates its genome and produces progeny virions
specifically in the differentiating suprabasal layers of stratified epithelia, with viral
replication requiring expression of the differentiation-specific transcription factors
Kruppel-like factor 4 (KLF4) and PR domain zinc finger protein 1 (PRDM1) (19–21).
However, EBV-associated carcinomas exhibit a latent EBV infection characterized by a
restricted viral gene expression program in the absence of viral replication. EBV latent
gene products, such as the EBV nuclear antigens (EBNA1, -2, -3A, -3B, and -3C), the
latent membrane proteins (LMP1 and -2), the EBV-encoded RNAs (EBERs), and BamHI
rightward transcripts (BARTs), have oncogenic potential (reviewed in reference 22). In
EBV-associated nasopharyngeal carcinoma (NPC), EBV infection is thought to occur
secondary to preexisting genetic alterations that facilitate latent infection (23–25).
Nasopharyngeal epithelial cells, which otherwise undergo growth arrest and senes-
cence in the presence of EBV, support a latent EBV infection upon overexpression of
cyclin D1 or loss of p16 (26). Such genetic alterations are frequently observed in
premalignant lesions in the nasopharynx (23–25).

The cellular alterations shown to facilitate EBV latency are reminiscent of the cell
cycle-promoting effects of HPV immortalization. HPV induces an aberrant S-phase-like
environment via expression of the viral E6 and E7 oncogenes. HPV E6 facilitates
degradation of p53 to bypass the DNA damage cell cycle checkpoint, whereas E7
inactivates Rb to release E2F for transcriptional activation of genes involved in cellular
DNA replication. Associated with EBV latency, overexpression of cyclin D1 and loss of
p16 also induce Rb hyperphosphorylation and release of E2F for induction of S-phase
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genes. Although HPV-associated cancers show overexpression of p16 and low levels of
cyclin D1 expression, these factors become dispensable in the absence of Rb (27–29).
However, whether HPV-mediated changes to Rb would promote latent EBV infection
has not been established.

HPV E6 and E7 have also been shown to interfere with epithelial differentiation, a
process required for efficient EBV replication. Epithelial tissues expressing E7 exhibit
delayed early differentiation marker expression (30, 31), and both HPV E6 and E7 have
been shown to alter KLF4, a cellular transcription factor and regulator of epithelial
differentiation also required for HPV replication (32–34). HPV E6 induces certain KLF4
posttranslational modifications, while HPV E7 increases KLF4 levels through suppres-
sion of microRNA-145 (miRNA-145) (35). KLF4 is required for EBV lytic replication in
epithelial cells (20). In B cells, which do not express detectable levels of KLF4, forced
expression of KLF4 results in EBV reactivation (20). HPV alterations of KLF4 support EBV
reactivation in immortalized normal oral keratinocytes carrying a latent EBV infection
when grown in organotypic raft culture (36). However, it is not known whether
HPV-mediated changes to KLF4 and/or differentiation would influence the establish-
ment of an incoming EBV infection in coinfected oropharyngeal tissues.

Here, we examined whether HPV immortalization would alter the outcome of a
newly established EBV infection in organotypic raft culture. We observed that EBV
infection of HPV-immortalized keratinocytes in raft culture resulted in a block in EBV
replication, for which HPV E7 was sufficient. A block in EBV lytic gene expression and
an increase in EBER1 expression were observed in HPV-immortalized tonsillar kerati-
nocytes. Reduced EBV replication correlated with HPV E7 mediating an early delay in
the expression of epithelial differentiation markers. We also observed a reduction in the
expression of late differentiation markers, particularly those under the control of KLF4,
in keratinocytes immortalized with E6 and E7. Importantly, KLF4 and PRDM1 levels
remained unchanged between parental and E7-expressing keratinocytes, suggesting
that E7’s interference with EBV replication is upstream of KLF4/PRDM1. Thus, HPV E7
may help to identify additional regulators or posttranslational modifications that
regulate KLF4/PRDM1 activity and EBV replication. In sum, HPV-immortalized tissues,
through E7, block EBV lytic replication of an incoming EBV infection and facilitate the
establishment of a latent and persistent EBV infection.

RESULTS
EBV replication is blocked in HPV-immortalized tonsillar epithelial rafts fol-

lowing EBV infection. To examine the outcome of the EBV life cycle upon infection of
HPV-immortalized tissues, primary human tonsillar epithelial (HTE) cells immortalized
by transfection of the HPV16 genome were grown in organotypic raft culture. In
organotypic raft culture, cell monolayers are lifted to an air-liquid interface to promote
differentiation and the formation of stratified epithelial tissue (Fig. 1A) (37). The HPV
episomal genome is known to frequently integrate in cell culture. Using a molecular
assay based on the susceptibility of integrated HPV to exonuclease digestion (38), we
identified HTE cell lines that carried either episomal or integrated HPV following raft
culture (Fig. 1B). Rafts of primary HPV-negative (HPV-neg) and HPV-immortalized
(HPV-pos) HTE cells were infected with EBV 4 days postlifting by coculture of EBV-
positive Akata BX1 Burkitt’s lymphoma (BL) cells at the apical surface (Fig. 1A). The
addition of EBV-negative Akata BL cells served as a mock-treatment control. In rafts
derived from HTE cells carrying either episomal or integrated HPV, we observed
significantly lower EBV DNA levels than in HPV-neg rafts. The EBV DNA levels in
HPV-neg rafts were reduced in the presence of acyclovir, a herpesvirus-specific nucle-
oside analog that inhibits EBV replication, signifying robust EBV replication in primary
HTE rafts, consistent with previous findings (39). Acyclovir-treated HPV-neg HTE rafts
showed EBV DNA levels similar to those observed in untreated HPV-pos rafts, suggest-
ing similar infection levels between the HPV-pos and -neg rafts. Furthermore, acyclovir
treatment did not affect the EBV DNA levels in HPV-pos rafts (Fig. 1C). To ensure that
detection of EBV reflected epithelial infection and not contamination of EBV-positive BL
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cells, CD20 RNA levels were examined as a specific B cell marker. CD20 RNA levels in
EBV-infected raft tissues were below the detection limit of 1 Akata BL cell in 105 293TT
epithelial cells in reverse transcription-quantitative PCR (RT-qPCR) (data not shown), con-
firming the absence of residual EBV-positive BL in the infected rafts. To determine if the
reduction in EBV replication was specific to HPV rather than a general effect of immortal-
ization, human telomerase reverse transcriptase (hTERT)-immortalized normal oral ke-
ratinocytes (NOK) were grown in raft culture and infected with EBV. Robust EBV
replication similar to that seen in HPV-neg HTE rafts, including sensitivity to acyclovir
treatment, was observed in NOK rafts (Fig. 1D). Together, these results suggest that
HPV-immortalized cells grown in raft tissue block the replication of a de novo EBV
infection.

EBV replicative gene expression is decreased in HPV-immortalized tonsillar
epithelial rafts. EBV lytic replication is initiated upon the expression of immediate early
genes, which act as transactivators for the EBV early genes that function in replicating
the viral genome. To determine whether HPV interferes with EBV replicative gene
expression, we compared EBV immediate early, early, and latent gene expression levels
between HPV-neg and HPV-pos HTE rafts. The gene expression analysis was carried out
on acyclovir-treated samples, which harbored similar levels of EBV genomes between
HPV-neg and HPV-pos rafts, to allow for a more accurate comparison of gene expres-
sion. We observed a significant reduction in immediate early (BZLF1 and BRLF1) and
early (BALF5 and BMRF1) gene expression in HPV-pos compared to that in HPV-neg
rafts (Fig. 2). LMP1, whose differentiation-dependent expression has been shown to
enhance EBV lytic replication in stratified epithelia (19), was also significantly reduced
in the presence of HPV. In contrast, we detected no change in the expression of the
EBNA1 and EBNA2 latent genes, which may be expressed in the context of both EBV
latency and lytic replication (39). However, we observed a significant increase in the
expression of EBER1, a noncoding RNA highly expressed in latently EBV-infected cells,
in HPV-pos versus HPV-neg HTE rafts (Fig. 2). Altogether, these data support an EBV
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FIG 1 Reduced EBV replication in HPV-immortalized rafts following EBV infection. (A) Schematic of EBV
infection of HPV-immortalized human tonsillar epithelial (HPV-pos HTE) cells in raft culture. (B) HTE raft
DNA harboring either episomal or integrated HPV was analyzed for exonuclease digestion resistance by
qPCR. DNA from HPV-infected 293TT cells served as an episomal control. qPCR was used to detect HPV16
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integrated (n � 6) HPV genomes were quantified by qPCR. Shown are the average values and standard
errors of the means. *, P � 0.05 relative to the results for HPV-neg HTE rafts. (D) EBV genome copy
numbers per hCRP copy number in NOK rafts were quantified by qPCR. Shown are the average values
and standard errors of the means. *, P � 0.05 relative to the results for EBV. Rafts were infected in the
presence or absence of acyclovir (ACV; 50 �g/ml).
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gene expression pattern favoring latency over lytic replication in HPV-immortalized
cells.

KLF4 target gene expression levels are reduced in HPV-immortalized tonsillar
epithelial rafts. EBV immediate early gene expression and genome replication rely on
epithelial differentiation, a process HPV is known to delay. Indeed, hematoxylin and
eosin (H&E) staining confirmed a disorganized tissue architecture in HPV-pos versus
HPV-neg HTE rafts. HPV-pos rafts were characterized by an expansion of proliferating
basal cells into suprabasal layers and the lack of a “basket weave” appearance in the
upper layers that was seen in HPV-neg rafts (Fig. 3A). In addition, while the early
differentiation marker involucrin was expressed throughout the suprabasal layers of
HPV-neg HTE rafts, involucrin was restricted to the uppermost layers of HPV-pos HTE
rafts (Fig. 3B). Differentiated cells express KLF4 and PRDM1, cellular transcription factors
shown to facilitate EBV replication by activating the expression of immediate early
genes and LMP1 (19–21). Although differentiation was delayed in HPV-pos HTE rafts,
the KLF4 and PRDM1 mRNA levels were not significantly reduced (Fig. 3C). Furthermore,
the percentages of cells expressing KLF4 were similar in HPV-neg and HPV-pos rafts
(Fig. 3D and E). However, HPV has been shown to alter KLF4 activity (35). Indeed, we
detected a significant reduction in the expression of the KLF4 transcriptional target
WNT5A in HPV-pos versus HPV-neg HTE rafts (Fig. 3C). The late differentiation markers
filaggrin (FLG) and loricrin (LOR) are also KLF4 transcriptional targets. Though FLG was
expressed at relatively low levels in tonsillar rafts, a significant decrease in FLG
transcript levels was observed in HPV-pos rafts compared to the levels in HPV-neg rafts
(Fig. 3C). LOR was not detected in either HPV-neg or HPV-pos rafts (data not shown).
Together, these data indicate that the inhibition of EBV replication in HPV-immortalized
HTE rafts correlated to a delay in epithelial differentiation and altered KLF4 activity.

HPV16 E6E7 reduce EBV replication in HFK rafts. The ability of HPV to interrupt
epithelial differentiation is linked to expression of its oncogenes E6 and E7. Given that
epithelial differentiation is also required for EBV replication, we speculated that E6 and
E7 were sufficient to abrogate EBV replication. Primary human foreskin keratinocytes
(HFK) or NOK stably expressing either HPV16 E6E7 or an empty vector were rafted and
infected with EBV. The expression of HPV16 E6 and E7 was confirmed by RT-qPCR (Fig.
4A and B). As with HPV-pos HTE rafts, EBV exhibited reduced genome levels in
E6E7-expressing keratinocytes compared to the levels in vector controls (Fig. 4C).
Keeping E6E7-expressing HFK (HFK E6E7) in raft culture for 15 days post-EBV infection
did not stimulate EBV replication to the levels observed in parental controls (Fig. 4D),
suggesting an HPV-mediated block of EBV replication rather than a delay. HFK rafts
supported the replication of cell-free EBV, although the replication was not as robust as
with infection following coculture with EBV-positive Akata BL cells (Fig. 4E) (39). Despite
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the lower replication levels in HPV-neg rafts, a block in replication was also observed in
E6E7-expressing HFK rafts following infection with cell-free EBV.

Inhibition of EBV early gene expression in HPV16 E6E7-expressing HFK rafts.
Immunofluorescence analysis of cells expressing the EBV early protein EA-D (BMRF1
gene product) showed significantly fewer EA-D-positive cells in the presence of E6E7
than in parental HFK (Fig. 5A and C). Surprisingly, a similar percentage of Z (BZLF1 gene
product)-positive cells was observed in HFK E6E7 versus parental controls (Fig. 5A and
B), in contrast with the reduced BZLF1 expression previously noted in the HPV-pos HTE
rafts (Fig. 2). Such effects on Z expression may reflect the reduced differentiation
potential of HTE cells versus HFK in raft culture, noted by the reduced levels of filaggrin
and loricrin expression in HTE rafts. Examination of the EBV late gene product gp350
showed expression throughout the upper layers of parental HFK rafts, while no gp350
was detected in HFK E6E7 rafts (Fig. 5D). Together, these data suggest that HPV16 E6E7
interfere with EBV EA-D expression, with effects on EBV replication and late gene
expression.

TGF-� treatment does not rescue HPV inhibition of EBV replication. As we have
observed that HPV inhibition of EBV replication may involve alterations in the expres-
sion and/or activity of EBV immediate early proteins, we examined whether HPV
suppression of transforming growth factor � (TGF-�) signaling was responsible for
blocking EBV replication. TGF-� has been shown to increase the expression and activity
of the EBV immediate early Z protein. The BZLF1 promoter has several Smad-binding
sites, and TGF-� signaling leads to binding of Smad proteins to the promoter, resulting

FIG 3 Delayed epithelial differentiation in HPV-immortalized rafts. (A, B) H&E staining (A) and involucrin (Inv)
immunofluorescent (IF) staining (B) of HPV-neg and HPV-pos HTE rafts. (C) HPV-neg and HPV-pos rafts were
analyzed by RT-qPCR for mRNA levels of KLF4, PRDM1, WNT5A and filaggrin (FLG). Shown are the average
normalized expression levels and standard errors of the means from a minimum of three rafts per group. *, P � 0.05
relative to the results for HPV-neg HTE rafts. (D) IF staining of KLF4 in HPV-neg and HPV-pos rafts. (E) Amounts of
KLF4-positive cells were quantified as the percentages of total cells. Shown are the average values and standard
errors of the means. (A, B, D) Basal layers are delineated by dotted lines. Scale bars represent 50 �m.
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in activation of BZLF1 expression (40, 41). In addition, TGF-� has been shown to
suppress MYC expression, with c-Myc known to act as a negative regulator of Z
transactivator function (42, 43). HPV has been shown to interfere with TGF-� signaling
through various mechanisms (44–46). HPV-immortalized keratinocytes have increased
c-Myc levels, as E7 blocks TGF-� suppression of MYC expression (47). Thus, we reasoned
that HPV suppression of TGF-� signaling may block EBV lytic replication by either
reducing BZLF1 transactivation by Smad proteins or inducing c-Myc to negatively
regulate Z transactivator activity. As expected, HFK E6E7 showed a statistically signifi-
cant increase in MYC transcript levels compared to the levels in parental HFK rafts (Fig.
6A). Treatment of HFK E6E7 rafts with exogenous TGF-�1, added at the time of lifting
cells to the air-liquid interface, returned the MYC transcript levels to those seen in
parental HFK rafts, reversing the effect of E7 on TGF-� signaling (Fig. 6A). We next
examined the outcome of TGF-�1 treatment for EBV replication in both parental HFK
and HFK E6E7. Compared to the levels in the vehicle control, EBV DNA levels in the
parental rafts increased approximately 8-fold (Fig. 6B). TGF-�1 treatment of HFK E6E7
rafts also increased EBV DNA levels approximately 5-fold over the levels in the vehicle
control and did not rescue EBV replication to the DNA levels observed in the TGF-�-
treated parental HFK rafts (Fig. 5B). Importantly, the increased EBV DNA levels in HFK
E6E7 rafts were insensitive to acyclovir treatment (Fig. 6B). TGF-�1 treatment has been
reported to enhance EBV infection of primary and immortalized nasopharyngeal epi-
thelial cells (48). Thus, the lack of response to acyclovir of TGF-�1-treated HFK E6E7 rafts
suggested that increased EBV DNA levels resulted from enhanced infection rather than
increased DNA replication.
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HPV16 E7 is sufficient to reduce EBV replication in human foreskin keratino-
cyte rafts. To determine if HPV16 E6 or E7 alone would be sufficient to abrogate EBV
replication, HFK expressing either oncogene individually were grown in raft culture and
infected with EBV. The expression of HPV16 E6 or E7 was confirmed by RT-qPCR (Fig.
4B). Analysis of EBV DNA showed that HFK expressing E6 alone (HFK E6) replicated EBV
to levels similar to those in parental HFK. Treatment with acyclovir reduced the EBV
DNA levels in HFK E6 and parental HFK, indicating that the EBV DNA levels in the rafts
reflected EBV DNA replication (Fig. 7). However, HFK expressing HPV16 E7 alone (HFK
E7) exhibited low EBV DNA levels, similar to those in HFK E6E7 and the parental HFK
treated with acyclovir (Fig. 7). These results indicate that HPV16 E7 is sufficient to
reduce EBV replication in organotypic rafts.

Reduced EBV replication correlates with delayed expression of early epithelial
differentiation markers. Given that HPV E6 supported EBV replication, distinct effects
of E6 and E7 on epithelial differentiation would reveal additional requirements for EBV
lytic replication. Using HFK expressing E6 and/or E7, we examined the expression of
early and late epithelial differentiation markers. Parental and HFK E6 rafts expressed
involucrin throughout the suprabasal layers (Fig. 8A). In contrast, HFK E7 rafts showed

FIG 5 Loss of EBV early and late proteins in HPV16 E6E7-expressing rafts. (A to C) IF staining (A) and quantification
of EBV Z (B) and EA-D (C) in HFK and HFK E6E7 rafts infected with EBV. Three independent rafts per group were
analyzed. Signal-positive cells were quantified as the percentages of total cells. (B, C) Shown are the average values
and standard errors of the means. **, P � 0.01 relative to the results for parental HFK. (A) Scale bars represent
50 �m. (D) IF staining of EBV gp350 in EBV-infected HFK and HFK E6E7 rafts. White arrows indicate cells exhibiting
a prominent signal. Scale bar represents 15 �m. (A, D) Basal layers are delineated by dotted lines.

Guidry et al. Journal of Virology

January 2019 Volume 93 Issue 2 e01216-18 jvi.asm.org 8

https://jvi.asm.org


involucrin only at the uppermost layers, while involucrin was nearly absent in HFK E6E7
rafts (Fig. 8A). Similar results were observed regarding the early differentiation marker
cytokeratin 10 (K10) (Fig. 8B). Immunofluorescence analysis of the late differentiation
marker filaggrin showed uniform expression throughout several epithelial layers in
parental HFK rafts. Filaggrin was not detected in HFK E6 rafts, while HFK E7 rafts showed
reduced, less uniform filaggrin expression only in the uppermost layers, similar to HFK
E6E7 rafts (Fig. 8C). Thus, the ability of HPV to block EBV replication correlated with
interference of early rather than late differentiation markers.

As filaggrin (FLG) is a transcriptional target of KLF4, we examined KLF4 expression.
Using immunofluorescence, we observed similar percentages of KLF4-positive cells
among all cell lines in raft cultures (Fig. 8D and F). The percentage of PRDM1-expressing
cells also remained unchanged across cell lines (Fig. 8E and F), and both KLF4 and
PRDM1 RNA levels were similar between parental HFK and HFK E6E7 (Fig. 8G). HFK
expressing E6, E7, or both showed significant reductions in the RNA levels of various
KLF4 transcriptional targets, which included FLG, LOR, and WNT5A, compared to the
levels in parental controls (Fig. 8H). Despite similar transcriptional inhibition of KLF4
target genes by E6 and E7, only E7 affected EBV replication, despite the presence of
KLF4 in differentiated keratinocytes. Thus, E7 inhibition of EBV replication may be
upstream of KLF4 and involve additional regulators or alterations to KLF4 activity that
differ from E6.

DISCUSSION

HPV and EBV share an epithelial tropism for oropharyngeal cells, which can manifest
as a coinfection in a subset of oral cancers. Using a model of an incoming EBV infection
into HPV-immortalized epithelial rafts, we have shown a block in EBV replication and
reduced lytic gene expression in HPV-immortalized keratinocytes (Fig. 1 and 2). hTERT-
immortalized normal oral keratinocyte (NOK) rafts supported robust EBV replication
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similar to that observed in primary HTE rafts, implicating a specific factor in HPV and not
immortalization per se in reducing EBV replication (Fig. 1D). In addition, reduced EBV
replication occurred in the context of an episomal or integrated HPV genome (Fig. 1B
and C). We observed that HPV16 E7 was sufficient to reduce EBV replication in HFK raft
culture (Fig. 7).

HPV E7 is a potent transforming protein that reprograms several host cell pathways
for viral replication (49). Among the many processes that E7 is known to regulate, we
focused on the ability of HPV E7 to delay differentiation and affect the expression/
activity of the differentiation-dependent transcription factors KLF4 and PRDM1. Coop-
eratively with PRDM1, KLF4 activates the expression of the EBV BZLF1 and BRLF1
immediate early genes (20). The transcription factor KLF4 is highly expressed in

FIG 8 Delayed differentiation in E7-expressing HFK rafts. (A to E) IF staining of involucrin (Inv) (A), cytokeratin 10
(K10) (B), filaggrin (Flg) (C), KLF4 (D), and PRDM1 (E) in parental HFK rafts and HFK rafts expressing E6 and/or E7.
Basal layers are delineated by dotted lines. Scale bars represent 50 �m. (F) Percentages of KLF4- and PRDM1-
positive cells were quantified as the percentages of total cells in rafts. Shown are the average values and standard
errors of the means. (G) HFK and E6E7 rafts (n � 3) were analyzed by RT-qPCR for mRNA levels of KLF4 and PRDM1.
KLF4 expression level in HFK was arbitrarily set to 1. (H) Rafts were analyzed by RT-qPCR for mRNA levels of FLG,
LOR, and WNT5A. (G, H) Shown are the average relative expression levels and standard errors of the means from
a minimum of three rafts per group. *, P � 0.05 relative to the results for parental HFK.
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embryonic stem cells to maintain pluripotency, and overexpression of KLF4 can induce
pluripotency in somatic cells (50, 51). In addition, KLF4 directs epithelial terminal
differentiation, and the ability of KLF4 to balance stemness and differentiation is
dependent upon posttranslational modifications capable of altering KLF4 activity (52,
53). KLF4 is one of a group of transcription factors that activates the expression of a
cluster of genes known as the epidermal differentiation complex (EDC) (54). Members
of the EDC targeted by KLF4 include differentiation markers that contribute to the
formation of the epidermal cornified envelope, such as loricrin and filaggrin (32, 33). A
recent study demonstrated that WNT5A, a noncanonical Wnt ligand, is a transcriptional
target of KLF4 and suggests a role for WNT5A as a mediator of KLF4 regulation of
epithelial differentiation (55). While no differences in KLF4 or PRMD1 expression or the
percentages of KLF4-/PRDM1-positive cells were noted, we observed significant reduc-
tions in several KLF4 target genes, including the WNT5A, FLG, LOR, BZLF1, BRLF1, and
LMP1 genes, in HPV or E6E7-immortalized keratinocytes (Fig. 2, 3, and 8). These
observations suggested an alteration in KLF4’s activity, with HPV known to regulate
KLF4. HPV E7 suppresses a negative regulator of KLF4 (miRNA-145), while E6 inhibits
KLF4 sumoylation and phosphorylation (35). Interestingly, HPV E6 did not affect EBV
replication, suggesting that HPV E6-induced posttranslational modifications of KLF4
permitted EBV replication (Fig. 7). In contrast, HPV E7 inhibited EBV replication. Com-
mon to both HPV oncogenes were reductions in the late differentiation markers loricrin
and filaggrin and in WNT5A, suggesting that the effect of E7 was upstream of KLF4 (Fig.
8). Indeed, the early differentiation markers involucrin and K10 were dramatically
reduced in the presence of E7- but not E6-expressing HFK (Fig. 8A and B). As the KLF4
levels in HFK E7 were similar to those in parental HFK and posttranslational modifica-
tions influence KLF4 activity, the E7 early block in epithelial differentiation may induce
a set of KLF4 modifications distinct from that observed for HPV E6. For example, KLF4
acetylation is also important for KLF4 transactivation activity (56); E7 can interact with
both histone acetyltransferases (HATs) and histone deacetylases (HDACs) (57–60) and
has been shown to alter the acetylation patterns of cellular proteins (61, 62). Alterna-
tively, E7 may interfere with another factor required for EBV lytic replication.

Central to the immortalization phenotype of HPV E7 is the ability to bind and
degrade the retinoblastoma (Rb) family of pocket proteins, pRB, p107, and p130 (63).
Herpesviruses, including EBV, also encode viral factors that interact with Rb proteins
during latent and lytic infection. For EBV, the EBV nuclear antigens (EBNAs) EBNA-LP
and EBNA3C are latent proteins that interact with Rb (64, 65), while BRLF1 is an
immediate early protein that interacts with Rb during EBV lytic replication (66). Fol-
lowing the paradigm observed for HPV, efficient EBV infection may also require loss of
Rb. However, the role of Rb in herpesvirus infection appears to be more complex.
Consistent with our observations that E7 can block EBV replication, the loss of Rb was
shown to dramatically reduce human cytomegalovirus (HCMV) viral DNA replication,
late gene expression, and virion production (67). In addition to promoting S-phase
progression, Rb can transcriptionally repress pluripotency genes, with the observation
that Rb inactivation reprogrammed differentiated cells back into pluripotency (68).
Distinct interactions of HPV E7 with Rb can promote S phase in differentiating cells or
delay epithelial differentiation (30). Future studies will explore how HPV E7 inhibits EBV
replication.

While EBV normally replicates in epithelial tissues, the EBV life cycle is altered in
epithelial tumors, where it undergoes a shift toward latency. In NPC, early dysplastic
changes have been shown to precede EBV infection, and loss of p16 and increased
cyclin D1 expression promote EBV latency (23, 26). Thus, HPV immortalization may
facilitate a latent EBV infection. Herpesvirus latency is defined as the absence of viral
replication and expression of lytic genes with the ability of the virus to reactivate from
a latent state. Indeed, the lack of EBV replication and reduced lytic gene expression in
HPV-immortalized cells support a latent infection, though we have yet to demonstrate
EBV reactivation in HPV-immortalized tissues. Further supporting latency, we detected
a significant increase in EBER1 transcript levels in the presence of HPV (Fig. 2). EBERs are
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found highly expressed in latently infected cells and EBV-positive tumors and possess
oncogenic activities. In Burkitt’s lymphomas, EBERs confer resistance to apoptosis (69).
In NPC and gastric carcinomas, EBERs induce insulin-like growth factor 1 (IGF-1), which
can act in an autocrine manner to stimulate cell growth (70, 71). In the tumor context,
a latent EBV infection following HPV immortalization would allow persistent EBV
oncogene expression to promote the rapid progression observed in HPV-pos OSCC.

The influence of EBV/HPV coinfection on viral life cycles may differ depending on the
timing of infection. Makielski et al. showed that EBV-infected, hTERT-immortalized NOK
transfected with the HPV genome exhibit increased EBV lytic replication in raft culture
compared to that in HPV-negative NOK (36). We have shown that EBV-infected NOK
exhibit a predominant latent gene expression profile (16). Importantly, we have re-
ported that EBV-infected NOK undergo an epigenetic reprogramming, evidenced by
DNA hypermethylation and altered gene expression that are retained following loss of
the EBV genome from cells (16, 17). Phenotypically, EBV-infected NOK and transiently
infected cells showed delayed responses to differentiation induction and increased
invasiveness (16, 17). Changes to the Wnt pathway were observed, with increased
expression of lymphoid enhancer factor 1 (LEF1) and WNT5A in EBV-infected NOK
compared to their expression in parental controls (17). WNT5A is a transcriptional target
of KLF4 that can rescue epithelial stratification in the absence of KLF4 (55). Thus, the
establishment of latent EBV prior to HPV infection may have distinct effects on
epithelial differentiation compared to the effects of HPV infection alone. In support of
this notion, EBV-infected NOK exhibited a block in HPV amplification and late gene
expression (36), which are steps in the HPV life cycle dependent on epithelial differ-
entiation. Furthermore, EBV replication in latently infected NOK involves viral reactiva-
tion from a chromatinized EBV genome, which is not the case for de novo EBV infection.
In our model, increased EBV DNA levels were not evident through 15 days following
infection (Fig. 4). Thus, EBV reactivation from latency may not be as robust as the DNA
amplification that occurs during the establishment of infection.

In this study, we demonstrate an alteration in the EBV life cycle upon infection of
HPV-immortalized epithelial tissues. Our data demonstrate HPV-induced inhibition of
EBV lytic replication and a possible shift toward EBV latency. As the definition of latency
involves an ability for the virus to reactivate, whether EBV is truly latent in HPV-
immortalized tissues remains to be determined. HPV E7 was sufficient to block EBV lytic
replication, uncovering potential requirements for Rb, altered KLF4 activity, and/or
additional regulators in the reduction of EBV replication in HPV-immortalized cells. In
oral keratinocytes latently infected with EBV, we previously demonstrated an enhanced
invasive phenotype and delayed differentiation (16, 17). Taking these data together, we
propose a model where HPV-induced cellular changes facilitate the establishment of a
latent EBV infection. Such latent infections would allow for long-term expression of EBV
oncogenes and EBV-induced epigenetic reprogramming that contribute to the pro-
gression of HPV-pos OSCC.

MATERIALS AND METHODS
Epithelial cell isolation. Human tonsils without patient identifiers were collected from routine

tonsillectomies and classified as an exempt study by our Institutional Review Board. Tonsils were washed
with phosphate-buffered saline (PBS) supplemented with nystatin (240 units/ml) and gentamicin (50 �g/
ml). Necrotic tissue and fat were removed, leaving behind epithelial tissues which were scraped and
rinsed to remove lymphocytes with PBS supplemented with nystatin and gentamicin. Tissues were then
submerged in 2 ml 0.25� trypsin/EDTA in a conical vial, vortexed, and incubated at 37°C in 5% CO2 for
20 min, with intermittent vortexing. Trypsin was then removed and inactivated with E medium (74)
containing 5% fetal bovine serum (FBS). Harvested cells (human tonsillar epithelial [HTE] cells) were
plated in 5% FBS–E medium. The tissue was treated with trypsin twice more, and harvested cells were
combined. HTE cells were cocultured with mitomycin C-treated NIH 3T3 J2 fibroblasts in E medium
supplemented with 5% FBS and 10 �M Rho kinase inhibitor Y-27632 (Tocris). Cells from four different
tissue donors were used to make HTE cell lines.

Cell culture. To establish HPV-positive HTE cell lines, plasmid containing the HPV16 genome was
transfected as described previously for human foreskin keratinocytes (HFK) (72, 73). Briefly, HTE cells were
seeded at 2 to 3 million cells per 10-cm dish. HTE cells were cotransfected (using polyethyleneimine [PEI;
Polysciences]) with a plasmid harboring the HPV16 genome flanked by LoxP sites, a Cre recombinase-
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expressing vector, and a neomycin resistance plasmid for 6 to 8 h at 37°C. The medium was then
changed, and the following day, G418 selection was used to select for stable cell lines, with 1 mg/ml
G418 for 4 days and 500 �g/ml G418 for an additional 4 days. Resistant colonies were expanded in the
absence of G418. HTE cells from four different tissue donors were transfected with HPV. HFK were
cultured in E medium supplemented with 5% FBS and cocultured with mitomycin C-treated NIH 3T3 J2
fibroblast feeders as described previously (74). E6 and/or E7 was expressed in HFK via retroviral vectors
as described previously (73, 75, 76). Cells from at least two different tissue donors were used to make
each HFK cell line. A clonal population of human telomerase reverse transcriptase (hTERT)-immortalized
normal oral keratinocytes (NOK; gifted by Karl Munger [77]) was propagated in keratinocyte serum-free
medium (KSFM) supplemented with bovine pituitary extract and epidermal growth factor (Life Technol-
ogies). E6E7-expressing NOK were produced via transfection of an E6E7-expressing vector. NOK were
seeded at 4 � 105 cells/well in a 6-well culture dish. The next day, a mixture of plasmid (pLXSN with E6E7
or pLXSN vector alone), Dharmafect 1 (5 �l/ml; Dharmacon), and medium (600 �l total) was incubated on
ice for 15 min and then added to plated cells for 5 h. Following transfection, E6E7-expressing NOK were
selected with 350 �g/ml G418. The Akata BX1 Burkitt’s lymphoma (BL) cell line was cultured in RPMI
supplemented with 10% FBS. Akata BX1 BL cells were induced in 1% RPMI and 100 �g/ml anti-IgG for
48 h. 3T3 J2 fibroblasts were cultivated in Dulbecco’s modified Eagle medium (DMEM) supplemented
with 10% calf serum. Cells were propagated in a 37°C humidified incubator with 5% CO2. For use as
feeders, 3T3 J2 fibroblasts were treated with 8 �g/ml mitomycin C (Santa Cruz) in 10% FBS-supplemented
DMEM for 2 to 4 h, washed three times with 1� PBS, and stored at 37°C in a humidified 5% C02 incubator.
Mitomycin C-treated J2 fibroblasts were used within 2 weeks.

Three-dimensional tissue culture. Organotypic rafts were cultured as previously described (78).
Briefly, 6.25 � 105 3T3 J2 fibroblasts were suspended in a 2.5 ml collagen plug composed of 80%
collagen, 10% 10� DMEM, 10% reconstitution buffer (0.05 M NaOH containing 2.2% NaHCO3 and 4.8%
HEPES), and 0.24% 10 M NaOH. Plugs were made in a 6-well culture dish and allowed to solidify for at
least 30 min prior to adding E medium supplemented with 5% FBS on top of each plug. One to 4 days
later, 1 million epithelial cells in 2 ml E medium with 5% FBS were seeded onto each plug. Prior to
seeding, J2 fibroblast feeders were removed from epithelial cultures by incubation in a 1:3 dilution of
0.25% trypsin–EDTA in 1� PBS, followed by trypsinization of epithelial cells in undiluted trypsin. Once
confluent, plugs were washed twice with 1� PBS and lifted from the 6-well culture dish onto a stainless
steel metal grid, such that the plug was exposed to the air from above and fed from below with E
medium supplemented with 5% FBS. Medium was changed every 2 days. Four days postlifting, the apical
surface of the rafts was scored and overlaid with 2.5 � 106 Akata BX1 BL cells induced with anti-human
IgG for 48 h prior to raft infection, as previously described (39). Anti-human IgG-treated, EBV-negative
Akata BL cells were used as a mock-treatment control. For cell-free virus infections, scored rafts were
overlaid with �4 � 109 EBV particles isolated from the medium of productively replicating Akata BX-1 BL
cells. Acyclovir (Tocris) or 1 N hydrochloric acid (HCl) as a vehicle control was added to the medium 1 day
post-EBV infection. TGF-�1 (R&D) or 4 mM HCl containing 1 mg/ml bovine serum albumin as a vehicle
control was added throughout the time of rafting. At the time of harvest, each raft was washed with 1�
PBS and cut into separate pieces for DNA/RNA isolation and tissue processing/paraffin embedding.

DNA and RNA isolation. To isolate DNA, raft epithelial tissues were lysed in 200 �l Qiagen ATL buffer
plus 2 mg/ml proteinase K overnight at 56°C. DNA from lysed tissues or cells was purified using the
QIAamp DNA minikit (Qiagen). RNA was harvested from raft tissues using the Qiagen QIAcube via the
miRNeasy aqueous-phase protocol, while RNA from monolayer cultures was harvested in RNA STAT60
(Tel-Test, Friendswood, TX) and isolated as instructed by the manufacturer. One microgram of RNA was
digested with the TURBO DNA-free kit (Invitrogen) and converted to cDNA by random priming using
SuperScript IV reverse transcriptase (Invitrogen) following the manufacturer’s protocol. cDNA was
subjected to real time reverse transcription-quantitative PCR (RT-qPCR).

qPCR. EBV DNA levels in raft cultures were quantified using TaqMan-based real-time quantitative PCR
(qPCR) with primer and probe sets specific to the EBV BHRF1 gene and human C-reactive protein (hCRP)
as a cellular copy number control. Serial dilutions of DNA from Namalwa, a BL cell line containing two
integrated copies of EBV, were used in standard curve analysis to extrapolate EBV and hCRP copy
numbers in raft samples (79). Relative expression levels of transcripts were estimated by RT-qPCR. Serial
dilutions of Akata BX1 BL cell cDNA were used to generate a standard curve for estimation of expression,
which was normalized to cyclophilin A. Normalized expression refers to expression levels relative to
cyclophilin A. In relative expression, the normalized expression was compared to a sample being
arbitrarily set to 1. All qPCRs were performed in 15-�l reaction mixtures using the Applied Biosystems
7500 Fast thermocycler. PCRs consisted of 10 to 100 ng DNA or 50 ng cDNA, 300 nM primer sets, 200 nM
probe (for TaqMan assays), and Power SYBR or TaqMan (Applied Biosystems). All PCR primer sequences
are available upon request.

HPV16 genome configuration. An amount of 100 ng of DNA from raft culture was treated with
exonuclease V (RecBCD; NEB) or left untreated at 37°C for 1 h, followed by 95°C heat inactivation for
10 min. DNA from HPV16-infected 293TT cells served as an episomal control. An amount of 10 ng of DNA
was quantified by qPCR with primers to detect HPV16 E6, human mitochondrial DNA (episomal internal
control), and human 18S ribosomal DNA (multicopy linear DNA internal control). Standard curve analysis
based on serially diluted UMSCC47 DNA was used to calculate relative DNA amounts in digested and
undigested samples. Resistance to exonuclease digestion was calculated as the percentages of the DNA
amounts in digested versus undigested samples (38).

Immunofluorescent staining. At the time of harvest, raft tissues were fixed for 30 min in 4%
paraformaldehyde at 4°C, washed three times (15 min) in cold 1� PBS and once in cold 70% ethanol, and
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stored in fresh cold 70% ethanol at 4°C prior to processing and paraffin embedding. Antigen retrieval was
performed using a pressure cooker for 10 min in 10 mM sodium citrate (pH 6.0) plus 0.05% Tween.
Tissues were permeabilized with Triton X-100 for 45 min, blocked in 5% BSA, and probed at 4°C overnight
with antibodies specific for Z (sc-53904, 1:200; Santa Cruz), EA-D (EBV-108-48180, 1:10; Capricorn), gp350
(clone 72A1, 13 �g/ml), involucrin (sc-28557, 1:50; Santa Cruz), KLF4 (HPA002926, 1:100; Sigma), PRDM1
(9115, 1:50; Cell Signaling), K10 (sc-52318, 1:50; Santa Cruz), and filaggrin (sc-25896, 1:50; Santa Cruz). For
cellular protein detection, tissues were probed with secondary antibodies conjugated to a fluorophore.
For viral protein detection, tissues were probed with a poly-HRP secondary antibody (Invitrogen) and
subsequently subjected to tyramide signal amplification (TSA) according to the manufacturer’s instruc-
tions (Life Technologies). For TSA amplification, tissues were incubated with 10% hydrogen peroxide for
thirty minutes prior to blocking, to quench background peroxidase activity. Sections were mounted and
stained with 4=,6-diamidino-2-phenylindole (DAPI). Photographic images were obtained using an Olym-
pus BX-50 microscope with MetaView software and edited with ImageJ. For quantification, at least six
images from three separate rafts were analyzed. The percentage of positive cells was calculated as the
ratio of signal-positive cells to individual nuclei (DAPI), both of which were counted manually.

Data analysis. Data from at least 3 rafts per group were averaged, and the standard errors of the
means calculated. Student’s t test was used to calculate P values.
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