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ABSTRACT It is established that the host cell transcriptomes of natural lesions, organo-
typic rafts, and human papillomavirus (HPV)-immortalized keratinocytes are altered in
the presence of HPV genomes. However, the establishment of HPV-harboring cell lines
requires selection and immortalization, which makes it impossible to distinguish be-
tween alterations directly induced by HPV or indirectly by the need for immortalization
or selection. To address direct effects of HPV infection on the host cell transcriptome,
we have used our recently established infection model that allows efficient infection
of primary keratinocytes with HPV16 virions. We observed only a small set of genes
to be deregulated at the transcriptional level at 7 days postinfection (dpi), most of
which fall into the category regulated by pocket proteins pRb, p107, and p130. Fur-
thermore, cell cycle genes were not deregulated in cells infected with a virus lacking
E7 despite the presence of episomal genome and viral transcripts. These findings
imply that the majority of transcriptional changes are due to the E7 protein impair-
ing pocket protein function. Additional pathways, such as the Fanconi anemia-BRCA
pathway, became perturbed only after long-term culturing of infected cells. When
grown as organotypic raft cultures, keratinocytes infected with wild-type but not E7
mutant virus had perturbed transcriptional regulation of pathways previously identi-
fied in natural lesions and in rafts derived from immortalized keratinocytes. We con-
clude that the HPV infection model provides a valuable tool to distinguish immedi-
ate transcriptional alterations from those induced by persistent infection and the
need for selection and immortalization.

IMPORTANCE To establish infection and complete the viral life cycle, human papil-
lomavirus (HPV) needs to alter the transcriptional program of host cells. Until re-
cently, studies were restricted to keratinocyte-derived cell lines immortalized by HPV
due to the lack of experimental systems to efficiently infect primary keratinocytes.
Need for selection and immortalization made it impossible to distinguish between
alterations induced by HPV and secondary adaptation due to selection and immor-
talization. With our recent establishment of an extracellular matrix (ECM)-to-cell
transfer system allowing efficient infection of primary keratinocytes, we were able to
identify transcriptional changes attributable to HPV16 infection. Most perturbed
genes fall into the class of S-phase genes, which are regulated by pocket proteins.
Indeed, infection with viruses lacking E7 abrogated most transcriptional changes. It
is important to note that many transcriptional alterations thought to be important
for the HPV life cycle are actually late events that may reflect immortalization and,
possibly, disease progression.

KEYWORDS E7, HPV16, RB, infection model, organotypic raft culture, p53, pocket
protein, primary foreskin keratinocytes, transcriptome

Citation Bienkowska-Haba M, Luszczek W,
Zwolinska K, Scott RS, Sapp M. 2020. Genome-
wide transcriptome analysis of human
papillomavirus 16-infected primary
keratinocytes reveals subtle perturbations
mostly due to E7 protein expression. J Virol
94:e01360-19. https://doi.org/10.1128/JVI
.01360-19.

Editor Lawrence Banks, International Centre
for Genetic Engineering and Biotechnology

Copyright © 2020 American Society for
Microbiology. All Rights Reserved.

Address correspondence to Martin Sapp,
msapp1@lsuhsc.edu.

Received 14 August 2019
Accepted 10 November 2019

Accepted manuscript posted online 20
November 2019
Published

CELLULAR RESPONSE TO INFECTION

crossm

February 2020 Volume 94 Issue 3 e01360-19 jvi.asm.org 1Journal of Virology

17 January 2020

https://orcid.org/0000-0003-3840-9189
https://doi.org/10.1128/JVI.01360-19
https://doi.org/10.1128/JVI.01360-19
https://doi.org/10.1128/ASMCopyrightv2
mailto:msapp1@lsuhsc.edu
https://crossmark.crossref.org/dialog/?doi=10.1128/JVI.01360-19&domain=pdf&date_stamp=2019-11-20
https://jvi.asm.org


Infection by high-risk human papillomaviruses (HPVs) such as HPV16 is linked to
epithelial tumors (1). Cervical and oropharyngeal squamous cell carcinomas are the

most prevalent tumors associated with HPV infection. HPV is ubiquitous in the human
population and infections are common. However, only a small fraction of HPV infections
results in clinical disease, typically benign self-limited outgrowth of the skin and
mucosa, and an even smaller percentage results in cancer. In cancers driven by HPV
infection, the viral genome is often integrated, resulting in loss of viral functions linked
to viral genome replication and transcriptional regulation and thus an aborted life
cycle.

The productive life cycle of HPV depends on the terminal differentiation process of
the stratified epithelia (1). Viruses gain access to the basal cell compartment of the
tissue through (micro)lesions. They preferentially bind to the basement membrane
from which they are endocytosed by keratinocytes (2). After infectious entry, the viral
genome is amplified and infection established. During latency and genome mainte-
nance, copy number remains unchanged and the viral transcription is tightly regulated.
When infected cells enter the terminal differentiation program, viral promoters are
activated, the viral genome is amplified, capsid proteins are expressed, and progeny
virions are assembled and released (3, 4). In addition to viral replication factors E1 and
E2, which initiate replication and function as a helicase (E1), the cellular replication
machinery is required for genome amplification. Normally, keratinocytes entering the
terminal differentiation program withdraw from the cell cycle. However, in the presence
of E7, one of the viral oncoproteins, keratinocytes are retained in the cell cycle, allowing
for expression of S-phase genes such as cellular replication factors (5). Another viral
oncoprotein, E6, binds to p53 to prevent cell cycle arrest due to unscheduled DNA
replication (6, 7).

It is well established that the presence of HPV genomes in keratinocytes deregulates
host cell gene expression, mostly due to expression of the two virally encoded
oncoproteins E6 and E7 (8). While E6 interacts with and induces the degradation of p53,
thus abrogating p53 transcriptional regulatory activity, E7 protein binds to and induces
the degradation of pocket proteins such as pRb, p107, and p130 (9–11). This results in
the release of members of the E2F transcription factor family and the expression of
S-phase genes (12). E7-mediated degradation of p107 and p130 has also been linked to
release of DREAM complex-mediated gene repression (13, 14). Additionally, many
reports have demonstrated interactions of E7 protein with other host cell factors
involved in multiple regulatory pathways with downstream transcriptional targets (for
review see reference 5 and 15).

Global transcriptome analyses have been applied to HPV-harboring patient tissue
samples comparing tissues of differing severity (16–20), HPV-immortalized established
cell lines (21–24), and cell lines individually expressing viral oncoproteins (25–27). The
analysis of patient tissue samples has identified genes that are deregulated in the
stratified epithelium and allowed the identification of putative markers of tumor
progression (16). The analysis of HPV-immortalized cells, whether harboring the com-
plete viral genome or individual viral genes, has the caveat that the establishment of
these cell lines requires immortalization and outgrowth of primary keratinocytes.
Therefore, it is difficult to distinguish between virally induced alterations and those that
are due to the selection, immortalization, and long-term culturing of cells. The study of
the transcriptome of cells immediately after viral infection without the need for
immortalization and selection was hampered by the lack of an efficient infection-based
cell culture model using primary keratinocytes. For unknown reasons, primary kerati-
nocytes did not readily endocytose HPV virions, which instead remained bound to the
cell surface (28).

We have recently reported a new infection model that allows efficient infection of
primary keratinocytes via the basolateral surface with HPV16 virions produced in the
293TT packaging cell line (29). This model system not only greatly facilitates the study
of immediate early events of the viral life cycle following infectious delivery of the viral
genome but is also amenable to the genetic dissection of viral factors important for
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establishing and maintaining an episomal viral genome absent of any need for immor-
talization. Herein, we compare changes to the host cell transcriptome after HPV16
infection without the need for immortalization and compare the alterations to those
observed in human foreskin-derived primary keratinocytes (HFK) infected with a mu-
tant lacking E7 protein and HPV16-immortalized HFK.

RESULTS
HPV16 infection results in limited changes to the host transcriptome compared

to that of HPV16-immortalized cells. To examine HPV16-induced changes in the cell
host transcriptome, primary human foreskin-derived keratinocytes (HFK) were infected
with HPV16 virions for 7 days using the extracellular matrix (ECM)-to-cell transfer
system recently described. To facilitate infection, the cell culture medium was supple-
mented with the Rho kinase (ROCK) inhibitor Y-27632 and grown in the presence of
mouse fibroblasts as feeder cells (30, 31). We recently used RNAscope and reverse
transcription-quantitative PCR to correlate the efficiency of infection with transcript
levels (Fig. 1A and Table 1). The controls were mock-infected and HPV16-immortalized
HFK grown under the same conditions for at least 7 days. HPV16-immortalized cell lines
were established after the transfection of the viral genome into primary HFK, selection,
and outgrowth of an immortalized population as previously described. RNAs were
isolated and subjected to next-generation RNA-sequencing (RNA-seq). RNA-seq was
carried out on RNAs obtained from triplicate biological populations of HFK grown in
monolayer culture under nondifferentiating conditions. Based on E7 transcript levels
(difference in cycle thresholds [ΔCT] [E7 – cyclophilin A] values of 1.6, 3.4, and 3.3) in
samples subjected to RNA-seq, we estimate that at least 50% of cells had been infected
at the time of harvest (compare to Table 1).

As described previously, viral transcript levels in HPV16-infected HFK were consis-
tently lower than in HPV16-immortalized keratinocytes, with variations due to the
efficiency of infection (Fig. 1A). Transcript levels of almost 6,000 genes were altered in
HPV16-immortalized HFK compared to that in HFK controls grown under identical
conditions, of which 3,196 and 2,658 were up- and downregulated, respectively. In
contrast, the expression of only 113 genes was deregulated in HFK at 7 days postin-
fection (dpi) with HPV16, 98 of which were significantly upregulated (Fig. 1B and C).
Ninety-five genes were common between HPV16-infected and -immortalized keratino-
cytes (Fig. 1D). Principal-component analysis (PCA) demonstrated that HPV16-infected
HFK cluster closely with mock-infected but not with HPV16-immortalized HFK (Fig. 1E).
The horizontal spread among individual samples of groups reflects differences in the
donors used in the biological replicates. To control for effects of ROCK inhibitor
treatment on the host transcriptome, we also subjected RNA obtained from HPV16-
immortalized and control HFK grown in the absence of the inhibitor Y-27632 to
RNA-seq. While the deregulated genes clustered differently from those in HFK grown in
the presence of this inhibitor, pointing to significant alterations induced by Y-27632,
both control and HPV16-immortalized HFK shifted in the same direction. Therefore, the
inhibitor’s alterations to the transcriptome were independent of HPV16. Also, clustering
was not observed with HPV16-infected HFK grown in the presence of this inhibitor and
thus could not explain the stark differences observed between HPV16-infected and
-immortalized HFK.

To exclude the possibility that the limited number of alterations induced by HPV16
infection compared to that with HPV16 immortalization is solely due to low viral
transcript levels, we performed RNA-seq analyses of HPV16-infected HFK at later times
postinfection. These cells were grown in the absence of the ROCK inhibitor Y-27632.
Even though the number of transcriptionally deregulated genes increased with increas-
ing time postinfection (358 and 238 up- and downregulated genes, respectively, at up
to 63 dpi), these transcriptional changes never reached levels observed in HPV16-
immortalized keratinocytes grown under identical conditions (1,239 and 1,200) despite
similar viral transcript levels (Fig. 2A and B). Transcript levels of most of the genes
identified as significantly deregulated at later times after infection were also altered at
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FIG 1 HPV16-induced changes to the host cell transcriptome at 7 dpi. (A) Representative RNAscope images of HPV16-infected HFK at 7 dpi. (B)
Transcripts per million (TPM) values of viral E6 and E1^E4 transcript reads in samples from HPV16-infected and -immortalized cells grown as a
monolayer in the presence of Y-27632. (C) Numbers of genes whose expression was significantly modified in HPV16-infected and -immortalized
cells. (D) Heat map illustrating the cluster of genes whose expression was significantly modified in HPV16-immortalized cells analyzed as sample
groups from controls and HPV16-immortalized and HPV16-infected cells grown in the presence of Y-27632. (E) Venn diagram showing the number
of altered host genes common to HPV16-infected and -immortalized cells grown in the presence of Y-27632. (F) Principal-component analysis
(PCA) diagram of RNA sequencing results from HPV16-infected and -immortalized cells grown as a monolayer with and without Y-27632 based
on TPM values in the bulk RNA-seq data set. Similarities between data sets are correlated to the distances in the projection of the space defined
by the principal components.
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earlier time points without initially reaching significance (Fig. 2C). One hundred eighty-
five genes were common among HPV16-infected and -immortalized HFK (Fig. 2D); 149
of which are upregulated. PCA demonstrated increasing separation of mock- and
HPV16-infected HFK with prolonged times after infection (Fig. 2E).

Ingenuity pathway analysis (IPA) predicted an impairment of pRb and p53 regula-
tory functions in infected cells at 7 dpi, suggesting that most changes are driven by E6
and E7 expression. Indeed, the E2F family transcription factors were identified as
positive upstream regulators for most of the deregulated genes. In line with this, cell
cycle control of chromosomal replication was identified as the top canonical pathway
in HPV16-infected HFK, including but not limited to genes such as MCM3, -4, -5, and -7,
POLD1, and POLE (Fig. 3A). Downstream effect analysis identified “cell cycle,” “cellular
assembly and organization,” and “DNA replication, recombination, and repair” as the
main molecular and cellular functions altered by HPV16 infection (Fig. 3B). Surprisingly,
only one deregulated gene among the 113 identified as a classical p53 transcriptional
target according to a recent meta-analysis (32) (Table 2), suggesting that E6 protein
may not be expressed at sufficient levels to functionally repress p53 at 7 dpi. IPA of the
185 genes overlapping between long-term-infected and immortalized groups again
identified pRb and the E2F family of transcription factors as top upstream regulators
and “cell cycle control of chromosomal replication” as the top canonical function, and
downstream effect analysis predicted the same cellular functions to be affected as at
7 dpi (Fig. 4A). Expression of 13 p53 transcriptional targets was found to be altered
(Table 2). Perturbation of the Fanconi anemia-BRCA pathway was observed upon
long-term culturing of HPV16-infected HFK (Fig. 4B and C), suggesting it is an adapta-
tion to continuous presence of HPV16. Taken together, these data suggest that HPV16
infection perturbs the HFK transcriptome only modestly compared to that of HPV16-
immortalized HFK. These findings imply that the majority of changes observed in
HPV16-immortalized HFK are likely due to selection, the need for immortalization,
and/or long-term culturing.

HPV E7 is primarily responsible for deregulating the host transcriptome fol-
lowing infection. Our analyses so far suggested that E7 protein-driven impairment of
pocket protein function is responsible for most transcriptional alterations. To test for
this more directly, we also analyzed the transcriptome of HFK infected with a previously
described mutant HPV16 virus harboring a termination translation linker (TTL) in the E7
open reading frame (HPV16-E7-TTL). Interestingly, only 17 genes were deregulated in
HFK at 27 dpi with HPV16-E7-TTL (Fig. 2A and C). PCA demonstrated close clustering of
HPV16-E7-TTL with mock-infected HFK (Fig. 2E). Taken together, our findings suggest
that the modest alterations observed in HPV16-infected HFK can be attributed to
E7-mediated functional inactivation of pocket proteins.

Host cell transcriptome analysis of HFK grown as organotypic rafts. In our
RNA-seq analyses of HPV16-infected HFK grown as monolayer, we noticed the absence
of a number of pathways found to be deregulated in HPV16-immortalized keratinocytes
in previous studies. However, some of the absent pathways have also been demon-
strated to play important roles in late stages of the viral life cycle, such as upregulation
of DNA repair and downregulation of the STAT/JAK signaling pathways. We have
previously demonstrated that HPV16-infected HFK support the complete viral life cycle

TABLE 1 Efficiency of infection of HFK with HPV16 at 7 dpi

No. �CT
a HPV16 RNA� cells (%)b

1 6.6 33
2 5.9 37
3 4.9 44
4 5.8 49
5 5.4 50
6 3.7 52
aCT of viral E7 minus CT of housekeeping gene (CyPA) transcripts.
bPercentage of E6/E7-positive cells in RNAscope.
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FIG 2 Extended culturing of HPV16-infected cells increases the number of deregulated genes. (A) Numbers of down- or upregulated genes in WT and E7-TTL
mutant HPV16-infected and HPV16-immortalized HFK (p2/3, 27 to 33 dpi; p3/4, 36 to 55 dpi; p4/5, 47 to 63 dpi). All cells were infected and cultured in the
absence of Y-27632. (B) TPM values of viral transcript reads in samples from HPV16-infected and HPV16-immortalized cells used for analysis. (C) Heat map
analysis of genes altered in HPV16-infected cells. The subgroup of 113 genes identified in Fig. 1 were selected for the analysis and analyzed as sample groups
from controls and WT and E7-TTL HPV16-infected cells at different times postinfection. (D) Venn diagram showing the overlap between differentially expressed
genes in HPV16-immortalized and -infected cells (p4/5). (E) PCA analysis of RNA sequencing data from control and WT and E7-TTL HPV16-infected cells based
on TPM values in the bulk RNA-seq data set.

Bienkowska-Haba et al. Journal of Virology

February 2020 Volume 94 Issue 3 e01360-19 jvi.asm.org 6

https://jvi.asm.org


when subjected to growth as organotypic raft cultures. Therefore, perturbation of these
pathways by HPV16 was either not required for the HPV16 life cycle or only induced
during growth as stratified epithelia and required for late stages of the viral life cycle.
Thus, we examined by RNA-seq analysis organotypic raft cultures derived from HPV16-
infected HFK. We also included rafts derived from HFK infected with HPV16-E7-TTL
mutant virus to determine the role of E7 under conditions of differentiation. As
expected, growth as organotypic rafts significantly increased viral transcript levels in
wild-type (WT) HPV16-infected cells but not HPV16-E7-TTL-infected cells (Fig. 5A and D).
Surprisingly, viral genome levels were similar in rafts derived from WT HPV16- and
HPV16-E7-TTL-infected HFK. Therefore, we employed highly sensitive fluorescent in situ
hybridization to visualize the viral genome in raft-derived tissue sections. Viral genome
was detected in essentially all cells infected with WT HPV16 with the expected distri-
bution: stronger signal in differentiated layers of the epithelium indicative of
differentiation-induced genome amplification. However, the basal cell compartment

FIG 3 Members of the Fanconi anemia-BRCA pathway become activated upon long-term culturing of HPV16-infected HFK. (A) Downstream effect analysis of
genes altered in HPV16-infected HFK at 63 dpi. The top 5 molecular and cellular functions affected by HPV16 are shown. (B) Fold changes of altered genes of
the Fanconi anemia-BRCA pathway in HPV16-infected versus control cells at 63 dpi. (C) Genes of the Fanconi anemia-BRCA pathway highlighted in pink are
transcriptionally altered in HPV16-infected cells at 63 dpi.

Transcriptome Analysis of HPV16-Infected Keratinocytes Journal of Virology

February 2020 Volume 94 Issue 3 e01360-19 jvi.asm.org 7

https://jvi.asm.org


had higher levels of viral genome, and the genome was lost in differentiated kerati-
nocytes in HPV16-E7-TTL-harboring rafts (Fig. 5C). Transcriptome analyses identified
838 and 999 genes up- and downregulated, respectively, in expression in wild-type
HPV16 compared to that in uninfected control rafts (Fig. 5E). Again, pathways involved
in cell cycle and DNA metabolism were identified as main cellular and molecular
functions (Fig. 6A). In addition to S-phase genes, we observed an upregulation of genes
involved in DNA repair (Fig. 6B and C). Activation of S-phase (PCNA, RPA2, and MCM7)
and DNA repair (RPA2 and Rad51) markers was confirmed by immunofluorescent
staining in rafts from WT but not E7-TTL mutant HPV16-infected HFK (Fig. 7). Genes
regulated by the JAK/STAT1 signaling axis were downregulated in WT HPV16 rafts (Fig.
8), which is in line with the literature (33, 34). We also observed subtle reductions in
STAT1 and STAT2 but not JAK transcript levels, which did not reach significance (data
are available in the GEO database under accession number GSE137965). Despite the
presence of high levels of viral genome in the basal cell compartment, the expression
of only 34 genes was deregulated in rafts derived from HPV16-E7-TTL-infected HFK, 14
of which were also found in WT HPV16-harboring rafts, again suggesting that most
changes are driven by E7 protein (Fig. 5E). The deregulated genes do not fall into any
specific pathway. The lack of activation of S-phase and DNA repair markers in HPV16-
E7-TTL-containing rafts was also confirmed by immunofluorescence (Fig. 7).

In WT HPV16-harboring rafts, 52 p53 transcriptional targets were deregulated in
their expression (Table 2), in line with the complete HPV-induced loss of p53 protein
from these rafts (Fig. 9) (35). Surprisingly, only one p53 transcriptional target was found
in the pool of genes identified in HPV16-E7-TTL-harboring rafts, even though we have
previously shown that cells infected by HPV16-E7-TTL express E6, and the presence of
E6 protein was confirmed in E7-TTL infected rafts (Fig. 9B). In line with this, p53 was
detectable in E7-TTL-harboring rafts at levels similar to those in control rafts (Fig. 9A).

DISCUSSION

The aim of our study was to examine how HPV16 influences the host cell transcrip-
tome after infection of primary keratinocytes in the absence of selection, outgrowth,
and immortalization. It was previously reported that HPV-immortalized human kerati-
nocytes from various origins exhibit large perturbations of their transcriptome, with
thousands of genes affected. We have confirmed this observation herein. In contrast,
using our newly developed HPV16 infection model, which allows efficient infection of
primary HFK, we found a very limited set of genes deregulated at 7 dpi, most of which
were upregulated. This implies that primary infection of keratinocytes perturbs the host
cell only minimally at the transcriptional level. Mostly S-phase genes are upregulated,
likely giving HPV16-harboring cells a growth advantage in order to expand lesions and
increase their life span.

The majority of the observed changes in HPV16-infected cells can be linked to the
main function of the E7 protein: binding and degradation of pocket proteins, which

TABLE 2 Genes identified as the p53, pocket protein, and cell cycle gene network targets according to the TargetGeneReg database (32)

Sample typea

Total no.
of genes

p53 targets Cell cycle genes DREAM targets MMB-FOXM1 targets RB-E2F targets

n % n % n % n % n %

Monolayer
WT 7 dpi Y� 113 1 0.9 66 58.4 63 55.8 27 23.9 32 28.3
WT 63 dpi Y� 597 13 2.2 123 20.6 105 17.6 26 4.4 70 11.7
Immort Y� 2,439 37 1.5 480 19.7 407 16.7 139 5.7 227 9.3
Immort Y� 5,854 109 1.9 718 12.3 546 9.3 172 2.9 302 5.2
E7-TTL 27 dpi Y� 17 0 0 2 11.8 0 0 0 0 0 0

Raft
WT 1,837 52 2.8 379 20.6 322 17.5 94 5.1 207 11.3
E7-TTL 35 1 2.9 2 5.7 2 5.7 0 0.0 1 2.9

aY�, in the presence of Y-27632; Y�, in the absence of Y-27632; WT, cells infected wild-type HPV16; E7-TTL, cells infected with HPV-16 E7-TTL mutant; Immort,
immortalized cells.
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results in activation of E2F transcription factors to drive transcription of S-phase genes.
Indeed, 65 of the 113 genes identified have been categorized as cell cycle genes
regulated by pRb/E2F and the DREAM and/or the MMB-FOXM1 complex (32). p107 and
p130 are subunits of the DREAM and MMB-FOXM1 complexes, suggesting that all three
pocket proteins are functionally impaired in HPV16-infected HFK. In overexpression
systems and/or HPV16-immortalized keratinocytes, E7 has also been demonstrated to
down- or upregulate pathways not under the control of pocket proteins and E2F family
members. For example, E7 downregulates the constitutively active interferon response
(36, 37) and transforming growth factor � (TGF-�) signaling (38) and has also been
shown to activate pathways associated with the DNA damage response (39). In HFK
infected for 7 days with HPV16, these pathways were not affected at the transcriptional

FIG 4 IPA analysis of genes falling into the cell cycle of chromosomal replication category. (A) Genes highlighted in pink are transcriptionally
altered in HPV16-infected cells at 7 dpi. (B) Downstream effect analysis of genes altered in HPV16-infected HFK at 7 dpi. The top 5 molecular and
cellular functions affected by HPV16 are shown.
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FIG 5 HPV16-induced changes in the transcriptome of cells grown in organotypic rafts. Viral transcript levels in undiffer-
entiated (mono) and differentiated cells infected with WT and E7-TTL mutant viruses. RNA and DNA were collected from
monolayer cells at 7 dpi and from 20-day-old rafts. Viral E6 transcript (A) and DNA (B) are expressed as ΔCT relative to the
household gene controls cyclophilin A (A) and �-actin (B), respectively. (C) Detection of viral DNA in infected rafts by highly
sensitive fluorescent in situ hybridization. (D) TPM values for viral transcripts in samples used for sequencing. (E) Numbers
of genes whose expression was significantly modified in WT and E7-TTL HPV16-infected cells grown in organotypic raft
cultures.
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FIG 6 The Fanconi anemia-BRCA pathway is activated in HPV16-infected organotypic rafts. (A) Downstream effect analysis of genes altered in HPV16-infected
rafts. The top 5 molecular and cellular functions affected by HPV16 are shown. (B) Genes of the Fanconi anemia-BRCA pathway highlighted in pink are

(Continued on next page)

Transcriptome Analysis of HPV16-Infected Keratinocytes Journal of Virology

February 2020 Volume 94 Issue 3 e01360-19 jvi.asm.org 11

https://jvi.asm.org


level, suggesting that their perturbation is not required for establishment of infection.
The Fanconi anemia-BRCA pathway becomes activated when infected cells are cultured
and survive beyond their normal life expectancy. This DNA repair pathway is constitu-
tively active in HPV-immortalized keratinocytes and is essential for viral DNA replication.
Recent studies suggest that relocation of members of this pathway to viral replication
foci and impairment with deubiquitination of FancD2 may actually contribute to
genomic instability observed in HPV-harboring cells (40). The slow onset of perturba-
tions in this pathway after infection might allow mechanistic studies of the temporal
deregulation of this pathway. In contrast to the Fanconi anemia-BRCA pathway, which
is activated during persistent infection, interferon and TGF-� signaling pathways are
not perturbed, even in cells cultured up to 63 dpi. These results imply that their
perturbation in HPV16-immortalized keratinocytes may be due to outgrowth and
selection of HPV-harboring cells and/or the immortalization process rather than imme-
diate alterations induced by virally encoded proteins. However, the additional changes
to the host transcriptome may reflect biologically meaningful “adaptive changes” that
are required for long-term persistent infections, a hallmark of high-risk HPVs and a
major risk factor for cancer formation. In case these pathways become deregulated
after even longer passaging of infected keratinocytes, the infection model may provide
a means to investigate progression of HPV-induced lesions in vitro.

We extended our studies to the analysis of organotypic raft cultures derived from
HPV16-infected cells to determine whether the stark differences to immortalized HFK in
undifferentiated monolayer cell culture are also observed in differentiated tissues.
Comparing our data with published results suggests that many of the same pathways
are altered in rafts grown from immortalized and infected HFK, including the induction

FIG 6 Legend (Continued)
transcriptionally altered in HPV16-infected rafts. (C) Fold changes of altered genes of the Fanconi anemia-BRCA pathway in HPV16-infected versus control rafts
based on next-generation sequencing (NGS) analysis.

FIG 7 Immunofluorescent staining of organotypic rafts. Organotypic rafts derived from control and WT
and E7-TTL HPV16-infected cells were paraffin embedded, sectioned, and processed for staining of
S-phase markers (PCNA and MCM7) as well as markers of the DNA damage response (RPA2 and Rad51).
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of S-phase genes and pathways associated with the DNA damage response as well as
downregulation of the JAK/STAT signaling axis. Also, interferon (IFN) and TGF-� sig-
naling pathways are downregulated. This is in line with multiple previous reports which
demonstrated the importance of these pathways for completion of the viral life cycle.
However, the gene expression profile is not completely congruent due to the fact that
the published studies used keratinocytes derived from different tissues, mostly cervical,
and microarray analysis rather than RNA-seq.

Our analysis of cells infected with the E7-TTL mutant HPV16 revealed that the E7
oncoprotein orchestrates the vast majority of changes in the host cell transcriptome,
both in undifferentiated and differentiated cells. HFK infected with the E7-TTL mutant
virus no longer altered the expression of genes regulated by the E2F family despite the
presence of an episomal viral genome and viral transcripts. Indeed, only 17 genes
showed changes in their expression in HPV16-E7-TTL-infected HFK grown in monolayer.
No specific pathways were identifiable, and only 7 of these genes were also perturbed
in wild-type HPV16-infected cells. Similarly, transcriptome analysis of organotypic rafts

FIG 8 Genes regulated by the JAK/STAT signaling axis are downregulated in HPV16-infected organotypic
rafts.

FIG 9 p53, E6 protein, and viral genome in organotypic rafts. (A) Organotypic rafts derived from control
(ctrl) and from WT and E7-TTL HPV16-infected HFK were paraffin embedded, sectioned, and processed
for detection of p53 and viral DNA (vDNA) by immunofluorescent and fluorescent in situ hybridization,
respectively. Adjacent sections were used for in situ hybridization and immunofluorescent staining. (B)
Furthermore, E6 protein was detected using the OncoE6 cervical test. Note detection of p53 despite the
presence of E6 protein and viral genome E7-TTL-harboring rafts.
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derived from cells infected with a mutant virus lacking E7 abolished most changes to
the host cell transcriptome. Not unexpectedly, lack of E7 protein abolished the reten-
tion of differentiated cells in the cell cycle, viral genome amplification, and retention of
viral genomes in differentiated layers of raft tissue despite elevated levels of viral
genome in the basal and suprabasal cell compartments.

According to a meta-analysis recently undertaken by Fischer et al. (32), only one of
the affected genes identified in monolayer culture classified as classical p53 transcrip-
tional target at 7 dpi, despite the fact that we have previously shown E6 protein to be
expressed in these HPV-infected cells. However, it has previously been demonstrated
that HPV16-harboring cells and even cells overexpressing E6 protein retain low levels
of p53 (41). In contrast, some 50 p53 targets were identified in WT HPV16 rafts, which
is in line with our finding that rafts derived from these cells are completely deficient of
p53. We assume that HPV-harboring keratinocytes, which are continuously passaged,
have different characteristics from cells found in the basal cell compartment of an intact
epithelium, which may include the ability to degrade p53 in an E6-dependent manner.
Given that tight junctions are continuously being disrupted during passaging, we
assume that the cultured cells are more representative of wound-healing keratinocytes.
To investigate if these differences indeed exist on the transcriptional level, laser capture
microdissection has to be employed to compare the transcriptomes of the basal cells
excised from an intact epithelium with those from cultured undifferentiated keratino-
cytes. Unfortunately, because the viral genome was not maintained in cells infected
with an E6-deficient HPV16, we were not able to extend our studies to a setting that
lacked E6 protein exclusively. So far, we have no mechanistic explanation why complete
p53 degradation is not evident in E7-TTL-harboring rafts; however, the data suggest
that unidentified E7-induced alterations to the keratinocytes may be required. Alter-
natively, E6 expression levels may be too low for efficient degradation of p53.

MATERIALS AND METHODS
Cell lines. Human embryonic kidney 293TT cells used for HPV16 virus particle generation were

obtained from John Schiller (NIH, Bethesda, MD). They were cultured in Dulbecco’s modified Eagle
medium (DMEM) supplemented with 10% fetal bovine serum (FBS), nonessential amino acids, antibiotics,
and GlutaMAX. Spontaneously immortalized human keratinocyte HaCaT cells were purchased from the
American Type Culture Collection (ATCC) and grown in low-glucose DMEM containing 5% FBS and
antibiotics. Primary epithelial keratinocytes were purchased from ATCC (PCS-200-010) and maintained in
E medium containing mouse epidermal growth factor (EGF) and mitomycin-treated mouse 3T3 J2
fibroblasts as previously described (42). Where indicated, we maintained and infected primary keratino-
cytes in the presence of the Rho kinase inhibitor (ROCK) Y-27632 (SCM075; Millipore), which was reported
to increase their life span (30, 31). However, the ROCK inhibitor was excluded prior and during
experiments involving long-term culturing of infected primary cells. Stable, immortalized human kera-
tinocyte cell lines containing HPV16 episomes were generated after transfection of HPV16 genome and
outgrowth of colonies as previously described (43) and were provided by Jason Bodily (LSUHSC,
Shreveport, LA). Before harvesting the cells for RNA or DNA extraction, fibroblast feeders were removed
by short trypsin treatment, followed by two washes in phosphate-buffered saline (PBS).

Ethics statement. Foreskin keratinocytes were collected from discarded tissue following routine
circumcisions from anonymous donors attending University Health, Shreveport, LA. Because the samples
were deidentified, would otherwise have been discarded, and were not collected specifically for our
studies, the LSUHSC-S institutional review board (IRB) ruled that they fell under the NIH’s definition of
“exempt” from human subjects research, including informed consent (Institutional IRB approval number
STUDY00000187).

Generation of HPV16 quasivirions. The pSheLL16 L1/L2 packaging plasmid was a kind gift from
John Schiller (NIH, Bethesda, MD). The plasmid pEGFP-N1 containing the entire floxed HPV16 genome
(pEGFP-N1-HPV16) and the pBCre plasmid have been described previously (44). Quasivirions were
generated using 293TT cells following the improved protocol of Buck and Thompson (45) with minor
modifications. Briefly, 293TT cells were first cotransfected with the pSheLL16 L1/L2 and pEGFP-N1-HPV16
plasmids and, 24 h later, were transfected with the pBCre plasmid. An additional 2 days later, cells were
harvested and viral particles were purified as described previously (45, 46). Because activity of the Cre
recombinase generates two circular plasmids of packable size (pEGFP-N1 and HPV16 genome), isolated
viral particles comprise a mixture of pseudovirions (pEGFP-N1 plasmid) and quasivirions (HPV16 ge-
nome). Viral genome equivalents (vge) were determined by real-time quantitative PCR (RT-qPCR) of
encapsidated DNA isolated using the NucleoSpin Blood QuickPure kit (740569.250; Macherey-Nagel). The
E7-TTL mutant has been described previously (43).

Infection using extracellular matrix-to-cell transfer. HaCaT cells were seeded in 60-mm cell
culture dishes and grown for 24 to 48 h until they reached confluence to allow secretion of ECM. Cells
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were incubated in Dulbecco’s PBS supplemented with 0.5 mM EDTA for up to 2 h in order to remove the
cells. This removes essentially all cells. However, to prevent outgrowth of any residual HaCaT cells, the
dishes were treated with 8 �g/ml mitomycin for 4 h prior to EDTA treatment and removal of HaCaT cells.
OptiPrep-purified viral particles (�5 � 107 vge/dish) diluted in 2 ml E medium were added to the ECM
for at least 2 h at 37°C. At this time, 5 � 105 low-passage-number primary keratinocytes were added. Two
hours later, approximately 1 � 105 mitomycin-treated fibroblast feeder cells were added to the dish.
When different size culture dishes (ranging from 12-well plates to 100-mm dishes) were used, cell and
vge numbers were scaled proportionally to the surface area. Infection was continued for up to 7 days or
until cells reached confluence. Under these conditions, at least 50% of HFK are infected according to
RNAscope at 7 dpi. However, the rate of infectivity varies significantly from donor to donor.

Detection of HPV16 RNA by RNAscope. Viral RNA detection (RNAscope) in infected cells was
performed by utilizing the Multiplex Fluorescent v2 kit (catalog number [cat. no.] 323100; Advanced Cell
Diagnostics [ACD]) and a probe targeting HPV16/18 E6 and E7 (cat. no. 311121; ACD) according to the
manufacturer’s protocol. Briefly, infected and control cells cultured on coverslips were fixed with 4%
paraformaldehyde (PFA) for 15 min at room temperature at 7 dpi. Immediately after washing with PBS,
samples were dehydrated with 50%, 70%, and 100% ethyl alcohol gradients for 5 min each at room
temperature. Cells were then rehydrated with 70% and 50% ethyl alcohol gradients for 2 min each and
finally incubated twice with PBS for 10 min. Next, slides were incubated with pretreatment reagents (cat.
no. 322381; ACD): hydrogen peroxide and protease III at room temperature for 10 min each. After a PBS
wash, samples were incubated with prewarmed target probes for 2 h at 40°C. In addition to the probe
targeting HPV16/18 E6 and E7, the positive control for cellular RNA detection RNAscope 2.5 Duplex
Positive Control Probe(Mm) PPIB-C1/POLR2A-C2 (cat no. 321651) provided by the supplier was used.
Signal amplification and detection reagents (cat. no. 323110; ACD) were applied sequentially and
incubated at 40°C in AMP 1, AMP 2, AMP 3, and HRP1 reagents for 30, 30, 15, and 15 min, respectively.
Before adding each reagent, samples were washed twice with washing buffer (cat. no. 310091; ACD). For
fluorescence detection, Alexa Fluor 488 tyramide (cat. no. T20912; Invitrogen) in RNAscope Multiplex TSA
buffer (cat. no. 322809; ACD) was added for 30 min at 40°C. After extensive final washing, cells were
mounted in Gold Antifade containing 4=,6-diamidino-2-phenylindole (DAPI) (P3693; Life Technologies)
for imaging.

Organotypic raft cultures. Organotypic raft cultures generated from HFK infected for 5 to 7 days
with HPV16 quasivirions were grown as described (42, 47). Briefly, 1 million keratinocytes were seeded
onto the surface of the collagen gel containing fibroblast feeders. Following attachment, the gel layer
with keratinocytes was lifted and placed onto a stainless steel grid in a culture dish. Culture medium was
added to the dish so that the keratinocyte/collagen plug was exposed to the air from above and to the
medium from below. The medium was changed every other day, maintaining the air-liquid interface.
Rafts were grown for 21 days, and samples were collected for RNA/DNA analysis. For immunofluorescent
staining and fluorescent in situ hybridization (FISH), raft tissues were fixed for 30 min in 4% paraformal-
dehyde at 4°C, washed three times in cold 1� PBS and once in cold 70% ethanol, and stored in fresh cold
70% ethanol at 4°C prior to processing and paraffin embedding. Rafts generated from uninfected HFK
seeded on ECM were used as a control.

DNA isolation and real-time qPCR. DNA was isolated using the NucleoSpin Blood QuickPure kit
(740569.250; Macherey-Nagel) according to the manufacturer’s instructions. One hundred nanograms of
DNA was quantified by RT-qPCR using the IQ SYBR green Supermix (Bio-Rad) and a CFX96 Fast Real-Time
system (Bio-Rad). PCRs were carried out in triplicates, and genome levels were normalized to actin.
Primers were as follows: E7, 5=-ATGAGCAATTAAATGACAGCTCAGAG-3= and 5=-CACACTTGCAACAAAAGG
TTACAAT-3=; �-actin, 5=-GGCATCCTCACCCTGAAGTA-3= and 5=-CAGAGGCGTACAGGGATAGC-3=. The Bio-
Rad CFX Manager 3.1 and Bio-Rad CFX Maestro 1.1 software were used to analyze the data.

RNA isolation, cDNA synthesis, real-time qPCR. Total RNA from HFK was extracted using the
RNeasy Plus Mini RNA Isolation kit (74236; Qiagen). RNA from raft tissues was extracted using the Qiagen
QIAcube via the miRNeasy aqueous-phase protocol. Isolated RNA samples were treated with DNase I
(M0303L; NEB) prior to reverse transcription; 0.5 to 1 �g of total RNA was reverse transcribed into cDNA
using an ImProm-II Reverse Transcriptase kit (Promega). Equal amounts of cDNA were quantified by
RT-qPCR using the IQ SYBR green Supermix (Bio-Rad) and a CFX96 Fast Real-Time system (Bio-Rad). PCRs
were carried out in triplicates, and transcript levels were normalized to cyclophilin A. Mock reverse-
transcribed samples were included as a negative control. Primers were as follows: E6, 5=-CTGCAATGTT
TCAGGACCC-3= and 5=-TCACGTCGCAGTAACTGTTG-3=; cyclophilin A (CyPA), 5=-CTTGGGCCGCGTCTCC-3=
and 5=-GCAGGAACCCTTATAACCAAATCC-3=. The Bio-Rad CFX Manager 3.1 and Bio-Rad CFX Maestro 1.1
software were used to analyze the data.

RNA sequencing. RNA-seq was carried out in triplicates for populations of cells grown in a
monolayer culture and in quintuplicates for raft three-dimensional (3D) cultures. Total RNA was extracted
as described above. RNA quality was assessed on an Agilent 2200 TapeStation. All samples showed an
RNA integrity number (RIN) greater than 7.0. Strand-specific mRNA-seq libraries for the Illumina platform
were prepared using the NEBNextUltra directional library kit (NEB) and the TruSeq stranded mRNA kit
(Illumina). Barcoded libraries were sequenced on a NextSeq 550 (Illumina) at 2 � 75 bp (paired-end
sequencing), obtaining �25 million reads per sample. Reads were aligned to the HPV16 (NC_001526.3)
and human genome GRCh38p10 using STAR_2.4.2a and counted using RSEM 1.2.31. Differentially
expressed genes were identified using EBSeq with a false-discovery rate (FDR) of �0.1 and �1 transcripts
per million (TPM) in at least 1 of 6 analyzed samples. Partek Flow was used for hierarchical clustering, heat
map construction, and principle-component analysis. Ingenuity Pathway Analysis (IPA) was used for
ontological classification and identification of the biological pathways affected by HPV16.
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Immunofluorescent staining. Paraffin wax-embedded sections were dewaxed in series of xylene
and alcohol washes, followed by antigen retrieval using a pressure cooker for 10 min in citrate buffer with
0.05% Tween. Slides were permeabilized with 0.5% Triton X-100 for 45 min and blocked with 5% goat
serum for 1 h. Primary antibodies, including anti-PCNA (sc-7907; Santa Cruz Biotechnology), anti-MCM7
(ab52489; Abcam), anti-RPA2/32 (ab76420; Abcam), and anti-Rad51 (sc-53428; Santa Cruz Biotechnology),
were added for overnight incubation at 4°C. After extensive washing with PBS, sections were incubated
for 1 h with Alexa Fluor-tagged secondary antibodies (A21236, A21245, A11030, and A11035; Molecular
Probes). After extensive final washing with PBS, cells were mounted in Gold Antifade containing DAPI
(P3693; Life Technologies). All immunofluorescence (IF) images were captured by using a Leica CTR6000
fluorescence microscope or by confocal microscopy with a 63� lens objective using a Leica TCS SP5
spectral confocal microscope and processed with Adobe Photoshop software.

Detection of HPV16 genome. Viral DNA detection (DNAscope) was performed by utilizing a
Multiplex Fluorescent v2 kit (cat. no. 323100; ACD) and the probe targeting HPV16/18 E6/7 (cat no.
311121; ACD). We modified the RNAscope procedure as described by Deleage et al. (48) by adding an
RNase tissue pretreatment step followed by a short denaturation step. Briefly, paraffin-embedded
sections of raft tissues were heated at 60°C for 1 h, deparaffinized in xylene for 10 min, followed by
dehydration in 100% ethanol for 5 min before air drying. Next, slides were incubated with RNAscope
hydrogen peroxide for 10 min at room temperature to block endogenous peroxidases. Heat-induced
epitope retrieval was performed by boiling sections in RNAscope Target Retrieval reagent for 15 min, and
the sections were immediately washed in Milli-Q water and then dehydrated in 100% ethanol for 5 min
before air drying. Tissue sections were then incubated with RNAscope Protease Plus for 30 min at 40°C.
Slides were rinsed in Milli-Q water and incubated with RNase A (25 �g/ml, cat no. EN0531; Thermo
Scientific) for 30 min at 37°C. The RNase tissue pretreatment step was followed by a short denaturation
step in which we incubated the slides at 60°C with warmed probes for 15 min and then transferred them
to 40°C for hybridization overnight. Amplification and detection were performed according to the
manufacturer’s protocol, using RNAscope 0.5� wash buffer for all washing steps.

OncoE6 cervical test. The presence of E6 protein in infected rafts was detected using a kit from
ArborVita according to the manufacturer’s protocol. Briefly, the cell lysate was incubated with alkaline
phosphatase (AP)-conjugated high-affinity E6 HPV16/18 monoclonal antibodies. Next, a nitrocellulose
test strip with two capture lines consisting of immobilized monoclonal antibodies (MAbs) to HPV16/18
E6 was placed into the lysate/MAb-AP mix. The solution was allowed to migrate through the strip by
capillary action. E6-MAb-AP present in the sample forms a ternary complex with the immobilized
antibodies on the strip. The complex was visualized as a purple line in the respective location on the strip
by the addition of an enzyme substrate solution provided in the kit.

Data availability. RNA-seq data files have been submitted to Gene Expression Omnibus under the
accession number GSE137965.
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