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ABSTRACT Human papillomaviruses (HPVs) are causative agents in ano-genital and
oropharyngeal cancers. The virus must reprogram host gene expression to promote
infection, and E6 and E7 contribute to this via the targeting of cellular transcription
factors, including p53 and pRb, respectively. The HPV16 E2 protein regulates host
gene expression in U2OS cells, and in this study, we extend these observations into
telomerase reverse transcriptase (TERT) immortalized oral keratinocytes (NOKs) that
are capable of supporting late stages of the HPV16 life cycle. We observed repres-
sion of innate immune genes by E2 that are also repressed by the intact HPV16 ge-
nome in NOKs. Transcriptome sequencing (RNA-seq) data identified 167 up- and 395
downregulated genes by E2; there was a highly significant overlap of the E2-
regulated genes with those regulated by the intact HPV16 genome in the same
cell type. Small interfering RNA (siRNA) targeting of E2 reversed the repression of
E2-targeted genes. The ability of E2 to repress innate immune genes was confirmed
in an ano-genital immortalized keratinocyte cell line, N/Tert-1. We present the analy-
sis of data from The Cancer Genome Atlas (TCGA) for HPV16-positive and -negative
head and neck cancers (HNC) suggesting that E2 plays a role in the regulation of
the host genome in cancers. Patients with HPV16-positive HNC with a loss of E2 ex-
pression exhibited a worse clinical outcome, and we discuss how this could, at least
partially, be related to the loss of E2 host gene regulation.

IMPORTANCE Human papillomavirus 16 (HPV16)-positive tumors that retain expres-
sion of E2 have a better clinical outcome than those that have lost E2 expression. It
has been suggested that this is due to a loss of E2 repression of E6 and E7 expres-
sion, but this is not supported by data from tumors where there is not more E6 and
E7 expression in the absence of E2. Here we report that E2 regulates host gene ex-
pression and place this regulation in the context of the HPV16 life cycle and HPV16-
positive head and neck cancers (the majority of which retain E2 expression). We pro-
pose that this E2 function may play an important part in the increased response of
HPV16-positive cancers to radiation therapy. Therefore, host gene regulation by E2
may be important for promotion of the HPV16 life cycle and also for the response of
HPV16-positive tumors to radiation therapy.
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High-risk human papillomaviruses (HR-HPVs) are etiological agents in ano-genital
and oropharyngeal cancers (1). HPV16 is causative in around 50% of HPV-positive

cervical cancers (HPV�CC) and 90% of HPV-positive oropharyngeal cancers (HPV�OPC),
the latter of which have reached epidemic proportions over the past generation (2–5).
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Following infection, HPV DNA ultimately reaches the nucleus, where cellular factors
induce transcription from the viral genome. The viral oncogenes E6 and E7 create an
environment that promotes cellular proliferation, and one aspect of this manipulation
is the alteration of host gene transcription. E7 binds to pocket proteins pRb, p130, and
p107 and blocks their functional interaction with E2F transcription factors, resulting in
transcriptional activation of their target genes (6). In addition, E7 can disrupt the
DREAM complex, resulting in alleviation of repression of DREAM targets and activation
of B-Myb target genes (7); all of these changes induced by E7 are proliferative for the
cell. The E6 protein interacts with and mediates the degradation of p53, blocking the
ability of this protein to regulate host gene transcription in response to cellular stress.
E6 also interacts with p300 to disrupt the role of this protein in regulating p53 function
and undoubtedly to disrupt the function of additional p300 target proteins (8–16).
Therefore, these two proteins induce a radical transcriptional reprogramming of the cell
to promote the HPV life cycle.

The E2 protein of HPV16 binds to 12-bp palindromic target sequences surrounding
the A/T-rich origin of replication and recruits the viral helicase E1 to the origin via a
protein-protein interaction (17). This process initiates viral DNA replication. In addition,
E2 can activate or repress transcription from the viral long control region (LCR) that
incorporates the origin of replication (18). A third characterized role for E2 in the viral
life cycle is to act as a viral segregation factor, binding to viral DNA and host chromatin
simultaneously during mitosis to ensure that the viral DNA is present in the daughter
cell nuclei (19).

We have demonstrated that in U2OS cells, there is a fourth function for HPV16 E2;
regulation of host gene expression (20). However, the precise role of this E2 function
during the viral life cycle remains ill defined. Genomic studies of high-risk E2 regulation
of the host genome in keratinocytes have been carried out using transient overexpres-
sion of E2 proteins via a viral delivery mechanism (21–23). While these studies have
identified genes regulated by E2, it is difficult to fully delineate those genes regulated
by E2 as opposed to those that are activated in response to a transient overexpression
of a toxic level of E2 protein. There have been individual studies looking at the
interaction between E2 and host factors, which have demonstrated that E2 can regulate
host transcription via C/EBP (24), nuclear receptors (25), and AP1 (26–30). However, to
date, there has not been a systematic characterization of HPV16 E2-specific regulation
of host gene expression in keratinocytes expressing a stable physiologically tolerated
level of E2 protein. This report provides such a characterization. In addition, we provide
a context for this E2 regulation in the HPV16 life cycle and also in HPV16-positive head
and neck cancer (HPV16�HNC).

Previously, we characterized host gene regulation by HPV16 in telomerase reverse
transcriptase (TERT) immortalized “normal” oral keratinocytes (NOKs) (31). We devel-
oped the NOK system for the express purpose of investigating functions in the viral life
cycle that cannot immortalize keratinocytes, and E2 regulation of host gene transcrip-
tion is one such function. We generated NOKs expressing E2 and investigated E2
regulation of host gene expression. In parallel, we characterized the regulation of host
gene transcription by the entire HPV16 genome. The results demonstrate a highly
significant overlap between E2-regulated genes and those regulated by the entire
HPV16 genome; the E2-regulated genes represented a subset of those regulated by
HPV16. Many innate immune response genes that were downregulated by E2 were also
downregulated by HPV16, including a signature set of genes that are ordinarily
elevated for a prolonged period by the unphosphorylated interferon-stimulated gene
factor 3 (U-ISGF3) complex following viral exposure (32, 33). Interferon stimulation of
transcription is mediated via the ISGF3 complex which is composed of phosphorylated
STAT1 and STAT2 complexed with IRF9 (34). Following interferon signaling, a U-ISGF3
complex persists and is responsible for elevated expression of a signature set of innate
immune genes, many of them encoding known antiviral proteins. It is proposed that
this persistent elevated gene expression is a form of immune memory protecting the
cell from subsequent viral infections. Repression of this gene set by HPV16 is likely an
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important event in promoting the viral life cycle. Others have demonstrated repression
of innate immune gene expression by high-risk HPV (35–38) and have assigned E6 and
E7 as potential mediators of this repression (39–42). We demonstrate that E2, E6, and
E7 can all contribute to repression of U-ISGF3 target genes in NOKs. Small interfering
RNA (siRNA) targeting of E2 alleviated the transcriptional repression by E2. We also
demonstrate that E2 can regulate host gene transcription in ano-genital keratinocytes,
demonstrating that this regulation is not particular to the oral cavity. The expression of
the U-ISGF3 target gene set is downregulated in HPV16-positive head and neck cancers
(HPV16�HNC) versus that in HPV16-negative head and neck cancers (HPV�HNC) from
The Cancer Genome Atlas (TCGA) (31). The repression of U-ISGF3 genes in HPV16�HNC
was lost in tumors that lacked E2 expression. Recent results demonstrate that the lack
of E2 expression in HPV16�HNC results in a worse clinical outcome (43–46). We
propose that host gene regulation is the fourth important function for E2 during the
HPV16 life cycle (in addition to viral genome replication, transcription, and segregation)
and that this function is relevant to cancer outcomes.

(This article was submitted to an online preprint archive [47].)

RESULTS
Generation and gene expression characterization of clonal NOK cell lines

expressing HPV16 E2. Our previous studies on the regulation of host gene transcrip-
tion by the entire HPV16 genome utilized clonal cell lines that contained HPV16. The
clonal nature of the line used for the transcriptome sequencing (RNA-seq) analysis
allowed us to identify a high number of HPV16-regulated genes whose expression
changes were then validated in additional clonal cell lines. To gain a deeper under-
standing of HPV16 E2 regulation of host gene transcription, we took the same approach
and generated several clonal NOKs cell lines expressing E2 (Fig. 1A). Clone NOKs�E2-7
was used for RNA-seq analysis, and gene expression was compared with that in NOKs
only. Simultaneously, we took a NOKs�HPV16 clone and carried out RNA-seq analysis,

FIG 1 E2 regulation of host gene expression in NOK cells. (A) Clonal cell lines were generated by G418
selection following transfection with an HPV16 E2 expression plasmid, and Western blotting for E2 was
carried out on cell extracts. �-Actin is shown as a loading control. (B) RNA-seq was carried out with
NOKs�E2-7 alongside NOKs�HPV16 (see the text for details). The numbers in the circles represent the
numbers of genes whose expression changed 1.5-fold or more compared with the levels in parental
NOKs. The overlap between the genes regulated by NOKs�E2-7 and NOKs�HPV16 indicates they are
shared between the two data sets. The overlap of both the upregulated and downregulated genes was
highly significant as described in the text. Table S1 in the supplemental material lists the genes in each
set and also those that overlap between the two samples.
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and again, gene expression was compared with that in NOKs only. We carried out the
RNA-seq with two independent samples and identified regulated genes that were
significantly changed between the E2- and HPV16-containing clones and the parental
NOKs in both data sets. Using a fold cutoff of 1.5 and a DESeq2 corrected P value of
�0.05, E2 upregulated 167 genes and downregulated 395 genes, while the entire
genome had 775 upregulated and 817 downregulated genes. Table S1 in the supple-
mental material lists the regulated genes. The known contribution of E6 and E7 to
regulate host gene transcription at least partially explains the increased number of
gene changes in the cells containing the entire HPV16 genome. There was substantial
overlap between the E2-regulated genes and those altered in the presence of HPV16,
and this is summarized in Fig. 1B. Fifty-four of the 167 E2-upregulated genes were also
upregulated in NOKs�HPV16 (P � 1.2 � 1035), while 221 of the 395 downregulated
genes were also downregulated in NOKs�HPV16 (P � 6.8 � 10�210). Table S1 includes
the lists of genes that overlap between the two data sets. There was a striking number
of innate immune genes targeted by both E2 and the entire HPV16 genome in NOKs.
Previously, we demonstrated a targeted repression of the U-ISGF3 gene set by HPV16,
and this repression was retained by the E2 protein by itself (Table 1).

The E2 protein is overexpressed in the NOKs�E2 cells compared to the levels in
NOKs�HPV16, as is true in previous studies investigating host gene regulation by
individual HPV proteins, such as E6 and E7. However, the highly significant overlap in
the genes regulated by E2 alone and by the entire HPV16 genome in NOKs strongly
suggests that the regulation of host gene transcription by E2 is an important process
in the HPV16 life cycle.

Given the conservation in U-ISGF3 gene repression between HPV16 E2 and the
entire HPV16 genome, validation of the E2 RNA-seq data was focused on this gene set.
The protein expression of IFIT1, MX1, STAT1, and IRF9 was determined in the NOKs�E2
clonal lines (Fig. 2A). In 5 of the 7 lines (1 to 3, 6, and 7), there was a repression of MX1

TABLE 1 U-ISGF3 genes are repressed by E2 and the entire HPV16 genome in NOK cells

Gene

Downregulated >1.5-fold

NOKs�E2 NOKs�HPV16

BATF2 No No
BST2 Yes Yes
DDX58 Yes Yes
DDX60 Yes Yes
EPSTI1 No No
HERC5 No No
HERC6 Yes Yes
IFI27 No Yes
IFI35 Yes Yes
IFI44 Yes Yes
IFI44L Yes Yes
IFIH1 Yes Yes
IFIT1 Yes Yes
IFIT3 Yes Yes
IFITM1 Yes Yes
IRF7 Yes Yes
ISG15 Yes Yes
MX1 Yes Yes
MX2 Yes Yes
OAS1 Yes Yes
OAS2 Yes Yes
OAS3 Yes Yes
OASL No No
PLSCR1 Yes Yes
RARRES3 No No
RTP4 No No
STAT1 Yes Yes
TMEM140 No No
XAF1 Yes Yes
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and IFIT1 protein levels. The upstream activators of these genes and components of the
ISGF3 complex, STAT1 and IRF9, were also downregulated in the same clones. We
selected three clones for U-ISGF3 gene RNA analysis: NOKs�E2-1 and NOKs�E2-7,
which had good repression of STAT1 and IRF9, and NOKs�E2-2, which had an inter-
mediate repression of these proteins. The results are shown in Fig. 2B. All of the
investigated genes were strongly repressed in NOKs�E2-1 and NOKs�E2-7 (lanes 2 and

FIG 2 E2 represses U-IGF3 gene expression in multiple NOKs�E2 clonal cell lines. (A) Western blots using
antibodies against the indicated cellular proteins were carried out on extracts from the E2 clones. �-Actin is shown
as a loading control. (B) Expression levels of a subset of U-ISGF3 genes in NOKs and NOK clones expressing E2.
Results are expressed as fold change from that observed in parental NOKs and represent the averages from three
independent experiments. (C) Expression levels of STAT1, IRF9, and IFN-� genes in NOKs and NOK clones expressing
E2. Results are expressed as fold change from that observed in parental NOKs and represent the averages from
three independent experiments. *, P � 0.05 compared to NOKs as determined using a Student’s t test.
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4), while NOKs�E2-2 demonstrated an intermediate repression (lane 3). Therefore,
repression correlated with the downregulation of their upstream regulatory factors
STAT1 and IRF9 (Fig. 2A). We next investigated STAT1, IRF9, and kappa interferon (IFN-�)
RNA levels in the three clones (Fig. 2C). All three repressed IFN-� expression, while
NOKs�E2-1 and NOKs�E2-7 had stronger repression of STAT1 and IRF9 than
NOKs�E2-2, reflective of the protein levels of STAT1 and IRF9 in the three clones
(Fig. 2A).

Previous studies have demonstrated a role for E6 and E7 in the regulation of host
gene transcription, including innate immune gene repression. To investigate whether
these proteins also regulated U-ISGF3 expression in NOK cells, pooled cell lines were
generated expressing HPV16 E6 (NOKs�E6) and HPV16 E7 (NOKs�E7) by using retro-
virus transduction. In addition, we generated a pooled NOKs�E2 cell line (expressing
HPV16 E2) by using retroviral delivery to allow a direct comparison with the E6- and
E7-expressing cells. The expression of the hemagglutinin (HA)-tagged E7 and E2
proteins was confirmed by Western blotting (Fig. 3A, lanes 2 and 3, respectively). We
were unable to detect the HA-tagged E6 fusion protein, presumably because of low
expression levels. To confirm functional E6 expression in these cells, the levels of the E6
degradation target, the p53 protein, were determined (Fig. 3B). The levels of p53
protein were down in the NOKs�E6 cells compared to that in the control (compare lane
3 with lane 1), confirming functional E6 expression in these cells. All of the overex-
pressing lines expressed the appropriate viral RNA (not shown). The protein expression
of two of the most repressed U-ISGF3 genes, IFIT1 and MX1, was investigated in the E2-,
E6-, and E7-expressing NOKs (Fig. 3C). E2, E6, and E7 each downregulated the expres-
sion of MX1, while only E2 and E7 repressed IFIT1. To confirm that this downregulation
was due to gene expression levels of the IFIT1 and MX1 genes, reverse transcriptase
quantitative PCR (qRT-PCR) was performed on three independent RNA samples pre-
pared from the cells, and additional U-ISGF3 genes were investigated (Fig. 3D). E2 was
the strongest repressor for all of the innate immune genes investigated. Reflecting the
protein expression levels, E6 did not repress transcription of IFIT1. We investigated the
expression of IFN-� and STAT1, a component of IFN-�’s downstream target ISGF3
complex (Fig. 3E). All three viral proteins were able to repress the expression of IFN-�
to similar extents, and all three repressed the expression of STAT1, although E2 was
again the strongest repressor. These results demonstrate that all three viral proteins can
repress U-ISGF3 target genes, potentially via targeting of the upstream activators of
these genes, STAT1 and IFN-�. These results also demonstrate that the downstream
targeting of U-ISGF3 genes is different between the viral proteins and does not
exclusively depend upon the downregulation of IFN-� (as E6 did not repress IFN-�
expression but can target downstream genes). To confirm that retroviral transduction
alone did not interfere with the expression of U-ISGF3, the levels of IFIT1 and MX1
proteins were determined in NOKs, NOKs�pOZHA (harboring the vector used to
generate the E2-expressing retroviral pooled cells), NOKs�pMSCV (harboring the vec-
tor used to generate NOKs�E6 and NOKs�E7), and NOKs�pcDNA (harboring the
vector used to generate the NOKs�E2 clonal lines in Fig. 1). Figure 3F shows that there
was not a significant repression of either IFIT1 or MX1 with any of the vectors compared
with the expression in NOKs alone (lane 1).

Transcriptional repression by HPV16 E2 is reversible. To investigate whether
transcriptional repression by E2 is reversible, we used an siRNA targeting E2 (48) in
NOKs�E2-1 and NOKs�E2-7 and investigated the RNA levels of E2, IFIT1, MX1, and
IFN-� in NOKs�E2-1 and NOKs�E2-7 mock treated (1, 4, 7, and 10), siRNA E2 treated (2,
5, 8, and 11), and siRNA luciferase treated (3, 6, 9, and 12) (Fig. 4A). Mock and siRNA
luciferase treatment resulted in identical expression levels of the genes investigated.
siRNA targeting E2 reduced the expression level of E2 in both clones and resulted in an
increase in the RNA expression of IFIT1, MX1, and IFN-�. Therefore, the repression by E2
is at least partially reversible. Fig. 2 shows that IFIT1 and MX1 were �10-fold transcrip-
tionally repressed by E2, but the levels of IFIT1 and MX1 following downregulation of
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FIG 3 HPV16 E2, E6, and E7 repress innate immune gene expression in NOKs. (A) Western blot of NOK cells transduced and selected following
infection with retroviruses expressing HA-tagged E6 (lane 1), E7 (lane 2), and E2 (lane 3) with an HA antibody. GAPDH is shown as a loading control.
(B) Western blot of NOK cells transduced and selected following infection with retroviruses expressing HA-tagged E6 (lane 1), E7 (lane 2), and E2 (lane
3) with a p53 antibody. GAPDH is shown as a loading control. There were lanes between the NOKs (lane 1) and the viral protein-expressing NOKs
lanes (lanes 2 to 4) that have been removed for clarity, but the NOK sample image was taken from the same membrane and exposure. (C) Western
blotting of NOK cells and NOKs expressing the indicated viral proteins with MX1 and IFIT1 antibodies. �-Actin is shown as a loading control. (D)
Expression levels of a subset of U-ISGF3 genes in NOKs and NOKs expressing the indicated viral proteins. Results are expressed as fold change from
that observed in parental NOKs and represent the averages from three independent experiments. Standard error bars are shown. (E) Expression of
STAT1 and IFN-� genes in NOKs and NOKs expressing the indicated viral proteins. (F) Transduction with retroviral vectors did not induce repression
of U-ISGF3 proteins. Results are expressed as fold change from that observed in parental NOKs and represent the averages from three independent
experiments. Standard error bars are shown. *, P � 0.05 compared to NOKs as determined using a Student’s t test.
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E2 levels (Fig. 4A) increased by only 3- to 4-fold. This may have been due to residual E2
levels present following the siRNA treatment, to the fact that more time is required for
complete relief from transcriptional repression, or that E2 induces permanent epige-
netic markers on the genes that result in constant repression irrespective of E2 levels.
These possibilities will be investigated in the future. To confirm that the regulation of
RNA was reflected at the protein level, Western blotting for E2 and IFIT1 was carried out
(Fig. 4B). As with the RNA analysis, the cells were mock treated (lanes 1 and 4), treated
with the E2 siRNA (lanes 2 and 5) or treated with a control siRNA targeting luciferase
(lanes 3 and 6). Forty-eight hours following siRNA treatment, protein was prepared and
Western blotting was carried out. The siRNA targeting E2 attenuated the expression of
this protein (middle panel), and this downregulation corresponded to an increase in
IFIT1 protein levels (upper panel). This observation was reproducible. To confirm that
the increased expression of IFIT1 and MX1 in the NOKs�E2 cells following downregu-
lation of E2 expression was not due to an off-target effect of the siRNA, we repeated
these experiments in NOKs (Fig. 4C). None of the treatments resulted in altered MX1

FIG 4 siRNA targeting of E2 partially reverses E2 repression of host genes. (A) Expression levels of E2, IFIT1,
MX1, and IFN-� genes in cells treated with the indicated siRNAs were determined. Results are expressed as
fold change from that observed in each control sample and represent the averages from three independent
experiments. (B). NOKs�E2-7 and NOKs�E2-1 cells were treated with the indicated siRNAs, and protein
extracts were prepared for Western blotting. The expression levels of IFIT1 (upper panel) and E2 (middle
panel) were then determined. �-Actin is shown as a loading control. (C) NOKs were mock treated (lane 1)
or treated with the E2 (lane 2) or Luc (lane 3) siRNA in exactly the same way as the NOKs�E2 shown in panel
B, and protein extracts were prepared for Western blotting. The expression levels of MX1 (top) and IFIT1
(middle) were then determined. GAPDH is shown as a loading control. *, P � 0.05 compared to mock
treated cells as determined using a Student’s t test.
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and IFIT1 expression levels, demonstrating that there is no off-target effect of the E2
siRNA that alters MX1 or IFIT1 expression.

One mechanism that HPV16 utilizes to regulate host gene transcription is to
methylate host DNA (49). To investigate whether the E2 protein was regulating
transcription from the host genome using this mechanism, we treated cells with
decitabine (5-aza-2-deoxycytidine), a drug that reverses DNA methylation (50). The RNA
levels of IFIT1 and MX1 and the upstream regulators STAT1, IRF9, and IFN-� were
investigated following decitabine treatment in NOKs, NOKs�E2-1, NOKs�E2-7, and
NOKs�HPV16 (Fig. 5A). For IFIT1, decitabine treatment in NOKs resulted in a small but
significant increase in RNA expression (compare lane 2 with 1), while there was a much
stronger response to decitabine in the presence of E2 or the HPV16 genome. The
increases in IFIT1 levels in the E2 clones (lanes 4 and 6) were statistically the same as
that observed for HPV16 (lane 8). MX1 regulation is more complex; note the MX1 chart
in Fig. 5A is on a log scale. Decitabine treatment resulted in a significant elevation of
MX1 RNA in NOKs (compare lane 2 with 1). In both E2 clones, there was more than an
order of magnitude increase in MX1 following decitabine treatment (lanes 4 and 6),
significantly more than that observed in NOKs. In the presence of the entire HPV16
genome, the elevation of MX1 RNA levels was more than two orders of magnitude (lane

FIG 5 Transcriptional repression by E2 and the entire HPV16 genome is relieved by treatment with the DNA demethylase decitabine. (A)
Expression levels of several innate immune response genes following decitabine treatment of the indicated cells. Results are expressed as fold
change over the no decitabine treatment sample in each case and represent the averages from three independent experiments. *, significantly
elevated from levels in decitabine nontreated cells; ^, significantly elevated from levels in decitabine nontreated cells and the fold change in
elevation is significantly greater than that in NOKs. A Student’s t test was used. (B) Western blots for IFIT1 and MX1 on protein extracts from the
indicated cells with and without decitabine treatment as indicated. GAPDH is shown as a loading control.
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8). The expression levels of IFIT1 and MX1 proteins were then investigated (Fig. 5B). In
NOKs cells, treatment with decitabine resulted in an increased expression of both MX1
and IFIT1, reflecting the RNA results (compare lane 2 with 1). Treatment of NOKs�E2-1
(lanes 3 and 4), NOKs�E2-7 (lanes 5 and 6), and NOKs�HPV16 (lanes 7 and 8) with
decitabine resulted in increased expression of both IFIT1 and MX1. For IFIT1, the
elevated levels following decitabine treatment in all of the cells (lanes 2, 4, 6, and 8)
were similar, suggesting that methylation by E2 and the full HPV16 genome is a major
mechanism used by the virus for repressing the expression of IFIT1. For MX1, the story
is again different. While treatment with decitabine increased the expression of this
protein in the E2- and HPV16-expressing cells, it was not increased to levels observed
in NOKs that did not express any viral protein (compare the MX1 signal in lane 2 with
those in 4, 6, and 8). This suggests that MX1 is controlled by methylation, but additional
repression mechanisms in cells expressing E2 and HPV16 are involved. Therefore, the
results in Fig. 5A and B suggest that methylation is not the only mechanism that E2 or
the entire HPV16 genome uses to repress transcription of MX1. The elevated response
to decitabine for the entire genome versus that in the E2 clones following decitabine
treatment also demonstrates that HPV16 has, in addition to E2, additional mechanisms
for repressing MX1 transcription. A role for E6 and E7 in this repression seems likely.
STAT1, IRF9, and IFN-� RNA levels are all elevated following decitabine treatment in
NOKs, both E2-expressing clones, and that containing the entire HPV16 genome
(Fig. 5A). For both STAT1 and IRF9, the increase in expression following decitabine
treatment was higher in the E2 clones and in the HPV16 clone, and the increases were
similar with both E2 and HPV16. However, the fold increase in IFN-� expression
following decitabine treatment was not different between NOKs, the E2 clones, and
cells containing HPV16. This suggests that there is not a direct role for E2-induced
methylation in repressing these genes in the NOKs.

To confirm that the alleviation of repression with decitabine was not due to a
reduction in E2 protein levels, Western blotting was carried out to determine the E2
protein levels following decitabine treatment (Fig. 5B, lower panels). Decitabine actually
increased the levels of the E2 protein, perhaps indicating that the promoter driving E2
expression was also methylated in the NOKs�E2 cells.

HPV16 E2 can also repress host gene transcription in ano-genital keratino-
cytes. To investigate whether the E2 protein could also regulate transcription from
the host genome in ano-genital keratinocytes, HPV16 E2 was overexpressed in
N/Tert-1 cells. N/Tert-1 cells were generated by immortalizing foreskin keratinocytes
with the telomerase enzyme (51). A retroviral expression vector encoding E2 was
used to generate N/Tert-1�E2. Figure 6A shows the expression of the E2 protein in
N/Tert-1 cells (compare lane 2 with 1) and also that both IFIT1 and MX1 protein
expression levels were acutely repressed by E2 in this cell line (compare lanes 4 with
3 and 6 with 5). We next investigated the expression of a subset of U-ISGF3 genes
in the N/Tert-1�E2 cells versus that in control cells (Fig. 6B), and 4 of 5 genes were
repressed by E2 expression. Although IFI27 was greatly repressed by E2 in NOK cells
(Fig. 1E and 2C), it was not repressed by E2 in the N/Tert-1 cells. Finally, we
investigated whether E2 could also repress the expression of components of the
ISGF3 complex and its upstream activator, IFN-� (Fig. 6C). STAT1 expression was
repressed by E2 in these cells, but the repression of IFN-� expression was small
compared with that observed in NOKs (Fig. 2D). The IFI27 and IFN-� results
demonstrate that the pattern of repression of innate immune genes by E2 is not
universal across all keratinocyte cell types.

A role for E2 in regulating innate immune gene expression in HPV16-positive
head and neck cancers. Given the significant overlap between the E2-regulated genes
and those regulated by the entire HPV16 genome (Fig. 1B), we investigated whether
the E2-regulated genes (Table S1) were also regulated in HPV16-positive versus
-negative head and neck cancers. To do this, we divided the head and neck cancer
tumor gene expression data from The Cancer Genome Atlas (TCGA) into HPV16
positive and HPV16 negative (HPV16�HNC versus HPV�HNC, respectively). The
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gene changes between the HPV16-positive and -negative cancers were then deter-
mined, and Table 2 lists the numbers of gene changes identified. For the E2-
upregulated genes, 29 of 167 were upregulated by HPV16 in the tumor data set, and 137
of 395 E2-downregulated genes were downregulated by HPV16; both of these proportions
were statistically significant. Next, we divided the HPV16�HNC into those that expressed E2
RNA and those that did not [HPV16(E2�)�HNC and HPV16(E2�)�HNC, respectively] and
compared gene changes versus those in HPV�HNC tumors. Again, Table 2 demon-
strates that there was significant overlap between the E2-regulated genes in NOKs and
the genes regulated by HPV16(E2�)�HNC and also HPV16(E2�)�HNC compared with
those regulated by HPV�HNC. In the absence of E2, there was a reduction in the
number of HPV16�HNC-regulated genes compared with that regulated by HPV�HNC;
this may have been due to the smaller number of tumors used to generate the data (of
the 60 HPV16�HNC, 16 had no E2 expression). Therefore, we cannot conclude that
there is a loss of E2 gene regulation following loss of E2 expression in these tumors.
However, it was notable that the repression of the U-ISGF3 gene set was lost following
the loss of E2 expression (Table 3). These results strongly suggest that the host gene
changes induced by HPV16 E2 to promote the viral life cycle are physiologically
relevant based on similar effects manifested in HPV16�HNC. Table S2 lists the genes
summarized as numbers in Table 2.

FIG 6 E2 also targets innate immune gene repression in N/Tert-1 cells, a TERT-immortalized foreskin cell
line. (A) Expression of HA-tagged E2 in the N/Tert-1 cells detected by Western blotting of protein extracts
with an E2 antibody. �-Actin is shown as a loading control. Western blots for IFIT1 and MX1 on protein
extracts from the E2-positive and -negative cells. GAPDH is shown as a loading control. (B) Expression of a
subset of the U-ISGF3 gene set in the N/Tert-1 and N/Tert-1�E2 cells. Results are expressed relative to
N/Tert-1 levels equaling 1 and are representative of three independent experiments. (C) Expression levels
of STAT1 and IFN-� genes in N/Tert-1 and N/Tert-1�E2 cells. Results are expressed relative to N/Tert-1 levels
equaling 1 and are representative of three independent experiments. *, P � 0.05 compared to N/Tert-1 as
determined using a Student’s t test.

HPV16 E2 Regulation of Host Gene Expression Journal of Virology

February 2019 Volume 93 Issue 4 e01941-18 jvi.asm.org 11

https://jvi.asm.org


DISCUSSION

We have reported that NOKs can support late stages of the HPV viral life cycle as
demonstrated by E1/E4 and E2 protein expression in the differentiated layers of
organotypically rafted cells along with amplification of the HPV16 genome in the same
cellular layer as measured by fluorescence in situ DNA hybridization (31). We charac-
terized the host gene regulation by HPV16 in this model system. Among the repressed
gene set was a set of 29 innate immune genes activated by U-ISGF3, a complex
consisting of STAT1, STAT2, and IRF9 that activates transcription of these genes
irrespective of interferon stimulation (32, 33). The U-ISGF3 gene set consists of a
number of known antiviral genes; therefore, repression of this gene set by HPV16 is

TABLE 2 Intersection between E2 genes regulated in NOKs and those regulated by the entire HPV16 genome in NOKs and in HPV16-
positive head and neck cancersa

Groupb

No. of genes

P value

No. of genes

P valueUpregulatedc

Intersecting with
NOKs�E2-7 Downregulatedd

Intersecting with
NOKs�E2-7

NOKs�E2-7 167 395
NOKs�HPV16 775 54 1.2 � 10�35 817 221 6.8 � 10�210

HPV16(all)�HNC vs HPV16�HNC 2,361 29 0.015 2,713 137 2.4 � 10�28

HPV16(E2�)�HNC vs HPV16�HNC 2,427 30 0.012 2,625 132 5.5 � 10�27

HPV16(E2�)�HNC vs HPV16�HNC 649 12 0.004 1,304 64 2.3 � 10�9

aThere was highly significant overlap in the number of genes regulated by E2 and the entire HPV16 genome in NOKs. In addition, there was also significant overlap
between the E2-regulated genes and those regulated by HPV16 in head and neck cancer (HNC). The latter gene sets were determined by comparing the HPV16-
positive cancers with those that were HPV negative. The cancer data were based on an analysis of The Cancer Genome Atlas head and neck cancer samples.

bHPV16(all)�HNC vs HPV16�HNC, all of the data from HPV16-positive HNC versus data from those that were HPV negative; HPV16(E2�)�HNC vs HPV16�HNC, all of
the data from HPV16-positive HNC that retain E2 RNA expression versus data from those that were HPV negative; HPV16(E2�)�HNC vs HPV16�HNC, all of the data
from HPV16-positive HNC that had no E2 RNA expression versus data from those that were HPV negative.

cUpregulated, the number of genes in the data set increased 1.5-fold or more.
dDownregulated, the number of genes in the data set decreased 1.5-fold or more. The overlap in the gene sets is particularly significant in the repressed gene set.

TABLE 3 Repression of U-ISGF3 gene expression is lost in E2-negative HPV16�HNC

Gene

Downregulated >1.5-fold

HPV16�E2�HNC HPV16�E2�HNC

BATF2 No No
BST2 No No
DDX58 No Yes
DDX60 No Yes
EPSTI1 No No
HERC5 No No
HERC6 No Yes
IFI27 No Yes
IFI35 No No
IFI44 No Yes
IFI44L No No
IFIH1 No No
IFIT1 No Yes
IFIT3 No Yes
IFITM1 No No
IRF7 No No
ISG15 No Yes
MX1 No Yes
MX2 No Yes
OAS1 No No
OAS2 No Yes
OAS3 No No
OASL No Yes
PLSCR1 No No
RARRES3 No No
RTP4 No No
STAT1 No No
TMEM140 No No
XAF1 No Yes
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likely required for the viral life cycle. The purpose of developing and characterizing this
HPV16 life cycle model in an immortalized cell line was to allow an investigation of
events in the life cycle that would not immortalize primary keratinocytes, such as the
expression of the E2 protein by itself. We generated NOK cells expressing E2, E6, and
E7 proteins and focused on the expression of U-ISGF3 genes. All three viral proteins
repressed the upstream activator of ISGF3, IFN-�, while E2 was the strongest repressor
of STAT1 (Fig. 3). E2 was also the strongest repressor of the U-ISGF3 target genes
investigated, and E6 only repressed a subset of these genes. These results demonstrate
that there are three viral proteins that can repress innate immune genes: E2, E6, and E7.
The repression of these genes by E6 and E7 has been characterized previously (39–42);
this is the first time such an activity has been credited to E2. It is possible that the three
viral proteins can synergistically repress innate immune genes via different mecha-
nisms. It is also possible that the role of the viral proteins in the repression of these
genes varies in importance throughout the viral life cycle. For example, following
infection, it has been suggested that during the establishment phase of the vital life
cycle, E2 expression is strong compared to that of E6 and E7. Therefore, repression of
U-ISGF3 gene expression by E2 may be important during this phase of an HPV16
infection (52).

To characterize host gene reprograming by E2 in NOKs, we generated clonal cell
lines expressing this protein to be used in RNA-seq studies (Fig. 1). Using this approach
with the entire HPV16 genome, an in-depth understanding of host gene regulation by
HPV16 was obtained, and an in-depth understanding of E2 host regulation was also
obtained (see Table S1 in the supplemental material). In 5 of the 7 E2 clones generated,
there was repression of ISGF3 components and U-ISGF3 targets at both the transcrip-
tional and protein levels (Fig. 2). The reason for the failure of the two E2 clones that did
not regulate transcription of these genes might be due to the transfection of the cells
at different points of the cell cycle or it may be related to actual differences in the
transfected cells that did not allow E2 programing of innate immune genes. To our
knowledge, clonal analysis of E6 and E7 overexpression has not been reported; there-
fore, it is possible that this resistance to reprograming may not be unique to the E2
protein. However, there is no doubt that E2 regulates transcription of these host genes,
given the repression observed in pools of E2-expressing cells from different sources
(Fig. 3 and 6) and the ability to reverse this repression (Fig. 4 and 5). RNA-seq analysis
demonstrated a highly significant overlap between E2-regulated genes and those
regulated by the entire HPV16 genome in NOKs, emphasizing the potential importance
of E2 host gene regulation during the viral life cycle. MMP9 is activated by cottontail
rabbit papillomavirus (CRPV) E2 protein (28), but in our data set, we observed that this
gene was repressed by HPV16 E2. This may be due to a difference between the HPV16
and CRPV E2 proteins or may be related to the model systems used. The U-ISGF3
complex is also targeted for repression by HPV16 E2 in the ano-genital cell line N/Tert-1
(Fig. 6), demonstrating that this repression is not something that is particular to NOKs
or oral keratinocytes. The repression by E2 was not identical between the two epithelial
cell lines. IFN-� was poorly repressed by E2 in N/Tert-1 cells but well repressed in NOKs.
The U-ISGF3 target gene IFI27 was well repressed by E2 in NOKs but was not repressed
by E2 in N/Tert-1 cells; if anything, E2 elevates IFI27 expression in these cells. These
results suggest that E2 can regulate host gene transcription differently in different
anatomical site keratinocytes, and this might have an important role in the viral life
cycle in these different tissues.

The mechanisms that E6 and E7 use for the regulation of host gene transcription are
at least partially understood. The E2 mechanisms contributing to host gene transcrip-
tion regulation are ill defined. Although there are target sequences for E2 in our
genome and E2 can bind to these sequences, there is no evidence that direct binding
by E2 to those sequences plays a substantial role in E2 regulation of host gene
transcription (53, 54). We have shown that, in U2OS cells, failure to bind Brd4 results in
a loss of some E2-upregulated genes (55). This is presumably due to a protein-protein
interaction recruiting E2 to Brd4 target genes. Here, we demonstrate that E2 repression
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of transcription was at least partially reversible (Fig. 4). However, the elevation of IFIT1
and MX1 transcription following elimination of E2 expression via siRNA targeting was
only 2- to 3-fold (Fig. 4b), whereas the repression of these genes was 10-fold and over
(Fig. 2c). This might be due to the timing of the siRNA experiments: it may be that
long-term elimination of E2 expression would result in the return of wild-type IFIT1 and
MX1 expression. However, the results with decitabine (Fig. 5) suggest that E2 promotes
an active methylation of the repressed innate immune gene promoters, as repression
was alleviated in the presence of this drug. The repression relief was also observed in
NOKs but not to the same extent as with E2. In addition to methylation, E2 will likely
have other mechanisms for repressing transcription, but the decitabine results suggest
a partial role for enhanced methylation. It may not be a direct effect on the promoters
of the genes under study: it might be related to a transcription factor in common that
is regulated by E2 methylation of its gene. The decitabine experiment also revealed a
differential regulation of U-ISGF3 target genes by E2 and the entire HPV16 genome.
IFIT1 levels increased equivalently in NOKs�E2-1, NOKs�E2-7, and NOKs�HPV16
following decitabine treatment, suggesting that E2 is a major repressor of these genes
during the viral life cycle. However, the pattern with MX1 is different. In both E2 clones,
there was an order of magnitude increase in MX1 levels following decitabine treatment,
but in NOKs�HPV16, this was two orders of magnitude. Therefore, there is differential
regulation of the U-ISGF3 genes by the virus, and the results with MX1 suggest the virus
uses additional mechanisms to repress MX1 repression outside E2 expression. A role for
E6 and E7 to synergize in this repression seems likely. MX1 is the most tightly repressed
U-ISGF3 gene by HPV16. While it is known that IFIT1 can repress HPV18 replication (56,
57) (and also plays a role in HPV16 replication, [M. R. Evans, C. D. James, X. Wang, I. M.
Morgan, and M. L. Bristol, in preparation]), the role of MX1 in the viral life cycle is not
known. Given the level of repression, it is worthy of investigation.

Expression of E2 predicts a better survival rate in HPV16�HNC, presumably due to
an increased response to radiation therapy in the presence of E2 (43–46). It is striking
that the loss of E2 expression in HPV16�HNC results in both reduced survival and a loss
of U-ISGF3 repression compared to those for HPV-negative HNC. A subset of U-ISGF3
genes belongs to the interferon-related DNA damage resistance signature (IRDS) that
was first identified as an upregulated gene set in a head and neck cancer cell line
resistant to radiation treatment (58). Elevated expression of the IRDS gene set in breast
cancer predicts worse clinical outcome (59). The E2 protein can downregulate the
expression of IRDS genes in NOKs, and this repression was exhibited in the E2-positive
HPV16�HNC. Therefore, the loss of E2 expression results in the elevation of a gene set,
IRDS, whose increased expression predicts a worse clinical outcome in cancer. The
precise mechanism of how IRDS genes regulate the response to cancer therapy is not
clear; however, we propose that loss of repression of this gene set following loss of E2
expression is at least partially responsible for the worse clinical outcome in HPV16�HNC
that have no E2 expression.

In conclusion, we have demonstrated that E2 can regulate transcription from the
host genome in both NOKs and N/Tert-1 cells, although the regulation is different
between the two keratinocyte cells. We also provide evidence that this regulation by E2
is important in the context of the HPV16 life cycle, as there was significant overlap
between the E2-regulated genes and those regulated by the entire HPV16 genome in
NOKs. The entire HPV16 genome regulates many more host genes due to the contri-
bution of other viral proteins, such as the degradation of p53 and binding to pRb.
Finally, we propose that the host gene regulation by E2 in keratinocytes has direct
relevance in HPV16 cancers, as loss of E2 expression promotes a worse clinical outcome
combined with a significant loss of proposed E2-regulated genes in HPV16�HNC.
Future work will focus on establishing the mechanisms that E2 uses to regulate host
gene transcription to enhance our understanding of the viral life cycle and also the
therapeutic response of HPV16�HNC and other HPV16 tumors to radiation therapy.
These mechanisms might include the regulation of gene splicing and regulation of
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miRNA expression targeting certain gene sets, as well as the regulation of long
noncoding RNAs (lncRNAs).

MATERIALS AND METHODS
Cell lines. Normal oral keratinocytes (NOKs) were immortalized with telomerase reverse transcriptase

(TERT) (60). NOK cells stably overexpressing HPV16 proteins (NOKs�E2, NOKs�E6, NOKs�E7) were
generated by infecting NOKs with lentivirus expressing HPV16 E2 (pOZ-N-HA16E2), HPV16 E6 (p6661
MSCV-IP N-HA only 16E6; Addgene plasmid 42603), or HPV16 E7 (p6640 MSCV-P C-FlagHA 16E7-Kozak;
Addgene plasmid 35018). Lentivirus was produced in 293T cells using packaging vectors psPAX2 and
pMD2.G. NOKs�E2 clones were generated by plating 1 � 106 NOKs on 10-cm plates and transfecting
them with 1 �g E2 expression vector (18) using Lipofectamine 2000 (Invitrogen). Transfected cells were
selected with 150 �g/ml G418 (Corning), with the medium changed every 3 days. Individual colonies
surviving selection were harvested by trypsinization using cloning rings and expanded into multiple
NOKs�E2 clonal cell lines. E2 expression was confirmed by qRT-PCR and Western blotting. The method
for the generation of NOKs�HPV16 clones was described previously (31). N/Tert-1�E2 cells were
prepared using the plasmids described in reference 61 to generate retroviruses for infection of N/Tert-1
cells as described (62).

Cell culture. Cells were grown in keratinocyte serum-free medium (K-SFM) (Gibco) with 1% (vol/vol)
penicillin/streptomycin mixture (Life Technologies) containing 4 �g/ml hygromycin B (Sigma) at 37°C in
a 5% CO2/95% air atmosphere and passaged every 3 to 4 days. Cells were routinely checked for
mycoplasma contamination. NOKs�E2 clones and NOKs�HPV16 clones were grown in medium con-
taining 150 �g/ml G418 (Corning). NOKs�E2, NOKs�E6, and NOKs�E7, N/Tert-1, and N/Tert-1�E2 pools
were grown in medium containing 5 �g/ml puromycin (Corning).

Western blotting. Cells were trypsinized, washed with phosphate-buffered saline (PBS), pelleted,
and then resuspended in 50 �l of lysis buffer (0.5% Nonidet P-40, 50 mM Tris [pH 7.8], 150 mM NaCl)
supplemented with protease inhibitor (Roche Molecular Biochemicals) and phosphatase inhibitor cock-
tail (Sigma). The cell and lysis buffer mixture was incubated on ice for 30 min and centrifuged for 20 min
at 184,000 relative centrifugal force (rcf) at 4°C, and the supernatant was collected. Protein levels were
determined by utilizing the Bio-Rad protein estimation assay. Equal amounts of protein were boiled in
2� Laemmli sample buffer (Bio-Rad). Samples were then loaded into a Novex 4% to 12% gradient
Tris-glycine gel (Invitrogen), run at 100 V for approximately 2 h, and then transferred onto nitrocellulose
membranes (Bio-Rad) at 30 V overnight using the wet blot method. Membranes were blocked in Odyssey
blocking buffer (diluted 1:1 with PBS) at room temperature for 6 h and probed with the relevant antibody
diluted in Odyssey blocking buffer overnight at 4°C. Membranes were then washed with PBS supple-
mented with 0.1% Tween (PBS-Tween) before probing with the corresponding Odyssey secondary
antibody (goat anti-mouse IRdye 800CW or goat anti-rabbit IRdye 680CW) diluted 1:10,000 for 1 h at 4°C.
Membranes underwent washing in PBS-Tween before infrared scanning using the Odyssey CLx Li-Cor
imaging system. The following antibodies were used for Western blot analysis at 1:1,000 dilutions in
Odyssey blocking buffer (diluted 1:1 with PBS): IFIT1, MX1 (D3W7I), IRF9, and (D8G7H) from Cell Signaling
Technology; STAT1 (sc-346), �-actin mouse (sc-81178), �-actin rabbit (sc-130656), and GAPDH
(glyceraldehyde-3-phosphate dehydrogenase; sc-47724) from Santa Cruz Biotechnology; and HPV16 E2
(TVG 261) from Abcam.

SYBR green qRT-PCR. Cells were harvested by trypsinization and washed twice with PBS. RNA was
immediately isolated using the SV Total RNA Isolation system (Promega) according to the manufacturer’s
instructions. Two micrograms of RNA was reverse transcribed into cDNA using the High Capacity reverse
transcription kit (Applied Biosystems). cDNA and relevant primers were added to Perfecta SYBR green
FastMix (Quantabio), and real-time PCR was performed using a 7500 Fast Real-Time PCR system (Applied
Biosystems). The results shown are the averages from three or four independent experiments, with the
relative quantities of genes determined by the threshold cycle (ΔΔCT) method normalized to the
endogenous control gene, GAPDH. GAPDH, IFIT1, MX1, OAS1, IFI27, and IFI44L primers used were
designed by Qiagen (QuantiTech primer assay). Other primer pairs used in this study are as follows:
STAT1 (Invitrogen), 5=-CAGCTTGACTCAAAATTCCTGGA-3= (forward) and 5=-TGAAGATTACGCTTGCTTT
TCCT-3= (reverse); IRF9 (Invitrogen), 5=-GCCCTACAAGGTGTATCAGTTG-3= (forward) and 5=-TGCTGTCGC
TTTGATGGTACT-3= (reverse); IFN-� (Invitrogen), 5=-GTGGCTTGAGATCCTTATGGGT-3= (forward) and 5=-CAG
ATTTTGCCAGGTGACTCTT-3= (reverse); and E2 (Invitrogen), 5=-TGGAAGTGCAGTTTGATGGA-3= (forward) and
5=-CCGCATGAACTTCCCATACT-3= (reverse).

RNA-seq analysis. RNA sequencing was carried out by the Genomics, Epigenomics and Sequencing
Core at the University of Cincinnati. The methods used for RNA production and analysis to generate the
lists of differentially expressed genes have been described previously (31).

siRNA treatment. Briefly, 1.5 � 105 cells were plated on 6-well plates. The next day, the cells were
transfected with 25 nm siRNA targeting E2 (GCAGUUUGAUGGAGACAUAUU; Dharmacon) (15) or control
siRNA targeting luciferase (Ambion) using Lipofectamine 2000 (Invitrogen). Sixteen hours later, the
transfected cells were washed with PBS and the medium was replaced. Forty-eight hours postwash, the
cells were harvested by trypsinization and processed for qRT-PCR or Western blotting as described above.

Decitabine treatment. Briefly, 2.5 � 105 cells were plated on 10-cm plates. The following day, 1 �M
decitabine (ab120842; Abcam) was added to the medium of the cells. Ninety-six hours later, the cells
were harvested by trypsinization and processed for qRT-PCR or Western blotting as described above.

Differential expression in NOKs. The methods used to analyze RNA-seq data for NOK, NOK HPV16,
and NOK HPV16 E2 are described in reference 31. The latest human assembly, Homo_sapiens.
GRCH38.dna_sm.primary_assembly.fa from Ensembl along with its corresponding .gtf file, was used to
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create a reference file using bowtie2 build command. RNA-seq fastq files for NOKs, NOKs�HPV16, and
NOKs�HPV16 E2 were locally aligned to GRCh38 reference sequence using bowtie2, the mapped reads
were sorted by SAMtools, and the resulting BAM files were analyzed by DESeq2. Gene-level analysis was
performed, and log2-fold changes were converted to ratios of NOKs HPV�/NOKs HPV�. Genes were
considered differentially expressed if the adjusted P value computed by DESeq2 was �0.05 and the
expression differences were �1.5-fold in magnitude.

Differential expression in TCGA. RNA-seq version 2 head and neck squamous cell carcinoma
(HNSC) expression data were obtained from The Cancer Genome Atlas (TCGA) as described previously
(46). Five hundred eight patients were used for the analysis: all were either HPV16 negative (n � 448) or
HPV16 positive (n �60). The relative standard error of the mean (RSEM) expected counts for each
patient/gene were rounded to the nearest whole number, and the matrix was analyzed by DESeq2.
Gene-level analysis with default parameters was performed with the same method as stated above. A
Benjamini and Hochberg correction with a fixed false-discovery rate (FDR) of 0.001 was used, and genes
with expression differences �1.5-fold in magnitude were considered differentially expressed.

Determination of E2 status for TCGA cohort. Unmapped human reads for 60 HPV16-positive head
and neck patients from TCGA were used to define raw count levels of HPV (46). Read counts were
normalized by total reads per million. Levels of E2 protein were defined using the HPV16 genome
coordinates (K02718.1) 3625 to 3800 bp, as this region has no overlap between E2 and E4.

Tumors were assigned E2 (n � 44) or no E2 (n � 16) status by plotting E2 levels and determining a
cutoff value based on the change in slope. This method defined the no E2 group as no or very little
expression of E2, and E2 levels are presented in the supplemental material.

P value calculations for comparing gene expression changes. P values for intersecting results in
the bioinformatic data listed in Table 2 were obtained using the hypergeometric distribution. Calcula-
tions were based on a total of 20,532 genes.

Accession number(s). The analysis of the data presented in Table S1 in the supplemental material
is available under GEO accession number GSE121627.

SUPPLEMENTAL MATERIAL
Supplemental material for this article may be found at https://doi.org/10.1128/JVI

.01941-18.
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