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ABSTRACT Epidemiological data confirm a much higher incidence of high-risk hu-
man papillomavirus 16 (HPV16)-mediated carcinogenesis of the cervical epithelium
than for other target sites. In order to elucidate tissue-specific responses to virus in-
fection, we compared gene expression changes induced by productive HPV16 infec-
tion of cervical, foreskin, and tonsil organotypic rafts. These rafts closely mimic per-
sistent HPV16 infection, long before carcinogenesis sets in. The total number of
gene expression changes varied considerably across the tissue types, with only 32
genes being regulated in common. Among them, we confirmed the Kelch-like family
protein KLHL35 and the laminin-5 complex to be upregulated and downregulated,
respectively, in all the three tissues. HPV16 infection induces upregulation of genes
involved in cell cycle control, cell division, mitosis, DNA replication, and DNA dam-
age repair in all the three tissues, indicative of a hyperproliferative environment. In
the cervical and tonsil epithelium, we observe significant downregulation of genes
involved in epidermis development, keratinocyte differentiation, and extracellular
matrix organization. On the other hand, in HPV16-positive foreskin (HPV16 foreskin)
tissue, several genes involved in interferon-mediated innate immunity, cytokine sig-
naling, and cellular defenses were downregulated. Furthermore, pathway analysis
and experimental validations identified important cellular pathways like STAT1 and
transforming growth factor B (TGF-B) to be differentially requlated among the three
tissue types. The differential modulation of important cellular pathways like TGF-B1
and STAT1 can explain the sensitivity of tissues to HPV cancer progression.

IMPORTANCE Although the high-risk human papillomavirus 16 infects anogenital
and oropharyngeal sites, the cervical epithelium has a unique vulnerability to pro-
gression of cancer. Host responses during persistent infection and preneoplastic
stages can shape the outcome of cancer progression in a tissue-dependent manner.
Our study for the first time reports differential regulation of critical cellular functions
and signaling pathways during productive HPV16 infection of cervical, foreskin, and
tonsil tissues. While the virus induces hyperproliferation in infected cells, it
downregulates epithelial differentiation, epidermal development, and innate im-
mune responses, according to the tissue type. Modulation of these biological
functions can determine virus fitness and pathogenesis and illuminate key cellu-
lar mechanisms that the virus employs to establish persistence and finally initiate
disease progression.

KEYWORDS HPV16, human papillomavirus, epithelial differentiation, gene
expression, immune response, tissue specific
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uman papillomaviruses (HPVs) cause more than 5% of all human cancers. HPV

infections account for the most prevalent sexually transmitted infections in the
United States (1). High-risk HPV16 and -18 are responsible for most HPV-associated
cancers (2, 3). Besides cervical cancers, high-risk HPVs attribute to 50% of penile, 88%
of anal, 43% of vulvar, 70% of vaginal, and 70% of oropharyngeal cancers (4). Epide-
miological data repeatedly indicate that the cervix has a unique vulnerability and
susceptibility to HPV-mediated carcinogenesis (5, 6). HPV-positive oropharyngeal can-
cers form a distinct clinical entity with unique epidemiology, prognostic factors, and
responses to radiotherapy. Tonsils and the base of the tongue are the most affected
sites in the head and neck regions, with HPV16 causing more than 85% of tumors (7).
Tissue-specific differences could be attributed to epithelial cell subtypes, innate im-
mune responses, and organ-specific microbiota, to name a few. Among patients with
cervical cancer and HPV-associated oropharyngeal squamous cell carcinoma (OPSCC),
there are clear differences in infiltrating lymphocyte populations (8). Furthermore, in
HPV-positive OPSCC, a more effective antigen-specific T cell response was strongly
related to improved survival, compared to HPV-negative OPSCCs (9).

The aim of our study is to identify tissue-specific responses in the cervix, tonsil, and
foreskin that may play a critical role in the establishment of persistence during the
productive stages of HPV16 infection. Previous studies have investigated high-risk
HPV-mediated gene expression changes and transcriptome changes in neoplastic or
invasive tumor samples from cervical cancer and head and neck cancer patients
(10-20). At these later stages of disease progression, multiple cellular pathways are
dysregulated, leading to a total loss in differentiation along with growth factor-
independent proliferation. The part that has been missing from the puzzle is changes
during productive HPV16 infection at the preneoplastic stage. Microarray analysis was
carried out on organotypic raft cultures with or without HPV16 infection, obtained from
cervical, foreskin, and tonsil tissues. This model system allows us to monitor the HPV life
cycle in three-dimensional differentiating epithelia, which very closely mimic natural
infection (21-24).

Our previous publication discusses the gene expression changes during productive
HPV16 infection of the cervical tissue (25). In this paper, we perform a comparative
analysis of gene expression changes induced by productive HPV16 infection of cervical,
foreskin, and tonsil tissues. In all three tissues, we observe upregulation of genes
involved in cell cycle regulation, cell division, DNA replication, and damage repair,
indicating a hyperproliferative environment. However, we see more differences among
the downregulated genes in the three tissue types. While there were several genes with
function in epidermal differentiation, extracellular matrix (ECM) integrity was damp-
ened in cervical and tonsil tissues; in the foreskin, gene categories related to immune
responses, cellular defenses, and the interferon response were downregulated. Addi-
tionally, we see downregulation of important upstream regulators like transforming
growth factor B (TGF-B) and STAT1 in HPV16-positive cervical and foreskin tissues,
respectively. The differential regulation of key cellular pathways and regulatory net-
works during productive stages of infection can determine the sensitivity of the tissue
to oncogenic progression.

RESULTS

Differential changes in gene expression during productive HPV16 infection of
cervical, foreskin, and tonsil epithelium. Raft tissues harvested at 10 days (day 10) in
culture were used for the gene expression microarray analysis. Around this time, virus
production is at its maximum, and all the late genes are expressed (26). Therefore, the
gene expression changes observed at this stage reflect the effect of the replicating virus
on epithelial gene regulation. Productive HPV16 infection induces differential changes
in gene expression in cervical, foreskin, and tonsil tissues (Fig. 1). HPV16-positive
foreskin (HPV16 foreskin) tissue had the highest number of changes, with 693 genes
upregulated and 832 genes downregulated. In HPV16 cervical tissue, 594 genes were
upregulated, and 651 genes were downregulated. In contrast, only 78 genes were
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FIG 1 Venn diagram showing total numbers of gene expression changes and overlapping changes in
HPV16-positive cervix, foreskin, and tonsil. For microarray analysis of each tissue type, three primary cell
lines and three HPV16-transformed cell lines were used to grow rafts. Each of these experiments was
repeated at separate times, representing a total of six individually grown raft tissue for primary (n = 6)
and HPV16-positive (n = 6) cell lines. Only gene expression changes of more than 1.5-fold and with a P
value of <0.05 were considered significant for the analysis.

upregulated and 88 genes were downregulated in HPV16 tonsil tissue. We observe
larger numbers of downregulated genes with higher fold changes (FCs) in each tissue
type, indicating an overall suppressive effect of HPV16 on the host transcriptome. The
average pairwise Pearson coefficient for primary cervical sample replicates was 0.885,
that for HPV16 cervical samples was 0.941, that for primary foreskin samples was 0.988,
that for HPV16 foreskin samples was 0.994, that for primary tonsil samples was 0.876,
and that for HPV16 tonsil samples was 0.890.

In HPV16 cervical tissue, the top upregulated genes have diverse functions, from
metal binding, cell signaling, and cellular metabolism to transcriptional regulation.
Genes with functional roles in epithelial differentiation, ECM assembly, cell adhesion,
and immune responses were downregulated severalfold (Table 1). The top most
upregulated genes in HPV16 foreskin have roles in cytoskeletal structure, ECM assem-
bly, metabolic pathways, and cell proliferation. However, the most downregulated
genes have roles in the immune response and cellular defenses against infection,
indicating considerable suppression of the cellular defense mechanism (Table 1). In the
infected tonsil epithelium, the top most upregulated genes have roles in cell prolifer-
ation, transcription, and metabolism. The maximally downregulated genes have func-
tions in maintenance of ECM structure, cell-cell adhesion, and differentiation (Table 1).

Commonly regulated genes upon productive HPV16 infection of cervix, fore-
skin, and tonsil tissues. Oddly enough, only 32 genes were commonly regulated
among the three tissue types. While 29 out of the 32 genes are similarly regulated in
the three tissue types, 3 genes are modulated in opposing directions. Fifteen out of the
32 genes have roles in cell cycle regulation, cell division, mitosis, and DNA damage
repair (Fig. 2a). Four genes have functions related to ECM maintenance and integrity.
Volcano plots indicating the —log,, P value and log, FC of significantly regulated genes
are represented for each tissue type (Fig. 2b to d). The volcano plot provides a visual
display of the both the FC and P value obtained from the t test, comparing uninfected
and HPV16-positive tissues. Only genes with an absolute FC of =1.5 and a P value of
<0.05 (—log,, P value of >1.3) are included in the plot, for ease of representation. The
commonly regulated genes are highlighted in colors, based on their cellular functions.
The majority of the genes with functions in the cell cycle, DNA damage repair, and
mitosis are upregulated in all three tissue types, while 3 out of the 4 ECM-related genes
are downregulated in common.

HPV16 infection results in upregulation of the p53-DREAM targets in all three tissue
types (Fig. 3a). The HPV16 oncoprotein E7 disrupts the p53-DREAM repressor complex,
thereby resulting in the upregulation of several cell cycle-related genes and abrogation
of p53-mediated cell cycle control (27, 28). For the common genes, protein interaction
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TABLE 1 Top 10 upregulated and downregulated genes in persistently HPV16-infected cervical rafts, foreskin rafts, and tonsil rafts?

Top regulated gene FC Function(s)
Genes in HPV16-infected cervix rafts
Upregulated
MT1G 12.03 Heavy metal binding protein containing high no. of cysteine residues
MT1H 7.7 Heavy metal binding protein containing high no. of cysteine residues
TGFBR3 73 Presents TGF-f3 to its receptor
KLHL35 5.81 Kelch-like family of proteins
DLK2 5.1 Adipogenesis
FBLN1 5.1 Cell adhesion, migration
ASS1 4.45 Urea cycle
GPER 4.45 Rapid estrogen signaling
TDRD9 44 RNA helicase
TWIST1 4.21 Transcriptional regulator
Downregulated
RPTN —57.5 Cornified cell envelope formation
SERPINB4 —48.01 Immune response
TCN1 —34.74 Binds vitamin B;,
CST6 —27.8 Inhibits cathepsin B
KLK8 —25.8 Peptidase
CEACAM6 —24.5 Cell adhesion
KLK6 —22.1 Peptidase
KLK13 —21.5 Peptidase
RNASE7 —20.1 Antimicrobial activity
PRSS3 -20 Defensin processing
Genes in HPV16-infected foreskin rafts
Upregulated
CA9 8.1 pH regulation
NEFH 7.7 Neurofilament
DKN2A 7.64 Inhibits cell proliferation
TPM1 6.45 Binds actin
LOX 5.84 ECM cross-linking
KLHL35 5.7 Kelch-like family
BAIAP2L2 512 Binds phosphoinositide
SPRR3 4.72 Proline-rich protein
KCNS1 4.65 lon channel
ALDOC 4.5 Glycolysis
Downregulated
KRT2 —71.05 Keratinocyte activation
MX1 —50.3 Antiviral activity
HSPB8 —50.01 Chaperone
IFI27 —49.51 Promotes cell death
LCE3C —26.16 Formation of cornified envelope
DEFB4 —225 Antibacterial activity
0AS2 —21.23 Antiviral enzyme
IFITT —14.74 Antiviral RNA binding protein
IFI6 —14.64 Interferon inducible
AADAC —12.26 Hydrolase, lipase
Genes in HPV16-infected tonsil rafts
Upregulated
ARHGAP15 4.6 Activates GTPase
PITX2 3.12 Cell proliferation
ENO2 3.1 Cell survival
KLHL35 3 Kelch-like family
GSTT2 24 Glutathione synthesis
TDRD9 232 RNA helicase
NMU 2.23 Muscle contraction
GOLGAS8B 2.2 Golgi structure
CENPQ 212 Centromere protein
E2F2 2 Transcription activator
Downregulated
SAAT —4.8 Serum amyloid
TRNP1 —-33 Cell cycle
LPXN —291 Cell adhesion
CTGF —2.8 Differentiation
THBS2 —2.61 ECM interactions
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Top regulated gene FC Function(s)
LAMC2 —2.6 Attachment, cell organization
ANKRD38 —2.5 Cytoskeletal formation
SH3KBP1 —24 Lysosomal degradation
SNCG —24 Keratin network
SAA4 —2.34 Serum amyloid

aFC, microarray fold change.

networks using the STRING DB reveal a highly connected network within genes
involved in cell division, mitosis, and the DNA damage response (DDR), with SMC2
acting as a central node (Fig. 3a). Another member of the family, SMC1, was shown to
be critical for high-risk HPV31 genome amplification (29). We report for the first time
upregulation of SMC2 in productive HPV16 infection.

The Kelch-like family gene KLHL35 was highly upregulated in all three tissue types.
The function of KLHL35 in epithelial tissue is unclear. However, its close paralogue
KLHL24 is involved in maintenance of mechanical stability of skin and turnover of
intermediate filaments, mainly keratin 14 (KRT14) (30-33). Immunofluorescence exper-
iments confirmed the upregulation of the KLHL35 protein in HPV16 cervical, foreskin,
and tonsil rafts (Fig. 3b). Interestingly, the laminin-5 complex subunit genes LAMA3,
LAMB3, and LAMC2 were downregulated in all the infected tissues. Besides being an
important player in epidermal-dermal stability and wound healing, laminin-5 is asso-
ciated with invasive phenotypes of cancers, including cervical cancer (34-36). Most
importantly, laminin-5 is required for HPV16 binding during virus attachment and entry
(37). Downregulation of laminin-5 during productive HPV16 infection could prevent
superinfection and affect epithelial integrity. Immunofluorescence for laminin-5 re-
vealed decreased expression of the protein complex in the basal layer cells of HPV16
cervical, foreskin, and tonsil rafts (Fig. 3c).

Gene ontology analysis reveals enrichment of unique biological functions in
HPV16 cervical, foreskin, and tonsil tissues. Significantly altered genes were divided
into upregulated and downregulated genes, and gene ontology (GO) analysis was
carried out for each list to identify enriched biological functions using GOrilla (38). In
Fig. 4, histograms represent the P values for each of the top 5 GO categories among the
upregulated (Fig. 4a) and downregulated (Fig. 4b) genes. The entire list of GO catego-
ries that are significantly regulated in each tissue type is summarized in Tables S1a to
c in the supplemental material.

Within the upregulated genes, the top 5 enriched GO terms include categories of
cell division, mitosis, cell cycle processes, and DNA damage repair in HPV16-infected
cervical, foreskin, and tonsil tissues (Fig. 4a). Clearly, HPV16 infection induces a hyper-
proliferative state in epithelial tissue types. High-risk HPV oncoproteins E6 and E7
reinitiate DNA replication in terminally growth-arrested keratinocytes, by dysregulating
cell cycle checkpoints to create an S-phase-like milieu, ambient for viral DNA replication
(39, 40). Unscheduled entry into S phase, along with deregulation of cell cycle check-
points, results in DNA damage and chromosomal instability in the infected cells (41-44).

For the downregulated genes, the enriched GO terms for each tissue type varied
widely among the tissue types (Fig. 4b). In HPV16 cervical tissue, genes involved in
epidermal and keratinocyte development and ECM organization were significantly
downregulated, whereas in HPV16 foreskin tissue, genes related to immune processes,
the innate immune responses and cellular responses to viruses, and cytokine signaling
were downregulated. While the total number of gene changes was minimum in HPV16
tonsil tissue, significant downregulation was observed in genes involved in ECM
organization, epidermis development, cell-cell adhesion, and hemidesmosome assem-
bly. Although overlapping GO categories are enriched among the tissue types, the
genes within them are distinct. This could be due to the virus utilizing different
upstream regulators to target common cellular functions in a tissue-specific manner.

September 2019 Volume 93 Issue 17 e00915-19

jviasm.org 5


https://jvi.asm.org

Chatterjee et al.

CELL CYCLE

>
S a4
£
©
e 2
o
2 o
3
> 5 —
< CERVIX
s 4 I FORESKIN lg
= M TonsIL o
s -6 . - : . oo
w (=
SR RO -
< < > < o
R o
_ DNA DAMAGE/ REPAIR !
>
©
£ 6 CERVIX
S 4 [ FORESKIN
S M TonsIL
g
3
o
c
©
=
o
B
o
w
_ CELL DIVISION/ MITOSIS
>
©
- CERVIX
©
e —
s =
2 ©
. T
> o
c —
© o
S o
o (@]
5 o)
w LI NI & |
\}. \}0 \Q\ < \;
RV e+ Qﬁ Q' &
_ ECM COMPONENTS
>
2 e
H CERVIX
E 4 [ FORESKIN
= M TonsIL
g 2
o
2 0
z d
3
o -2
3
o -4 v - T - v
L] N
¢ o vy.» Q;'.» ov
> F N N
< v v v
_ OTHERS
B =
s CERVIX [
S 6] M FORESKIN 1
s M TonsIL o
2 4 =
£ o
o 2 D
o ()]
3
s 0 o
s |
o
5l
o
'S
Gene expression changes

in opposite directions

CERVIX
I FORESKIN
M tonsiL

Fold Change (Microarray)
o

-8 T - T
c:" 0& &«’1«
& B 3
<& o )
&

05 1.0 15 20 25 30

0.0

15 20 25 3.0

1.0

0.0 05

Journal of Virology

O Cell Cycle

O DNA Damage Repair

HE Mitosis
H ECM related

B Other Common Genes

HPV16 CERVIX

3
SWEWT | RRCCH
SiPl, KNTC1

-10

I [ I
0 5 10
log2(FC)

O Cell Cycle

O DNA Damage Repalr

M@ Mitosis
Bl ECM related

HPV16 FORESKIN

o
B Other Common Genes & «

5 -
LAMC2 LAMA3

-10 =5 0 5 10
log2(FC)
B Coll Cydlo . HPV16 TONSIL
. 3
W DNA Damage Repair . PSIP1_ZCWPW1
E Mitosis KNG
3 PLK4 g
B ECM related o o8% KI5 M LRRCC1
B Other Common Genes HASS PRIC e .
FRRRE §o PAMB3 HIIGEA ,
LAMC2 ¢*%8);, & SMCeag o170
Tlog10(p-val)>1.3 | o« SCCS PR NI, & e ]
LAMA3 PTGS2 KLHL35
| T T T |
-4 E 0 2 4
log2(FC)
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Protein interaction clusters reveal important regulatory networks in HPV16
cervical, foreskin, and tonsil tissues. Next, the highly interacting proteins or hubs
from our gene list were visualized to identify regulatory molecules of interest. Using the
online tool STRING (http://string-db.org/), we mapped the protein-protein associations
within the upregulated and downregulated genes for each tissue type (45). Using the
CLUSTER function, we identified the most stable and significant interactions in the gene
list.

The protein interaction networks obtained from the upregulated gene lists reveal a
dense connectivity of proteins with roles in mitosis and cell division for each tissue type
(Fig. 5a to ). In line with the GO analysis, we observe an overall upregulation of cell
proliferation in HPV16-infected cervical, foreskin, and tonsil tissues. It is well established
that high-risk HPVs activate the cell cycle in epithelial cells to promote a replication-
competent environment, which enables viral genome amplification (46, 47). Once
again, we observe that although overlapping cellular functions are upregulated in each
of the HPV16-infected tissues, the target genes are distinct for each tissue type, owing
to tissue-specific responses to the virus.

In addition to heightened cell proliferation, we observe significant clusters of
proteins involved in metabolism (Fig. S1a and b). The increase in cellular metabolism is
consistent with the increase in DNA replication and cell cycle progression induced by
productive HPV16 infection. In all three tissue types, HPV16 infection results in upregu-
lation of Fanconi anemia (FA) pathway proteins (Table S2). Especially, FANCD2 is
upregulated in both HPV16 cervical and foreskin tissues in our data set. Activation of
the FA pathway acts as an early host cell response to HPV16 infection to prevent
oncogene-mediated chromosomal instability (48). In HPV16 tonsil tissue, only FANCE is
upregulated (Fig. 5¢), which is upregulated in all the tissue types (Fig. 2a).

For the downregulated genes, we observe clusters with enrichment of pathways
related to immune responses, cellular defenses, epidermal differentiation, and ECM
organization (Fig. 6). In both HPV16 cervical and foreskin tissues, we see groups of
interleukins (ILs) and interleukin receptors forming a part of significant clusters (Fig. 6a
and d and Table 2). Interleukins start local inflammation and activation of adaptive
immunity. IL-18 has previously been shown to be abrogated at the posttranslational
level by the HPV16 E6 oncoprotein (49). IL-18, along with several chemotactic and
proinflammatory genes with a role in activation of adaptive immunity, was also
downregulated in undifferentiated HPV16- and HPV18-infected keratinocytes (50). The
other significant cluster of downregulated genes in HPV16-infected foreskin tissue
included several proteins involved in type | interferon signaling and the 2'-5'-
oligoadenylate synthetase (OAS) family of genes involved in DNA sensing (Fig. 6e).
Surprisingly, we did not observe an enrichment of immune-related pathways in HPV16
tonsil tissue in spite of it being a lymphoid tissue.

A distinct set of late cornified envelope (LCE) protein coding genes is downregu-
lated in HPV16 cervical and foreskin tissues (Fig. 6a and d and Table 2). The genes
encoding the LCE proteins form a part of the epidermal differentiation complex (EDC)
located on human chromosome 1921 and have roles in epidermal organization and
differentiation (51). Interestingly, in HPV16 foreskin, only the LCE3 family proteins are
downregulated. Deletion of the LCE3B and LCE3C genes is highly associated with a risk
of psoriasis development in patients (52).

Another cluster of downregulated genes in HPV16 cervical tissue has ubiquitin C
(UBQ) acting as the central node interacting with a group of histones (Fig. 6b). The
function of UBC within the cell is complex and ranges from proteasome-dependent
proteolysis to cell signaling, cell cycle regulation, DNA repair, and apoptosis, among

FIG 2 Legend (Continued)

Journal of Virology

cell division to be upregulated in all the tissues during productive infection. (b to d) Volcano plots representing log, fold changes (x axis) plotted against
the —log,, P value (y axis), obtained from CLC Genomics Workbench 4.8 package, in HPV16-positive cervical, foreskin, and tonsil rafts. The black scatter
points represent all the significantly regulated genes in each tissue type. The commonly regulated genes are color-coded according to their biological

functions, as indicated in the key.

September 2019 Volume 93 Issue 17 e00915-19

jviasm.org 7


http://string-db.org/
https://jvi.asm.org

Chatterjee et al.

KLHL35 PTGS2

GGCT  PRR11

HAS3 PPIC

SH3KBP1 (E2F2

PSIP1 SCG5

RARRES3 ZCWPW1

p53- DREAM targets

Laminin 5 subunits
Kelch like family protein

LAMC2

7
= 3"

LRRCC1  LAMA3—LAMB3

RMI2

OCIAD2  FBLN1—GSTT2

D10 Rafts D20 Rafts

Uninfected HPV16 Uninfected HPV16
x
iz
w
(@]
<
X
)
wl
(e
@)
i
=
)
Z
@)
|_
c D10 Rafts D20 Rafts
Uninfected HPV16 Uninfected HPV16

TONSIL FORESKIN CERVIX

FIG 3 Productive HPV16 infection results in upregulation of KLHL35 and downregulation of the laminin-5 complex in cervical,
foreskin, and tonsil rafts. (a) Protein-protein network of commonly regulated genes with productive HPV16 infection in cervix, foreskin,
and tonsil tissue. Highlighted are the p53-DREAM pathway targets, KHLH35, and laminin-5 subunits. The STRING database and

(Continued on next page)

September 2019 Volume 93 Issue 17 e00915-19

Journal of Virology

jviasm.org 8


https://jvi.asm.org

Tissue-Specific Transcriptome Regulation by HPV16

others (53). In both HPV16 cervical and tonsil tissues, we see clusters with proteins
involved in the organization and turnover of the ECM, hemidesmosome assembly, and
cell-cell adhesion (Fig. 6¢c and f).

Validation of gene expression changes in HPV16 cervical, foreskin, and tonsil
tissues. In order to validate gene expression data, we performed reverse transcription-
quantitative PCR (RT-gPCR) followed by Western blot analysis of a few selected genes
of interest. We validated expression levels of proteins involved in epithelial differenti-
ation and organization, namely, keratin 14 (KRT14), KRT19, KRT23, Kallikrein-related
peptidase 8 (KRKL8), and Repetin (RPTN) (Table 3). Validation experiments were per-
formed with a new set of cell lines to increase the rigor. Rafts obtained from these cell
lines and harvested at day 10 were used for RT-PCR to validate the microarray gene
expression changes. Western blot analysis was performed on rafts harvested at day 10
and day 20. All the rafts used for validation experiments produced high titers of
infectious progeny virus at day 20 (Table S3).

We selected keratins 14, 19, and 23 for our analysis due to their unique functions
and differential expression in HPV16 cervical, foreskin, and tonsil tissues. KRT14 is
expressed along with its partner KRT5 in the basal layer cells of the epithelium. KRT14
plays a role in the maintenance of cell proliferation and differentiation of basal cells,
and its expression is downregulated as cells differentiate (54). Although microarray data
indicated a 1.64-fold downregulation of KRT14 in HPV16 cervical tissue, we did not
observe a significant change in the RT-PCR results (Fig. 7a) and protein levels (Fig. 7b
and c and Fig. S3).

KRT19 is an important component of the oral epithelium, and its overexpression and
abnormal localization are observed in high-grade cervical tumors and HPV16-positive
oropharyngeal squamous cell carcinoma tumors (55, 56). In our microarray data, KRT19
is upregulated only in HPV16 foreskin tissue, during the productive stages of HPV16
infection. We confirmed a significant upregulation of KRT19 transcripts in HPV16
foreskin rafts by RT-PCR analysis (Fig. 7d). Western blot analysis also validated a
significant upregulation of KRT19 protein levels only in HPV16 foreskin rafts harvested
at day 10 (Fig. 7e and f) and day 20 (Fig. S3a and b).

KRT23, in addition to being a cytoskeletal protein, has recently been suggested to
have roles in cell cycle regulation, apoptosis, and DNA damage repair (57, 58). Microar-
ray data indicate an 11-fold downregulation of KRT23 only in HPV16 cervical tissue. We
observed a trend toward downregulation of KRT23 mRNA levels by RT-PCR only in
HPV16 cervical rafts (Fig. 7a). Furthermore, Western blot analysis confirmed a significant
downregulation of KRT23 protein levels only in HPV16 cervical rafts harvested at day 10
(Fig. 7b and c) and day 20 (Fig. S3a and b).

We have previously shown that KLK8 and RPTN are downregulated during produc-
tive HPV16 infection of cervix (25). We confirmed the exclusive downregulation of KLK8
and RPTN mRNAs in HPV16 cervical tissue (Fig. 7a). Microarray data indicated a 4.5-fold
upregulation of G protein-coupled estrogen receptor (GPER) exclusively in HPV16
cervical tissue (Table 3). GPER is the membrane-bound estrogen receptor that is
involved in rapid signaling via the nonclassical steroid signaling pathway and is
predicted to be a prognostic biomarker for cervical cancers (59). RT-PCR analysis
confirmed a significant upregulation of GPER in HPV16 cervical tissue (Fig. 7a); however,
no significant upregulation in protein levels was obtained from rafts harvested at day
10 (Fig. 7b and c). In rafts harvested at day 20, we observed downregulation of GPER
protein levels in the HPV16-positive samples (Fig. S3a).

Overall, our validation experiments confirmed the upregulation of KRT19 (Fig. 7e
and f) and GPER (Fig. 7a) mRNA levels in HPV16 foreskin and cervical rafts, respectively.

FIG 3 Legend (Continued)

Cytoscape were used to derive the interacting network. (b) Immunofluorescence reveals increased expression of KLHL35 (green) in
HPV16-infected cervical, foreskin, and raft tissues harvested at day 10 and day 20. DAPI (4',6-diamidino-2-phenylindole) (blue) was
used to stain the nuclei. (c) Immunofluorescence reveals decreased expression of the laminin-5 complex (green) in the basal layer cells
of HPV16-infected cervical, foreskin, and tonsil rafts harvested at day 10 and day 20. DAPI (blue) was used to stain the nuclei. Images
were acquired using a Nikon Eclipse 80i microscope and NIS Elements (v4.4) software at a X200 magnification.
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FIG 4 (a) Gene ontology analysis reveals significant upregulation of gene categories related to increased cell
proliferation in HPV16 cervical, foreskin, and tonsil epithelium. (b) Among the downregulated genes, the GO
terms related to epidermis development and ECM organization were enriched in HPV16 cervical and tonsil
tissues. Several GO terms related to the type | interferon response and immune responses were downregulated
in HPV16 foreskin. The histograms represent the negative log,, P value obtained from GOrilla analysis for the
related GO category (biological function).

KRT23, KLK8, and RPTN levels were downregulated exclusively in HPV16 cervical rafts (Fig.
7a to ¢). In order to increase rigor and reproducibility, we used a different set of cell lines
for validation experiments than those used for microarray analysis. Owing to this, we
observe some host-specific variations in the validation experiments across the samples.
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FIG 5 The protein interaction networks of upregulated genes depict dense interconnectivity and high representation of proteins related
to mitosis and cell division in HPV16 cervical (a), foreskin (b), and tonsil (c) epithelium. The CLUSTER function (STRING database) was
used to identify the most relevant protein interactions among the upregulated targets. Cytoscape software (3.6.0) was used to construct
the networks, using yFiles hierarchic layout.

September 2019 Volume 93 Issue 17 e00915-19

Journal of Virology

jviasm.org 11


https://jvi.asm.org

Chatterjee et al.

CERVIX Interleukins .
a Late cornified Sg.m ./
envelope proteins
’ f ECM organization/

hemi-desmosome assembly

FI1R
NTM
|

N\
lEE!E‘_'u:E‘F J{ fl|
@ o
| i S
6B Y% )
lund);l ~ 1 5 Y 1
DHRS9
& @ Histone fold proteins
“ HIST2H2BE
c b HRE HIST 1HaH ‘

TONSIL

HISTﬂ'ﬂBI;:‘ - 'HISTimgG
HISTIHZEC k .R.B
oo ®
& 9.0®
@ ECM organization/

differentiation .

con2 Sl @ Type | interferon

o = g signaling
Interleukins ‘
- P 8 1

@ Defensins .
ECM organization FORESKI N

FIG 6 Protein interactome of genes downregulated upon productive HPV16 infection of epithelial tissue types. The
CLUSTER function (STRING database) was used to identify the most relevant protein interactions among the
upregulated targets. Cytoscape software (3.6.0) was used to construct the networks, using yFiles hierarchic layout. (a
to ¢) In HPV16 cervical tissue, clusters representing proteins involved in epithelial differentiation and ECM organi-
zation were identified. (d and e) Several immune response-related proteins, including type | interferon signaling
pathway candidates, formed the major clusters in HPV16 foreskin. Owing to a minimum number of gene expression
changes, we obtain a single cluster in HPV16 tonsil that comprises proteins involved in ECM organization and
hemidesmosome assembly (c).

Upstream regulators STAT1 and TGF- are differentially regulated in persis-
tently infected cervix, foreskin, and tonsil. We next examined the common and
unique upstream regulators modulated by productive HPV16 infection. Using the
Ingenuity Pathway Analysis (IPA) tool, we identified the TGF-B pathway to be the most
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TABLE 2 Types of interleukins and late cornified envelope protein coding genes that are downregulated in HPV16-infected cervical and
foreskin rafts

HPV16-infected tissue Downregulated interleukin genes Downregulated late cornified envelope genes
Cervix ILTA, IL1B, IL1F7, ILTF8, IL36B, IL37 LCETD, -1E, -1F, -3C, -4A, -5A
Foreskin ILTA, IL1B, IL8, ILTF5, ILTF8, ILTF9, IL17C, IL33 LCE3A, -3C, -3D, -3E

significant upstream regulator for the gene expression changes from all three tissue
types (P = 4.19E—06), whereas the type | interferon pathway was significantly enriched
in HPV16-infected foreskin (P = 2.18E—36). Both TGF-B and type | interferon signaling
regulate important cellular functions like cell growth, differentiation, and immune
responses.

A heat map generated using CIMminer (NCI) revealed a significant downregulation
of STAT1-regulated genes only in HPV16-infected foreskin (Fig. 8a). Gene expression
data showed downregulation of STAT1 (—6.524-fold) in HPV16 foreskin. Western blot
analysis confirmed reduced levels of total STAT1 and a significant reduction in levels of
phosphorylated STAT1 (pSTAT1) in HPV16 foreskin rafts harvested at day 10 (Fig. 9a and
¢). Surprisingly, pSTAT1 (Y701) levels were significantly increased in the HPV16-infected
cervix and tonsil rafts (Fig. 9a, b, and d). Significant suppression of antiviral responses
in the foreskin during productive HPV16 infection is potentially a crucial factor that can
determine virus clearance, persistence, host cell survival, and initiation of disease.

For simpler visualization, we separated the TGF-B-regulated gene list based on roles
in cell cycle regulation and extracellular matrix remodeling. Among the TGF--
regulated cell cycle-related genes, most of the targets are upregulated in HPV16
foreskin and cervical tissues (Fig. 8b), with very few gene expression changes in HPV16
tonsil. However, most of the TGF-B-regulated ECM-related genes are downregulated in
infected cervix and tonsil (Fig. 8c). TGF-B is a multifunctional growth factor; HPV16
infection selectively suppresses its role in ECM maintenance and differentiation path-
ways. We next assessed the activation status of the TGF-B pathway by measuring the
total levels of SMAD3 and phosphorylated SMAD3 (pSMAD3) (activated) (Fig. 9a to d).
We observed a notable reduction of pSMAD3 levels in the HPV16-infected cervix rafts
(Fig. 9a and b). This effect was more significant in the rafts harvested at day 20 (Fig. S4a
and b), where we observed significant downregulation of total SMAD3 and pSMAD3 in
the HPV16-positive cervical rafts.

DISCUSSION

Our study for the first time compares global gene expression changes in cervical,
foreskin, and tonsil tissues during productive HPV16 infection, long before oncogenesis
initiates. During this stage, cell proliferation and episomal maintenance in the basal
epithelial layers are followed by genome amplification and capsid protein expression in
the upper layers of the epithelium. Consequently, the virus utilizes host cellular
pathways and regulatory mechanisms that ensure its efficient genome amplification,
maturation, packaging, and release (40, 60, 61). Tissue-specific epithelial cell subtypes
can also determine susceptibility to high-risk HPV16 infection and consequent onco-
genesis. For the present study, we obtained primary cervical keratinocytes from the

TABLE 3 Fold changes and P values of genes selected for validation of microarray data“

Microarray fold change (P value)

Gene for validation Cervix Foreskin Tonsil
KRT14 NS —1.64 (0.00184) NS
KRT19 NS 2.44 (0.000291) NS
KRT23 —11 (0.048) NS NS
GPER 4.5 (0.048) NS NS
KLK8 —25.8 (0.048) NS NS
RPTN —57.48 (0.049) —2.63 (0.000085) NS

apP values are included in parentheses. NS, no significant change.
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FIG 7 (a, d, and g) RT-PCR validation of selected genes in HPV16-infected cervical (a), foreskin (d), and tonsil (g) rafts harvested at day
10. RNA expression levels of KRT14, KRT19, KRT23, GPER, KLK8, and RPTN were measured and normalized to GAPDH levels. The expression
levels in the uninfected rafts were normalized to a value of 1. Histograms indicate average means and standard errors of the means (SEM)
from three experiments. * indicates a P value of <0.05 (two-tailed t test). Western blot analysis was performed on day 10 rafts to determine
protein levels of KRT14, KRT19, KRT23, and GPER. GAPDH was used as a housekeeping control. (b, e, and h) Representative blots showing
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ectocervix, which contains squamous epithelial cells. Most cervical cancers originate in
the squamocolumnar junction (SCJ) region (62, 63), which commonly expresses bio-
markers like keratin 7, AGR2, MMP7, and GDA (64, 65). Keratin 19, which is an important
binding partner of keratin 7, is expressed in the columnar cells of the SCJ, squamous
cells at the transformation zone, and basal layer cells at the ectocervix (55). Similarly, in
tonsil tissue, most HPV16-positive cancers arise in the discontinuous crypt regions (66).
In nonneoplastic tonsils, KRT19 expression is preferentially observed in the reticular
crypt epithelium compared to the surface epithelium (67). In our study, primary tonsil
keratinocytes were obtained from both the crypt and the surface epithelium. Both
primary and HPV16-positive rafts obtained from cervical and tonsillar cells used in our
study express KRT19 mRNA as well as protein (Fig. 7a to ¢ and g to i). Therefore, we
strongly believe that the raft cultures used in our study closely represent natural target
sites in vivo, which are susceptible to HPV16-mediated oncogenesis.

One of the most striking findings of our study was the large differences in the total
numbers of gene expression changes across the HPV16-infected tissue types (Fig. 1).
Only 32 genes are commonly regulated among HPV16 cervical, foreskin, and tonsil
tissues, in spite of being infected by the same virus type. This list includes genes coding
for cell proliferation, DNA replication, and damage repair proteins (Fig. 2), including
p53-DREAM complex targets (Fig. 3a). This is not surprising considering the well-
defined roles of the viral oncoproteins E6 and E7 in initiating cell cycle reentry by
inhibiting the tumor suppressor genes TP53 and RBI1, respectively (68-73). E7 also
disrupts p53-DREAM complex-mediated repression, upregulating several cell cycle
genes and p53-mediated cell cycle control and promoting cell cycle entry and mitotic
proliferation (27). Accordingly, we observe significant upregulation of cell cycle-, cell
division-, and mitosis-related GO categories in all three tissue types upon HPV16
infection (Fig. 4a and Fig. 5a to c). A review that reanalyzed gene expression profiles
from several reported data sets found the GO categories of cell cycle, mitosis, cell
division, DNA replication, and DNA repair pathways to be commonly upregulated in
HPV-associated cervical cancer and head and neck cancer patient samples (74). Those
authors specifically discuss how primary keratinocytes overexpressing E6/E7 fail to
mimic the gene deregulation observed in situ, asserting the need to use systems that
closely recapitulate proliferation and differentiation processes for in vivo systems. The
cellular signaling pathways are highly dysregulated in cancerous tissue, and it becomes
difficult to isolate virus-driven changes. However, in order to examine the dynamics of
virus-host interactions, it is important to use a model system that would closely mimic
the complete virus life cycle and enable us to focus on preneoplastic changes. HPV16-
induced dysregulation of cell cycle control is an early event in pathogenesis and a
common molecular signature across the tissue types.

Contrary to the upregulated genes, unique GO categories were enriched for down-
regulated genes for each tissue type (Fig. 4b). In the persistently infected cervical
epithelium, we observe significant downregulation of genes involved in keratinocyte
differentiation, epidermal development, and ECM organization (Fig. 4b). Interestingly,
we observe that multiple genes located on the epidermal differentiation complex (EDC)
on human chromosome 1 coding for proteins important for epidermal differentiation
(75) are downregulated in infected cervical and foreskin tissues. Several members of the
EDC complex are downregulated in the cervix (LCEs, S100As, and RPTN) and foreskin
(LCEs and S100 proteins) (Fig. 6a and b and Table 2). In HPV16 cervical tissue, we
observe downregulation of the LCET, -2, -5, and -6 genes, which function in the

FIG 7 Legend (Continued)

protein expression of selected targets in HPV16-infected cervical (b), foreskin (e), and tonsil (h) rafts. Images were acquired with a Bio-Rad
ChemiDoc MP imaging system and Image Lab (v6.0.0) software. Histograms represent the average ratios of protein levels normalized with
the loading control GAPDH (means and SEM). (¢, f, and i) Densitometry analysis using ImageJ software was used to calculate normalized
protein levels in the cervical (c), foreskin (f), and tonsil (i) tissues. * represents a P value of <0.05, and ** represents a P value of <0.01.
Rafts obtained from a new set of two uninfected and two HPV16-infected cell lines, different from those used for microarray analysis, were

used for RT-PCR and Western blot analysis.
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maintenance of the normal skin barrier (76, 77). On the other hand, in the foreskin, only
the LCE3 members are downregulated (Table 2). Members of the LCE3 group of
proteins are important for skin barrier repair caused by injury and inflammation (76).
Deletion of LCE3B and LCE3C genes in patients is highly associated with the develop-
ment of psoriasis and other autoimmune diseases (52). Many genes that are dysregu-
lated in psoriasis or other hyperkeratinizing skin disorders are downregulated in our
microarray data, in a tissue-specific manner (78). This loss of skin barrier integrity might
be important for efficient virus maturation, egress, and spread, thereby determining the
establishment of persistence. Even in HPV16 tonsil epithelium, we observe downregu-
lation of genes involved in ECM organization, cell-cell adhesion, and hemidesmosome
assembly (Table 1, Fig. 4b, and Fig. 6¢). We also see downregulation of TGF-B-regulated
genes involved in ECM structure and maintenance in the HPV16 tissue types (Fig. 8c).
Overall, HPV16 infection suppresses epidermal differentiation and organization, an
effect which is more pronounced in cervical tissue.

Productive HPV16 infection differentially regulates innate immune responses in the
cervical, foreskin, and tonsil epithelia. Especially in infected foreskin, we observe
downregulation of several genes involved in immune responses against virus infec-
tions, such as the interferon signaling pathway and DNA and RNA virus sensing (Fig. 4b,
Fig. 6e, Fig. 8a, and Fig. 9). Immune-related targets downregulated in the HPV16-
infected cervical epithelium are mostly involved in the NF-«3 pathway (see Table S1a
in the supplemental material for a list of GO terms). Although the innate immune
response forms the first line of defense against pathogens, during virus infections, it
triggers the interferon signaling cascade, resulting in an antiviral state in the cells.
Several viruses have evolved strategies to suppress the interferon signaling pathway,
thereby leading to virus propagation, host cell survival, and, finally, persistence (79). In
a previous study, we showed resistance of HPV16-infected (acute and persistent)
keratinocytes (foreskin and vaginal) to antiproliferative and necroptosis effects induced
by interferon gamma (IFN-y) and tumor necrosis factor alpha (TNF-a) (80). Another
study using HPV31-infected human foreskin lines showed reduced expression of
interferon-regulated genes and total levels of STAT1 in virus-infected cell lines (81).
Although these studies looked at gene expression changes in infected monolayer cells,
they show a significant downregulation of the interferon responsiveness of infected
foreskin cells. We also see downregulation of IL7B and related genes in HPV16 cervical
and foreskin tissues (Fig. 6a and d and Table 2). Interestingly, although tonsils are
lymphoid tissue, we see very few changes in immune-related genes with HPV16
infection. This could explain the enhanced adaptive immunity observed in HPV-
associated oropharyngeal squamous carcinoma patients (9).

Gene expression analysis and protein expression validations confirm the preferential
downregulation of TGF-B signaling in the infected cervical epithelium (Fig. 8c, Fig. 9a
and b, and Fig. S4a and b). A previous study from our laboratory has shown that TGF-3
treatment is able to restore the loss of differentiation induced by HPV infection in
cervical rafts (82). We observed reduced levels of pSMAD3 protein levels in HPV16
cervical tissue, indicating reduced activation of the TGF-B pathway (Fig. 9a and b and
Fig. S4). The TGF-B pathway is commonly dysregulated in several cancers, including
cervical cancers. In cervical carcinomas, the TGF-B pathway is modulated uniquely
depending on the stage of the disease (83). TGF-B overexpression is observed in
cervical carcinomas, resulting in the activation of mitogen-activated protein kinase
(MAPK), WNT, TNF-a, and NF-kB pathways promoting the epithelial-to-mesenchymal
transition (EMT) (84-86). Likewise, we predict that dampened TGF-B signaling during
early stages of infection can play a critical role in the establishment of persistence and,
consequently, progression of disease.

FIG 8 Legend (Continued)

Journal of Virology

using the Euclidean distances and average linkage cluster algorithm was utilized. Heat maps represent STAT1-regulated interferon signaling
genes (a), TGF-B-regulated cell cycle-related genes (b), and TGF-B regulated genes with function in ECM organization and assembly (c). IPA

(Qiagen) was used to identify the target genes regulated by STAT1 and TGF-B from the data set.

September 2019 Volume 93 Issue 17 e00915-19

jviasm.org 17


https://jvi.asm.org

Chatterjee et al.

a D10 Rafts
HPV16

STAT1
pSTAT1

SMAD3
pSMAD3

GAPDH

*

Normalized to GAPDH protein >3
Is
o
L

expression leve
w
L

CERVIX

FORESKIN TONSIL

- = + <+

L e
-

i

----

Il uninfected Cervix
Il HPV16 Cervix

o-
<~° ob < on’ 0“’
2 > v v s
LU
& R 3 ) %
QQ o”‘\ 3
N WV
& &
. .
d -
8
o 1;8 I uninfected Tonsil
o
- 100 x Bl HPV16 Tonsil
0]
a 60
% o 20
< 2
o 18
©5 16 *
oo 14 i
12
T 5 10
N5 20
T 215
]
E = 1.0
o % 0.5
z % 0.0
‘\b (‘b &'\ o’b o’b
° > v v \s
L2 < A & &
B & o ) Q)
< ) Q Q
NOQ \\«°
w v
. .

- - + + - - + +
— - ”

£
% 2.0 Il uninfected Foreskin
a Il HPV16 Foreskin
= o
a 1.5+
o
< 2
o [
o o 1.07
22
T €
o ©O
g2
i o 0.5
g 2
-
o %
=z © 0.0-
v:&'\ v.&'\ ?.0":
A A &
9 o
) ) Q@

Journal of Virology

FIG 9 Expression levels of total STAT1, pSTAT1, total SMAD3, and pSMAD3 in uninfected and HPV16-infected rafts. (a) Representative blots
indicating expression levels of total STAT1, pSTATT, total SMAD3, and pSMAD3 in HPV16-infected cervical, foreskin, and tonsil rafts harvested
at day 10. GAPDH was used as a loading control. (b to d) Histograms representing average ratios of protein expression levels normalized to
GAPDH levels (means and SEM) in cervical (b), foreskin (c), and tonsillar (d) tissues. * indicates a P value of <0.05.
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Using productive organotypic raft cultures, we were able to identify virus-induced
changes in a differentiating epithelium, which closely mimics in vivo infection. As
epithelial differentiation is integral to the virus life cycle, this system helps us under-
stand the effect of replicating and maturing virus on the host tissue. A recent publi-
cation reports differential changes in gene expression from HPV16-infected undiffer-
entiated and differentiated keratinocytes of cervical and foreskin origins in cell culture
studies (87). Using W12 cells lines and near-diploid immortalized keratinocytes (NIKs),
those authors investigated the effect of high-calcium-induced differentiation and
HPV16 infection on the cellular transcriptome. W12 cells are HPV16-positive cervical
epithelial cells obtained from a patient with a low-grade cervical lesion (88). On the
other hand, NIKs are a spontaneously immortalized human keratinocyte cell line
isolated from the BC-1-Ep strain of neonatal foreskin keratinocytes (89). Similar to our
results, gene categories related to keratinocyte differentiation, extracellular matrix
integrity, and cell-cell adhesion were downregulated upon HPV16 infection. Although
our study clearly indicates significant upregulation of GO categories related to the cell
cycle, mitosis, and DNA damage repair, in this study, the type | interferon response, cell
matrix adhesion, and endopeptidase inhibitor activity were significantly upregulated
upon HPV16 infection of differentiated NIKs. Similar to our results, proinflammatory
genes like ILTA and IL1B were downregulated in HPV16 NIKs. Interestingly, viral restric-
tion factors like IFIT1, IFIT2, IFIT3, IFIT5, OASL, and interferon regulatory factor 1 (IRF1)
were upregulated severalfold in the differentiated HPV16 NIK cell lines. This is in
contrast to our results, as we observed genes with roles as restriction factors and in viral
DNA sensing to be downregulated in HPV16 foreskin rafts (Fig. 6e). Our data show that
tissue-specific responses to virus infection representing the preneoplastic state could
determine virus clearance or persistence, immune evasion, and susceptibility to onco-
genesis. Differential regulation of important cellular mechanisms like cell proliferation,
differentiation, innate immunity, and upstream regulators like STAT1 and TGF-B can
determine viral fitness and pathogenesis. In the future, it would be interesting to
analyze how these pathways and upstream regulators are modulated during the
progression to oncogenesis. These tissue-specific responses could provide important
clues for identifying early biomarkers, understanding virus pathogenesis, and devising
therapeutic interventions to prevent HPV-associated cancers.

MATERIALS AND METHODS

Cell culture. Isolation and culture of primary keratinocytes were performed as previously described
(90). Keratinocyte lines from multiple hosts were used for all the studies to remove any individual host
bias. The Human Subjects Protection Office of the Institutional Review Board (IRB) at the Penn State
University College of Medicine screened our study design for exempt status, as no human participants
were involved, as defined by federal regulations.

Primary cervical and tonsil keratinocytes derived from deidentified tissues obtained from routine
surgeries were used for the study. Primary foreskin was obtained from deidentified newborn circumci-
sions. For cervical keratinocyte isolation, we used tissue from the ectocervix. For isolation of keratinocytes
from tonsillar specimens, we use the entire epithelial tissue obtained from the donor. Therefore,
keratinocytes obtained from the tonsil samples are a mix from the surface and the crypt region. Primary
keratinocyte lines obtained from multiple hosts were used for all studies to remove any individual host
bias, using previously described protocols (91, 92). HPV16 epithelial lines were obtained via electropo-
ration of the HPV16 genome and maintained according to established protocols in the laboratory (93,
94). In short, pBSHPV16 plasmid DNA was digested with BamHlI to linearize the viral DNA and separate
it from the vector sequence. A total of 10 ug viral DNA was electroporated into primary cells using a Gene
Pulser (Bio-Rad Laboratories, Hercules, CA). Immortalized keratinocytes stably maintaining HPV16 ge-
nomes following electroporation were cultured with mitomycin C-treated J2 3T3 feeder cells and
maintained in E medium.

Organotypic raft cultures were obtained from primary keratinocytes at passages 1 to 2 and from
HPV16 keratinocytes at passages 6 to 9, as previously described (94, 95). Primary cells and immortalized
epithelial cells were seeded onto collagen matrices consisting of rat tail type | collagen containing J2 3T3
feeder cells. Following cell attachment and growth to confluence, the matrices were lifted onto stainless
steel grids and fed with E medium supplemented with 10 uM 1,2-dioctanoyl-sn-glyserol (Cg.o; Sigma
Chemical Company). Rafts were harvested after 10 days (day 10) for microarray analysis and qPCR
validations and after 20 days (day 20) for Western blotting and immunofluorescence staining. Although
viral late genes are expressed by day 10 (26), it is only by day 20 that mature virions are produced (92).
For microarray analysis, a total of six individually grown raft tissue samples (n = 6) obtained from three
independently derived cell lines were used, each for primary and HPV16-positive sets. For validation
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TABLE 4 Primers used

Gene Primer Reference or source

KRT14 Forward primer 5'-GGCCTGCTGAGATCAAAGACTAC-3’ 97
Reverse primer 5'-CACTGTGGCTGTGAGAATCTTGTT-3’

KRT19 Forward primer 5'-AGCATGAAAGCTGCCTTGGA-3’
Reverse primer 5'-GCTCACTATCAGCTCGCACA-3'

KRT23 Forward primer 5'-CCACCTGGAGAAGGAAATCA-3'
Reverse primer 5'-TTGATGGTCTCCTGGGTTATG-3’

GPER Forward primer 5'-GGCCACGTCATGTCTCTAAA-3’
Reverse primer 5'-CCAGTCGTGAGGTTTCCTAAG-3’

KLK8 Forward primer 5'-TGGGTCCGAATCAGTAGGT-3’ 25
Reverse primer 5'-GCAGGAACATCCACGTCTT-3'

RPTN Forward primer 5'-CACAAATATGCCAAAGGGAATG-3’ 25
Reverse primer 5'-GTCATTTGGTCTCTGGAGGATG-3’

GAPDH Forward primer 5'-ACCACAGTCCATGCCATCAC-3’ Readymade primer, IDT
Reverse primer 5'-TCCACCACCCTGTTGCTGTA-3’

experiments, a new set of primary cell lines (n = 2) and HPV16 cell lines (n = 2) were used to grow raft
tissues to increase rigor and for wide sample representation. Virus titers were determined using
established protocols as described previously (95).

Microarray analysis. For each tissue type, three individually derived primary cell lines and HPV16-
transformed cell lines were used to grow raft tissue. Each of these experiments was repeated at separate
times, representing a total of six individually grown raft tissues for primary (n = 6) and HPV16-positive
(n = 6) cell lines. RNA was extracted from rafts harvested at day 10 using the RNeasy fibrous tissue midi
kit (Qiagen). Microanalyses were performed using the Illlumina human HT-12 v4 expression bead chip
(lllumina, San Diego, CA), which targets over 31,000 annotated genes with more than 47,000 probes
derived from National Center for Biotechnology Information (NCBI) RefSeq release 38 (7 November 2009)
and other sources. An Agilent 2100 bioanalyzer with an RNA Nano LabChip (Agilent, Santa Clara, CA) was
used to asses RNA concentration and quality. cRNA was synthesized from 500 ng of RNA according to the
manufacturer’s instructions by TotalPrer amplification (Ambion, Austin, TX). T7 oligo(dT) primed reverse
transcription was used to produce first-strand cDNA, followed by second-strand synthesis and RNA
degradation by RNase H and filtration cleanup. Multiple copies of biotinylated cRNA were generated by
in vitro transcription (IVT), purified using filtration, and quantified using a NanoDrop instrument, and the
volume was adjusted for a total of 750 ng/sample. Furthermore, samples were fragmented and dena-
tured before hybridization for 18 h at 58°C. After hybridization, the bead chips were washed and
fluorescently labeled. A BeadArray reader (lllumina, San Diego, CA) was used to scan the bead chips.

The CLC Genomics Workbench 4.8 package (Qiagen) was used to determine significantly differentially
expressed genes of the HPV16-positive versus primary tissue microarray samples. Significantly differen-
tially expressed genes were considered to be those with a P value of <0.05 and an absolute fold change
of =1.5.

Gene ontology analysis and protein association network. For gene ontology (GO) analysis, the
GOrilla database was used (38). Significantly altered genes were divided into upregulated and down-
regulated genes, and GO analysis was carried out for each list. Two unranked lists of genes, target
(significant genes) and background (all the lllumina genes in the array), were used to identify significantly
enriched GO terms. Gene lists were categorized based on the GO subontologies of biological process
(BP). Furthermore, REVIGO (http://revigo.irb.hr/) was used to summarize long lists of GO terms by
removing redundant GO terms using a similarity coefficient of 0.7 (96).

STRING (http://string-db.org/) was used to identify protein interactions within the upregulated and
downregulated gene lists for each tissue type. (45). Further CLUSTER function was used to rearrange the
network and identify the most stable and significant interactions in the list. Pathway analysis was
performed using Ingenuity Pathway Analysis (Qiagen). Heat maps were made using the online tool
CIMminer (Genomics and Pharmacology Facility, NCI). We used the one-matrix method using the
Euclidean distances and average linkage cluster algorithm to create the heat map.

RT-qPCR. RT-gPCR was performed to validate the microarray gene expression changes for selected
genes from rafts harvested at day 10 from uninfected and HPV16-infected cervical, foreskin, and tonsil
tissues. RNA was extracted using the ZR-Duet DNA/RNA Miniprep plus kit (Zymo Research). First-strand
cDNA was synthesized using the Accuscript high-fidelity first-strand cDNA synthesis kit (Agilent), accord-
ing to the manufacturer’s instructions, from 500 ng of RNA. cDNA synthesis was carried out using the
following protocol: 42°C for 60 min, followed by 70°C for 15 min and 4°C for 2 min. PCR was performed
using the QuantiTect SYBR green PCR kit (Qiagen). All primers were synthesized by Integrated DNA
Technologies (IDT). The PCRs were performed using a C1000 thermal cycler (Bio-Rad) programmed for
30 min at 50°C and then for 15 min at 95°C and 42 cycles of 15 s at 94°C and 1 min at 54.5°C. Table 4
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TABLE 5 Antibodies used

Protein? Dilution Catalogue number; manufacturer
KRT14 1:3,000 C-8791; Sigma

KRT19 1:2,000 sc-6278; Santa Cruz

KRT23 1:2,000 H00025984-M01; Abnova

GPER 1:1,000 MABS5534; R&D Systems

STAT1 1:2,000 9172; Cell Signaling Technology
pSTAT1 1:2,000 5c-8394; Santa Cruz

SMAD3 1:2,000 9513; Cell Signaling Technology
pPSMAD3 1:2,000 9520; Cell Signaling Technology
GAPDH 1:2,000 sc-47724; Santa Cruz

AGAPDH, glyceraldehyde-3-phosphate dehydrogenase.

summarizes the sequences of the primers used for the study.

Western blotting. Raft tissues harvested at day 20 were used to perform Western blotting using a
protocol described previously (98). Total protein concentrations were estimated using the Peterson
protein assay method (99), and extracts were electrophoresed using a sodium dodecyl sulfate-
polyacrylamide gel (8 to 10%) and transferred to a nitrocellulose membrane. After blocking the
membrane in 5% bovine serum albumin (BSA) in Tris-buffered saline-Tween (TBST), blots were incubated
overnight at 4°C with the primary antibodies listed below. The membranes were then washed with TBST
and incubated with a horseradish peroxidase-linked secondary antibody (NA931VS/NA934VS; GE Health-
care) at room temperature for 1 h. The membranes were washed with TBST (3 times for 15 min each) and
developed with the Amersham ECL Prime Western blot detection reagent (GE Healthcare). Images were
acquired with a Bio-Rad ChemiDoc MP imaging system and Image Lab (v6.0.0) software. The Image)J tool
Analyze Gel was used to perform densitometry. GraphPad Prism was used to plot and analyze quanti-
fication data. Table 5 summarizes the antibodies used for the study.

Immunofluorescence. Rafts harvested at day 20 were fixed in 10% buffered formalin and embedded
in paraffin, and 4-um cross sections were prepared. For immunofluorescence staining, the slides were
deparaffinized in xylene, followed by washes in ethanol and rehydration. Slides were submerged in
Tris-EDTA buffer (pH 9) in a 90°C water bath for 10 min for optimal antigen retrieval. The slides were then
rinsed with TBST and blocked with the Background Sniper blocking reagent (Biocare Medical). Further
slides were incubated overnight at 4°C with antibodies against KLHL35 (1:250 to 1:500) (catalogue
number NBP1-89837; Novus) and laminin-5 (1:1,000) (catalogue number ab14509; Abcam). The slides
were rinsed in TBST and incubated with secondary antibodies (1:2,000) (Alexa Fluor 488; Life Technol-
ogies) at room temperature for 1 h, followed by a TBST wash and incubation with Hoechst nuclear stain
(1:5,000) for 15 min. This was followed by two washes with TBST, and coverslips were loaded with
Prolong gold antifade (Life Technologies). A Nikon Eclipse 80i microscope and NIS Elements (v4.4)
software were used to acquire images at a X200 magnification.

Statistical analysis. For the microarray gene expression data analysis, quantile-normalized
means were determined using the CLC Genomics Workbench (v4.8) software package. Statistical
significance was determined with the homogeneous t test. For the qPCR and Western blot analyses, a
nonparametric unpaired t test with Welch's correction was performed, and a P value cutoff of <0.05 was
considered significant. The plotting tool GraphPad Prism was used to plot and analyze data.

Data availability. The GEO accession number for our microarray data is GSE129159.
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