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Persistent human papillomavirus (HPV) infection is necessary but insufficient for viral oncogenesis. Additional
contributing co-factors, such as immune evasion and viral integration have been implicated in HPV-induced
cancer progression. It is widely accepted that HPV + keratinocytes require co-culture with fibroblasts to
maintain viral DNA as episomes. How fibroblasts regulate viral episome maintenance is a critical knowledge gap.
Here we present comprehensive RNA sequencing and proteomic analysis demonstrating that coculture with fi-
broblasts is supportive of the viral life cycle, and is confirmatory of previous observations. Novel observations

EMT suggest that errors in “cross-talk” between fibroblasts and infected keratinocytes may regulate HPV integration
and drive oncogenic progression. Our co-culture models offer new insights into HPV-related transformation

mechanisms.

1. Introduction

Human papillomaviruses (HPVs) infect the basal keratinocytes of
differentiating squamous epithelia [1]. Current estimates suggest there
may be more than 400 types of HPV, and there are approximately 12
high-risk HPV types with the capacity to cause cancer in the general
population [2-4]. HPV-related cancers (HPV + cancers) continue to
contribute to approximately 5 % of the worldwide cancer burden
[5-14]. HPV16 is responsible for the majority of HPV + cancers,
contributing to 54 % of cervical cancers and ~90 % of HPV + oropha-
ryngeal squamous cell carcinoma (HPV + OPC) [3,5,8-10,15-17].
While these HPV + cancers remain prevalent, the majority of total in-
fections are asymptomatic, self-limiting, and clear before cancer pro-
gression [3,18-23].

The stroma is a complex connective tissue comprised of numerous
cell types; the main components of the dermal stroma are fibroblasts
[15,24-26]. Fibroblasts support tissue homeostasis via the secretion of
all components of the extracellular matrix (ECM) and facilitate stromal
extracellular signaling; factors produced by fibroblasts are key for
angiogenesis, inflammation, wound healing, and are necessary for the
proper differentiation of keratinocytes [23,26,27]. Keratinocyte

differentiation is critical for the HPV lifecycle [28,29]. Furthermore, the
importance of stromal support in the microenvironment is now an
emerging field in the context of overall cancer progression, as well as
HPV-induced transformation and carcinogenesis [15,23-25,30-42].
Precise mechanisms for viral transformation and progression mecha-
nisms remain unclear; however, persistent viral oncogene expression
contributes to clear epithelial growth advantages [43-46,46-51]. While
HPV exclusively infects basal keratinocytes, viral gene products alter the
secretion of host factors, indirectly affecting neighboring keratinocytes,
fibroblasts, and immune cells in the local microenvironment [22,23,31].
Given the complexity of the tissue infected and the transformation
process, the relationship between HPV and epithelial-stromal commu-
nication remains at a nascent phase and further investigations are
warranted [15,23].

During the HPV lifecycle, the viral genome exists in an episomal form
in basal keratinocytes. It is generally accepted that HPV + keratinocyte
cell lines must be grown in co-culture with fibroblasts to support viral
episome maintenance [52-54]. HPV + keratinocytes maintained in the
absence of fibroblasts are noted to quickly integrate or lose viral genome
expression [54,55]. From these observations, fibroblasts are influential
on the HPV episomal status of adjacent keratinocytes, suggesting their
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role in controlling this transformative factor. Conversely, HPV genome
integration events have been noted as contributing factors in trans-
formation; viral integration correlates with increased viral oncogene
expression, loss of functional E2, cellular growth advantages, enhanced
tumor progressiveness, cervical cancer progression, and poor clinical
prognostics of HPV + OPC [43,46-48,52,56-64].

The oncogenes HPV E6 and E7 are considered the major viral
oncoproteins that contribute to carcinogenesis following integration; E6
targets and degrades p53, while E7 targets and degrades retinoblastoma
protein (pRb) [18,44,65-67]. Oncogene expression alone is considered
insufficient for carcinogenesis, and other indeterminate events have
been implicated in transformation [68]. While the expression of E6 and
E7 extends the proliferative capacity of epithelial cells, fibroblasts have
demonstrated a cooperative role in the induction of cell immortalization
[15,69-72]. The minor oncoprotein, E5, has demonstrated immune
regulatory interactions with the adjacent stroma, and may contribute to
viral persistence [22,23]. Of note, the viral DNA binding protein, E2, is
not proposed to be oncogenic but has been reported to be involved in the
suppression of the innate immune response and is crucial for viral
episome persistence [73-78].

We previously reported the value of fibroblast co-culture both in the
context of HPV episomal maintenance and as a model for better pre-
dicting in vitro to in vivo translational treatment paradigms [55]. In our
previous analysis, we demonstrated that mitomycin C (MMC)
growth-arrested murine 3T3-J2 fibroblasts (referred to as J2s moving
forward) supported HPV16 long control region (LCR) transcriptional
regulation [55]. We also found that co-culture supported oncoprotein
RNA and viral protein stability in HPV16-genome immortalized kerati-
nocytes. This suggested that the ability of fibroblasts to regulate viral
protein expression was at least partially reliant on the expression of the
viral LCR [55]. Alterations in the protein levels of p53, pRb, and YH2AX
were also demonstrated to be altered in the presence of J2 and further
suggested that fibroblasts may alter host protein expression that is
supportive of HPV viral genome regulation [55].

Building on these previous data, in this report we utilized RNA
sequencing (RNA-seq) and proteomic analysis for a global and
comprehensive approach to investigate keratinocyte signaling impacted
by fibroblasts. Our investigation confirmed the prior observation, that
HPV downregulates portions of innate immune signaling [23,73,74,
79-81]. Our analysis of keratinocytes grown in the presence or absence
of J2s revealed the novel observation that fibroblasts transcriptionally
reprogram keratinocytes. N/Tert-1+HPV16 cells grown with J2s
showed a gene regulation pattern similar to that of a suprabasal layer;
this epithelium layer is highly supportive of viral replication and
amplification [82,83]. While gene ontology (GO) analysis indicated that
fibroblasts supported the viral life cycle, removal of fibroblast support
promoted viral integration and epithelial to mesenchymal transition
(EMT) of the host in N/Tert-1+HPV16 cells. Conversely,
N/Tert-1+E6E7 cells grown with J2s showed a greater tendency toward
transcriptional reprogramming suggestive of EMT than those grown
without J2s, including alterations in cell cycle regulation and oncogenic
cytokine expression patterns. Proteomic analysis further supported
these observations. Here, we propose that communication with adjacent
fibroblasts is critical for viral-host interactions and the viral lifecycle at a
transcriptional level. We propose that “cross-talk” errors between fi-
broblasts and infected keratinocytes promote integration, and are a
significant contributing event in the progression of HPV infections to
malignancy.

2. Materials and methods
2.1. Cell culture
N/Tert-1 cells and all derived cell lines were cultured in

keratinocyte-serum free medium (K-SFM; Invitrogen). Briefly, stable N/
Tert-1 lines expressing the complete HPV16 genome were created
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through a lipid-mediated transfection protocol, utilizing the Cre/LoxP
system as previously described and supplemented with 150 pg/ml G418
(Thermo Fisher Scientific) [73,84]. N/Tert-1+E6E7 cell lines were
generated via retroviral transduction of HPV16 E6E7 (pLXSNEGE7
[Addgene plasmid 52394; Denise Galloway]) and supplemented with
150 pg/ml G418 (Thermo Fisher Scientific). All derived cell lines have
been described previously, STR fingerprinted, and routinely monitored
for mycoplasma contamination [43,55,73,74,85-88].

2.2. Culture and mitomycin C (MMC) inactivation of 3T3-J2 mouse
embryonic fibroblast feeder cells, and co-culture with keratinocytes

As previously described, 3T3-J2 immortalized mouse embryonic fi-
broblasts (J2) were grown in DMEM and supplemented with 10 % FBS
[55]. 80-90 % confluent plates were supplemented with 4 pg/ml of
MMC in DMSO (Cell Signaling Technology) for 4-6 h at 37 °C.
MMC-supplemented medium was removed and cells were washed with
1xPBS. Cells were trypsinized, centrifuged at 800 rcf for 5 min, washed
once with 1xPBS, centrifuged again, and resuspended at 2 million cells
per mL. Quality control of inactivation (lack of proliferation) was
monitored for each new batch of mitomycin-C. Unless otherwise stated,
100-mm plate conditions were continually supplemented with 1 x 10°
J2 every 2-3 days. Before trypsinization or harvesting, plates were
washed to remove residual J2. We have previously confirmed that ob-
servations related to residual J2s are null [55]. Please see Supplemental
Fig. 5 for workflow related to our analysis.

2.3. RNA isolation

The SV total RNA isolation system kit (Promega) was utilized to
isolate RNA from cells, as per the manufacturer’s protocol.

2.4. Human sequences RNA-seq bioinformatics pipeline

Library preparation, sequencing, and pre-processing of samples was
performed by Novogene. Novogene uses in-house scripts to clean raw
reads, filtering out low-quality reads, and reads containing adapter se-
quences. The genome index was built and cleaned sequences were
aligned to the reference human genome using Hisat2 v2.05 [89,90]. Raw
gene expression levels were quantified with featureCounts v1.5.0-p3
and then normalized to fragments per kilobase per million (FPKM)
[91]. Differential expression analysis was performed using DESeq2 R
package v1.20.0 between three experimental groups N/Tert-1,
N/Tert-1+E6/E7, and N/Tert-1+HPV16 treated with J2 fibroblasts (n
= 3 in each group) and their paired controls respectively (untreated).
P-values were adjusted using the Benjamini and Hochberg’s approach
for controlling the false discovery rate (FDR), where significance for a
differentially expressed gene was determined at FDR <0.05 [92].

2.5. Gene ontology enrichment analysis

GO enrichment analysis of differentially expressed genes was
implemented by the clusterProfiler R package, in which gene length bias
was corrected [93,94]. GO terms with corrected P-value <0.05 were
considered significantly enriched by differential expressed genes.
Heatmaps were generated with the (pheatmap( R package using z-score
normalized FPKM gene expression averages for each sample condition.

2.6. HPV16 sequences RNA-seq bioinformatics pipeline

Fastq files from Novogene were examined for quality using FastQC
and quality control reports were collated by multiQC [95,96]. Reads
were filtered to remove low quality sequences and adapter sequences
were trimmed using trimmomatic v 0.39 [97]. A genome index was built
and all sequences were aligned to the GRCh38.d1.vdl Reference
Sequence, part of the Genomic Data Commons GDC data harmonization
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pipeline, using STAR aligner v 2.7.9.a [98]. Samtools v1.16.1 was used
to index and filter the bam file for reads aligned to HPV16 [99]. The
HPV16 filtered bam files were converted back to fastq files using bed-
tools [100]. The HPV16 fastq sequences were re-aligned to an HPV16
reference genome from NCBI and raw gene expression levels were
counted using featureCounts. Raw counts were then normalized using
EdgeR’s calcNormFactors scaling factor of trimmed mean of M-values
(TMM) normalization. EdgeR’s quasi-likelihood F-test (QLF) method
was then used for differential expression analysis of each gene between
three experimental groups N/Tert-1, N/Tert-1+E6/E7, and
N/Tert-1+HPV16 treated with J2 fibroblasts (n = 3 in each group) and
their paired controls respectively (untreated) [101-103]. The p-value of
each QLF test was adjusted using a Benjamini-Hochberg False Discovery
Rate (FDR) multiple testing correction using the basic R stats package p.
adjust function. Genes passing the FDR cut-off threshold of <0.05 for
significance were considered statistically significantly different.

2.7. Real-time PCR (qPCR)

A high-capacity cDNA reverse-transcription kit from Invitrogen was
used to synthesize cDNA from RNA and processed for gPCR. qPCR was
performed on 10 ng of the cDNA isolated. cDNA and relevant primers
were mixed with PowerUp SYBR green master mix (Applied Bio-
systems), and real-time PCR was performed using the 7500 Fast real-
time PCR system, using SYBR green reagent. Expression was quanti-
fied as relative quantity over GAPDH using the 2—AACT method. Primer
used are as follows. HPV16 E2 F, 5-ATGGAGACTCTTTGCCAACG-3;
HPV16 E2 R, 5-TCATATAGACATAAATCCAG-3'; HPV16 E6 F, 5-
TTGAACCGAAACCGGTTAGT-3; HPV16 E6 R, 5-GCATAAATCCCGA
AAAGCAA-3; MX1 F, 5-GGTGGTCCCCAGTAATGTGG-3; MX1 R, 5-
CGTCAAGATTCCGATGGTCCT-3'; STAT1 F, 5-CAGCTTGACTCAAAAT
TCCTGGA-3; STAT1 R, 5-TGAAGATTACGCTTGCTTTTCCT-3; STAT2F,
5'-CCAGCTTTACTCGCACAGC-3; STAT2 R, 5-AGCCTTGGAATCAT-
CACTCCC-3'; STAT3 F, 5-CAGCAGCTTGACACACGGTA-3; STAT3 R, 5-
AAACACCAAAGTGGCATGTGA-3’; p53 F, 5-GAGGTTGGCTCTGACTG-
TACC-3’; p53 R, 5-TCCGTCCCAGTAGATTACCAC-3'; Glyceraldehyde-3-
phosphate dehydrogenase (GAPDH) F, 5-GGAGCGAGATCCCTCCAA
AAT-3'; GAPDH R, 5-GGCTGTTGTCATACTTCTCATGG-3'.

2.8. ExoV

PCR based analysis of viral genome status was performed using
methods described by Myers et al. [104]. 20 ng of genomic DNA was
either treated with exonuclease V (RecBCD, NEB), in a total volume of
30 pl, or left untreated for 1 h at 37 °C followed by heat inactivation at
95 °C for 10 min 2 ng of digested/undigested DNA was then quantified
by real time PCR, as noted above, using and 100 nM of primer in a 20 pl
reaction. Nuclease free water was used in place of the template for a
negative control. The following cycling conditions were used: 50 °C for
2 min, 95 °C for 10 min, 40 cycles at 95 °C for 15 s, and a dissociation
stage of 95 °C for 15's, 60 °C for 1 min, 95 °C for 15 s, and 60 °C for 15 s.
Separate PCR reactions were performed to amplify HPV16 E6 F: 5'-
TTGCTTTTCGGGATTTATGC-3' R: 5- CAGGACACAGTGGCTTTTGA-3,
HPV16 E2 F: 5- TGGAAGTGCAGTTTGATGGA-3' R: 5- CCGCAT
GAACTTCCCATACT-3, human mitochondrial DNA F: 5-CAGGAGTA
GGAGAGAGGGAGGTAAG-3'R: 5- TACCCATCATAATCGGAGGCTTTGG
-3, and human GAPDH DNA F: 5'- GGAGCGAGATCCCTCCAAAAT-3' R:
5'- GGCTGTTGTCATACTTCTCATGG-3'

2.9. Proteomic sample preparation

The samples were digested using commercially available PreOmics
iST sample clean up protocol. To the sample containing approximately
100ug of protein, 70ul of lysis buffer was added and mixed, followed by
an incubation for 10 min at 950C; 1000 rpm. 50ul of DIGEST solution
was added to the mixture, which was then incubated at 370C for 3hrs at
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500 rpm. After the digestion, 100ul of STOP solution was added and
mixed properly. The digest was then centrifuged at 3800rcf; 3min to
ensure complete flow through and washed with 200ul of WASH 1 and
200ul of WASH 2 solution followed by centrifugation after each wash.
The cartridge was then placed to the fresh collection tube and 100ul of
ELUTE solution was added and centrifuged at 3800rcf; 3min to ensure
complete flow through. This step was repeated one more time to ensure
maximum recovery. The elutes were then placed in a vacuum evaporator
at 450C until completely dried.

2.10. LC-MS/MS

LC-MS/MS analysis were performed using a Q-Exactive HF-X
(Thermo) tandem mass spectrometer coupled to an Easy nLC 1200
(Thermo) nanoflow UPLC system. The LC-MS/MS system was fitted with
an Easy spray ion source and an Acclaim PepMap 75 pm x 2 ¢cm nano-
viper C18 3 pm x 100 A pre-column in series with an Acclaim PepMap
RSLC 75 pm x 50 cm C18 2 pm bead size (Thermo). The mobile phase
consists of Buffer A (0.1 % formic acid in water) and Buffer B (80 %
acetonitrile in water,0.1 % formic acid). 500 ng of peptides were
injected onto the above column assembly and eluted with an acetoni-
trile/0.1 % formic acid gradient at a flow rate of 300 nL/min over 2 h.
The nano-spray ion source was operated at 1.9 kV. The digests were
analyzed using a data dependent acquisition (DDA) method acquiring a
full scan mass spectrum (MS) followed by 40 tandem mass spectra (MS/
MS) in the high energy C- trap Dissociation HCD spectra). This mode of
analysis produces approximately 50,000 MS/MS spectra of ions ranging
in abundance over several orders of magnitude. Not all MS/MS spectra
are derived from peptides.

2.11. Proteomic data analysis

The data were analyzed in Proteome Discoverer (ver 3.0) using the
Sequest HT search algorithm and the Human database. Proteins were
identified at an FDR <0.01 and quantification used the peptide in-
tensities. Raw protein abundances were normalized in Proteome
Discoverer using the “Total Peptide Abundance” method. Differential
Enrichment of protein abundance was performed using the (DEP(
package v. 1.26 [105]. First, we filtered for proteins detected in two of
three replicates of at least one of the experimental conditions. Variance
stabilizing transformation of remaining protein intensity observations
was performed using the (vsn( package v 3.72 via the (normalize_vsn(
function [106]. The quantile regression-based left-censored (QRILC)
method was used as the missing value imputation approach. The dif-
ferential enrichment test was conducted pairwise on each protein using
limma v 3.60.4 between three experimental groups N/Tert-1,
N/Tert-1+E6/E7, and N/Tert-1+HPV16 treated with J2 fibroblasts (n
= 3 in each group) and their paired controls (untreated), respectively
[107]. Proteins were identified as significantly differentially expressed
between the control and experimental groups with a
Benjamini-Hochberg adjusted p-value of <0.05, and a |log2-fold
change| > 0.58.

2.12. Immunoblotting

Cells were trypsinized, washed with PBS and resuspended in 2x
pellet volume NP40 protein 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 cocktail (Milli-
poreSigma). Cell suspension was incubated on ice for 20 min and then
centrifuged for 20 min at 184,000 rcf at 4 °C. Protein concentration was
determined using the Bio-Rad protein estimation assay according to
manufacturer’s instructions. 50 pg protein was mixed with 2x Laemmli
sample buffer (Bio-Rad) and heated at 95 °C for 5 min. Protein samples
were separated on Novex 4-12 % Tris-glycine gel (Invitrogen) and
transferred onto a nitrocellulose membrane (Bio-Rad) at 30V overnight
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using the wet-blot transfer method. Membranes were then blocked with
Odyssey (PBS) blocking buffer (diluted 1:1 with PBS) at room temper-
ature for 1 h and probed with indicated primary antibody diluted in
Odyssey blocking buffer, overnight. Membranes were washed with PBS
supplemented with 0.1 % Tween (PBS-Tween) and probed with the
Odyssey secondary antibody (goat anti-mouse IRdye 800CW or goat
anti-rabbit IRdye 680CW) (Licor) diluted in Odyssey blocking buffer at
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1:10,000. Membranes were washed twice with PBS-Tween and an
additional wash with 1X PBS. After the washes, the membrane was
imaged using the Odyssey® CLx Imaging System and ImageJ was used
for quantification, utilizing GAPDH as internal loading control. Primary
antibodies used for western blotting studies are as follows: pRb 1:1000
(Santa Cruz, sc-102), p53 1:1000 (Cell Signaling Technology, CST-2527,
and CST-1C12), yH2AX 1:500 (Cell Signaling Technology, CST-80312
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Fig. 1. Global comparison of RNA-seq. 1A. N/Tert-1+HPV16 cells were grown in the presence or absence of J2s for 1 week. Cells were washed to removed J2, then
lysed and analyzed for DNA expression of E2 and E6 via the exonuclease V assay, in comparison to GAPDH and mitochondrial DNA controls. Results are presented as
percent integration as calculated from the cut ratio of matched GAPDH. **P < 0.01. 1B. Principal component analysis (PCA) analysis on the gene expression value
(FPKM) of all samples. 1C. Venn diagrams of the significantly (up) and (down) regulated RNA expression profile observed in co-culture. 1D. Shared Venn expression
profile to cross compare significantly (up) and (down) regulated RNA expression profile observed in co-culture between N/Tert and N/Tert + HPV16.
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and CST-20E3).

2.13. Reproducibility, research integrity, and statistical analysis

All experiments were carried out at least in triplicate in all of the cell
lines indicated. Keratinocytes were typed via cell line authentication
services. All images shown are representatives from triplicate experi-
ments. Student’s t-test or analysis of variance was used to determine
significance as appropriate: *P < 0.05, **P < 0.01, ***P < 0.001.

3. Results
3.1. Initial validation of -omics data

We previously demonstrated that fibroblast co-culture was impor-
tant for maintaining HPV episomes, influenced HPV16 LCR transcrip-
tional regulation, and supported the expression of HPV16 E7 protein in
human foreskin keratinocytes immortalized with HPV16 (HFK +
HPV16) [55]. We also observed that fibroblasts altered host protein
levels which could affect viral genome regulation, including genes
involved in DNA damage repair and innate immune signaling [55]. Our
previous analysis also confirmed observations were not due to residual
J2s [55]. Taking a more global approach to investigate signaling
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N/Tert-1+HPV16 cells were cultured in the presence or absence of J2s
for one week. As previously observed, the removal of fibroblasts induces
significant viral integration (Fig. 1A) [55]. These matched samples were
then subjected to bulk RNA-seq analysis, and label-free liquid
chromatography-mass  spectrometry-based  proteomic  analysis
(LC-MS/MS). For RNA-seq, triplicate sample data were combined to
assess differential gene expression analysis. Evaluations of datasets were
compared based on the presence or absence of J2 in N/Tert-1,
N/Tert-1+E6E7, or N/Tert-1+HPV16 cell line and cross-compared.
Our data revealed numerous genes significantly differentially
expressed 1.5 fold or greater when cross-comparing our samples (Prin-
cipal component analysis (PCA) presented in Fig. 1B, and Venns for the
cross-comparison of significant observations are in Fig. 1C and D). A full
list of these genes can be found in Supplementary Material S1. The
expression level of the HPV16 genes used to generate the gene expres-
sion data is given in Supplementary Table S2. Novogene and further
bioinformatic analysis identified the most affected canonical pathways,
upstream regulators, diseases, and functions predicted to be altered in
this data set; significant observations are given in Supplementary
Table S3.

Mining of viral reads from RNA-seq data was performed and inter-
preted utilizing a technique previously developed [17,108,109]. RNA
differential expression analysis demonstrated that N/Tert-1+HPV16
grown in the presence of J2 had significantly higher levels of E2, E5, E6,
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Fig. 2. Fibroblasts support viral RNA expression and episomal maintenance in HPV + keratinocytes. 2A. N/Tert-1+HPV16 cells were grown in the presence
or absence of J2s for 1 week. Differential expression data from RNAseq from average normalized reads of E6, E7,E2, and E5 matched to HPV reference genome. Exact
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and N/Tert-1+HPV16 in the presence or absence of J2 for 3 weeks, 2C is presented in log scale. *P < 0.05. **P < 0.01.
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and E7 transcripts than cells grown in the absence of J2 (RNA-seq reads
in Fig. 2A, E2, and E6 qPCR time course validation in Fig. 2B and C,
respectively). The reduction of viral RNA expression is consistent with
viral integration (shown in Fig. 1A) [55,110]. Alternatively,
N/Tert-1+E6E7 grown in the presence of J2 expressed lower RNA
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transcripts of E7, and similar E6 transcripts in comparison to cells grown
in the absence of J2 (RNA-seq reads in Fig. 2A and E6 qPCR time course
validation in Fig. 2D). Thus, it appears that stromal support of viral RNA
stability is reliant on the episome; this stability may be partially through
stromal support of the LCR [55].
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Fig. 3. Fibroblasts differentially regulate p53, pRb, and histone related expression. 3A. N/Tert-1 (lanes 1,2) N/Tert-1+E6E7 (lanes 3,4), N/Tert-1+HPV16
(lanes 5,6) cells were seeded on day 0 and grown in the presence or absence of J2s for 1 week. Cells were washed to remove J2s in noted conditions, trypsinized,
lysed, and analyzed via western blotting for pRb, p53, and yYH2AX. GAPDH was utilized as a loading control. 3B. Heat map demonstrating significant p53 GO
enrichment all groups. 3C. N/Tert-1, 3D. N/Tert-1+E6E7, and 3E. N/Tert-1+HPV16 were grown in the presence or absence of J2s for 3 weeks. Time course of p53
RNA is presented at fold control of day 1. 3F. Heat map demonstrating significant pRb RNA enrichment all groups. 3G. Heat map demonstrating the highested set of

significant histone-related RNA enrichment in all groups.
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Fig. 3. (continued).

Internal host validation of our RNA-seq analysis was performed on
known HPV targets p53, pRb, and yH2AX; this was further confirmed via
qRTPCR and Western blot (Fig. 3). Fibroblasts enhanced p53 and yH2AX
protein expression in all N/Tert-1 lines, while pRb was enhanced in N/
Tert-1 and N/Tert-1+E6E7 (Fig. 3A). Conversely, GO enrichment
revealed that TP53 was not enhanced by fibroblasts at the RNA
expression level, indicating that the enhancement of p53 protein
expression is likely mediated at the level of translation, post-translation,
or protein stability (Fig. 3B). Of note, some p53 inducible proteins did
appear to be regulated by fibroblasts at the level of RNA (GO enrichment
Fig. 3B, p53 qRTPCR time course validation 3C-E) [55]. TP53I13,

TP53TG1, and TP53TG5 overexpression have been linked to tumor
suppression and the inhibition of cell proliferation [111-113].
Enhancement of these tumor suppressors in N/Tert-1+HPV16 grown in
the presence of J2 suggests that fibroblasts promote a genotype of
enhanced cell cycle regulation (cell cycle see: section 3.2.3). GO
enrichment related to Rb signaling is less clear. The observed RB1, RBLI,
RB1CC1, and RBBP4P1 RNA upregulation (Fig. 3F) in N/Tert-1+HPV16
grown in the presence of J2, is suggestive of a genotype that has more
cell cycle regulation than in the absence of fibroblasts [114-117]. H2AX
RNA upregulation was demonstrated in both N/Tert-1+E6E7 and
N/Tert-1+HPV16 grown in the presence of fibroblasts (Fig. 3G, H2AX
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denoted by *), indicating a partial role in the previously observed J2
enhancement of YH2AX protein (the phosphorylated form of the H2AX
variant) [55]; additional histone modifications will be elaborated on in
section 3.2.4.

The observation that HPV downregulates innate immune function
was also utilized to internally validate our data [23,73,74,79-81,118].
In comparison to N/Tert, N/Tert-1+HPV16 keratinocytes have signifi-
cantly lower RNA expression of interferon (IFN) related response genes,
regardless of stromal support (Fig. 4A). GO enrichment of Type I IFN
responses is shown in Fig. 4A (numerous immune regulatory events were
observed and genes of interest can be found in Supplemental Table 3);
HPV suppression of MX1 was validated via qRTPCR (Fig. 4B) [119]. HPV
manipulates the JAK/STAT signaling pathway to evade the immune
system and encourage cell proliferation; HPV oncoproteins have previ-
ously been shown to activate JAK/STAT-related signaling, while sup-
pression of STAT1 is necessary for differentiation-dependent genome
amplification and plasmid maintenance [119-121]. E2 and E5 have also
been tied to the downregulation of innate immunity [23,73,74]. GO
enrichment analysis, and consequent qPCR validation demonstrated
that N/Tert-1+E6E7 cells markedly upregulate STAT1,2,3 expression
(Fig. 4C-F). N/Tert-1+E6E7 grown in the presence of J2 exhibited the
most significant increase in GO enrichment of genes related to IFN
(Fig. 4C). Our confirmation of these previous observations with our RNA
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data established high confidence in proceeding with more extensive
analyses to determine novel stromal regulatory pathways.

3.2. Differential genomic landscapes altered by fibroblasts in
keratinocytes

The utility of a supportive fibroblast feeder layer is broadly accepted
as essential for maintaining an episomal HPV genome in primary kera-
tinocyte models; this is a necessary component of 3D models for HPV
lifecycle analysis where it is chiefly responsible for proper keratinocyte
differentiation [44,54,55,57,69,122-129]. While the coculture of kera-
tinocytes with fibroblast feeders is accepted, the full mechanism of how
fibroblasts aid in HPV episomal maintenance has yet to be deciphered.
Here we present novel signaling observations that may help elucidate
some of the mechanisms behind this unexplained phenomenon.

3.2.1. Cytokine-related regulation

Expanding upon our initial innate immune signaling confirmatory
analysis, significant alterations were observed in relation to cytokine
and interleukin activity (Fig. 5). Here, we observed significant alter-
ations in CXCL family members via J2 in both N/Tert-1+E6E7 and N/
Tert-1+HPV16 when compared to N/Tert-1 (Fig. 5A). These signaling
pathways can also have both tumor-promoting and suppressive roles
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Fig. 4. Fibroblasts differentially regulate GO enrichment in relation to innate immune function. 4A. Heat map demonstrating significant GO:0034340
response to type I interferon across all groups. 4B. qPCR validation of MX1 RNA expression, presented in log scale. 4C. Heatmap demonstrating significant STAT RNA
expression across all groups. 4D. qPCR validation of STAT1 RNA expression, presented in log scale. 4E. qPCR validation of STAT2 RNA expression, presented in log

scale. 4F. qPCR validation of STAT3 RNA expression.
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Fig. 4. (continued).

that are cancer-dependent; fibroblasts altered the cytokine transcrip-
tional profile of N/Tert-1+HPV16 in a way that could impede HPV16-
driven carcinogenesis. Conversely, N/Tert-1+E6E7 grown in the pres-
ence of J2s demonstrated enhanced RNA expression of tumor-promoting
CXCL family members (Fig. 5A). N/Tert-1+HPV16 continuously main-
tained in co-culture with fibroblasts also demonstrated significant
upregulation of interleukin antagonist genes related to the repression of
EMT progression (Fig. 5B). Reactome enrichment further highlighted
the following genes in relation to innate immune and CXCL-related
pathways: BST2, CREB5, CSF1, CX3CL1, CXCL1, CXCL2, CXCL3, IFI27,
IFI35, IFI6, IFIT1, IFITM1, IFITM3, IL18R1, IL6, IRF7, ISG15, HLA-B, LIF,
MMP9, MX1, MX2, OAS1, OAS2, OAS3, PIK3R3, PTAFR, RIPK3, RSAD2,
SAMHDI1, STAT1, TRIM22, UBE2L6, USP18, XAF1 (Supplemental
Table S3).

3.2.2. Epithelial to mesenchymal transition

Cytokine and interleukin-related signaling impact EMT and cancer
progression via interactions with f-catenin, TNF, Notch/Wnt, and
TWIST-related signaling cascades [130-137]. These pathways also
regulate cell-cell junction related genes [138]. Another noteworthy
observation from the GO enrichment cross-comparison, was the

alteration observed in genes related to cell junctions, particularly tight
junctions (TJs) (Fig. 6A). In particular, Claudins 1, 4, 16, and 23 are
greatly increased in N/Tert-1+HPV16 in the presence of fibroblasts, but
unaffected in the other cell lines, regardless of coculture (Fig. 6A). The
claudin family of proteins plays a key role in tight junctions (TJs),
dysregulation of which is associated with epithelial-to-mesenchymal
transition (EMT) and invasive phenotypes, including in HPV + cervi-
cal cancer [139-142]. The observed increase in TJ proteins in the
presence of fibroblasts in N/Tert-14+HPV16 is a marker of epithelial
identity [137,141,143]. GO enrichment of TWIST expression (Fig. 6B)
also demonstrated that N/Tert-1+HPV16 grown in the presence of J2 do
not demonstrate a progressive EMT-associated genotype [144-146].

3.2.3. Cell cycle and tissue development

Other significant observations from our GO enrichment cross-
comparisons were alterations in genes associated with cell cycle regu-
lation and tissue development (Fig. 7). These pathways are notably
altered during EMT, oncogenic transformation, and HPV-related trans-
formation [1,147-149]. N/Tert-1+E6E7 cells cocultured with fibro-
blasts, markedly upregulated GO enrichment related to cell cycle
processes; these alterations were highly suggestive of significant
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Fig. 5. Fibroblasts differentially regulate GO enrichment in relation to Cxc Chemokine and Interleukin-1 Production. 5A. Heat map demonstrating sig-
nificant CXC chemokines across all groups. 5B. Heatmap demonstrating significant GO:0032612 Interleukin-1 Production across all groups.

transformation (highest significant gene set highlighted in Fig. 7A)
[150-152]. Conversely, N/Tert-1+HPV16 grown in the presence of J2
upregulated GO enrichment in tissue development that was highly
suggestive of a more epithelial genotype (Fig. 7B). In particular, the
expression of KRT4 and KRT13 decreases in transformed epithelial cells;
N/Tert-1+HPV16 grown in the presence of J2 instead showed enhanced
KRT13 and KRT4 levels [153].

3.2.4. Histone modifications and repair mechanisms

When denoting the significance of H2AX, we noted several other
significant histone-related alterations via fibroblasts (Fig. 3G). Here, we
suggest that chromosomal availability may be a significant contributor
to the events observed in this study. Another striking observation was
that in N/Tert-1+HPV16, the removal of stromal support significantly
downregulated gene sets related to DNA repair factors, homologous

10

recombination (HR) was one of the most significant (Fig. 7C String
network of significant factors associated with HR) [154]. Loss of these
factors could significantly impair viral replication function. Homologous
repair deficits have been suggested to drive integration [155]. We have
also demonstrated that viral gene transcripts were significantly reduced
in N/Tert-1+HPV16 [55]. These results suggest that the changes
induced by fibroblast withdrawal in the keratinocytes could contribute
to viral genome integration, irrespective of the transcriptional reprog-
ramming carried out by the virus.

3.3. Differential proteomic landscapes altered by fibroblasts in
keratinocytes

For label-free LC-MS/MS proteomic comparison, matched triplicate
samples were harvested at the same time as RNA-seq; differential
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Fig. 6. Fibroblasts differentially regulate Tight Junction Assembly and Twist-related GO enrichment. 6A. Heat map demonstrating significant GO:0120192
Tight Junction Assembly across all groups. 6B. Heat map demonstrating significant Twist-related expression across all groups.

protein expression and bioinformatic analysis were performed, cross-
matched to RNA-seq, and further assessed by bioinformatics. Pro-
cessed datasets are available in Supplementary Data S4. Cross-
comparative analysis is presented as Venn diagrams in Fig. 8. While
mRNA expression precedes protein translation, the exact correlation
between transcript levels and protein abundance is often poor; correl-
ative assessments can instead be utilized for biomarker trends
[156-159]. The Human Protein Atlas was first consulted to assess if
comparative analysis supported our RNAseq observations that fibro-
blasts regulate the transformation potential in HPV + keratinocytes
[160-162]. Oncogenic-associated proteins were significantly down-
regulated in N/Tert-1+HPV16 cells grown in the presence of J2, such as
TNFRSF10D; clinical pathology observations have demonstrated that
high proteomic expression of many of these proteins correlates with
poor prognostics in either cervical cancer and/or head and neck cancer
[160-162]. Fibroblast regulation of suprabasal and cell cycle markers,
such as cyclins, in N/Tert-1+HPV16 were suggestive of a genotype that
would promote the ideal host environment for viral replication and
amplification, consistent with our RNA analysis. Global profiling of
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proteomic trends confirmed differentially regulated subgroups which
demonstrated the stromal regulation of EMT-related protein expression.
Our overall observations suggest that fibroblasts influence genotypic
profiles that support the viral lifecycle while inhibiting EMT progres-
sion, and would reduce the oncogenic progression in HPV + keratino-
cytes. This fibroblast regulation pattern is inversed in E6E7+
keratinocytes, where oncogene expression is outside the control of E2.

4. Discussion

Decades of research have continued to improve the model systems
utilized to mimic HPV infection and progression. Despite the increasing
availability of improved models, the progression from primary infected
cells to cancer has yet to be fully demonstrated in vitro [163-165]. The
addition of fibroblast feeder cells for the generation of epithelial cell
lines has improved both the efficiency of immortalization attempts, as
well as contributing to viral episomal maintenance, yet the mechanisms
behind stromal regulation of the virus has yet to be fully elucidated [70,
71,128]. To assess how fibroblasts modulate viral-keratinocyte
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Fig. 7. Fibroblasts differentially regulate cell cycle process and tissue development-related GO enrichment. 7A. Condensed heat map demonstrating the most
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opment across all groups. 7C. String network for N/Tert-1+HPV16 which shows the most significantly downregulated gene sets related to homologous recombination

(HR) with the removal of stromal support.

interactions and episomal maintenance, we sought to evaluated the most
effective approach and control for all relevant factors. For this reason,
we chose to utilize our well-characterized and matched N/Tert-1 kera-
tinocyte lines that we have previously sequenced for numerous
HPV-related signaling studies [55,73,74,77,88,166].

Genomic and proteomic assessments revealed that fibroblasts pro-
moted a suprabasal epithelial state in N/Tert-1+HPV16, whereas N/
Tert-1+E6E7 presented a profile that was suggestive of EMT progression
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in the presence of fibroblasts. The precise mechanisms of viral oncogenic
transformation remains largely speculative, although E6E7 expression is
vital and a number of host biomarkers are well characterized in this
progression [32,44,47,57,67,129,141,167-169]. Our studies confirmed
that N/Tert-1+HPV maintained in fibroblasts sustained HPV episomes
(Fig. 1A) [52,55,57,59,109]. While we have yet to determine the tem-
poral relationship of fibroblast withdrawal and integration, both fibro-
blast withdrawal and integration promote a dysregulated host
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the groups, as shown in the following Fig. 8A and B. Cross comparison of N/Tert-1 downregulation, and upregulation, respectively via fibroblasts. 8C,D. Cross
comparison of N/Tert-1+E6E7 downregulation, and upregulation, respectively via fibroblasts. 8E,F. Cross comparison of N/Tert-1+HPV16 downregulation, and

upregulation, respectively via fibroblasts.

expression pattern that could promote EMT and oncogenic progression.

Cytokine and interleukin signaling are known immune regulatory
events in the response to HPV [81,170]. Chemokines are small mole-
cules and secretory peptides are associated with cellular signaling and
are broadly divided into subfamilies based on their amino acid motifs:
XC, CC, CXC, and CXXXC [130,131]. Chemokine ligands, work jointly
with specific chemokine receptors, to control a broad range of biological
processes [130,131]. CXC family members are further divided into
ELR+ and ELR-members, based on the presence or absence of a
Glu-Leu-Arg (ELR) motif in their N-terminus [130]. ELR + CXC che-
mokines are associated with the progression of cancer, conversely

downregulation of these has been found to suppress the motility of
cancer [130]. On the other hand, ELR- CXC chemokines are associated
with tumor-suppressive effects [130]. Likewise, fibroblasts upregulated
the interleukin-related microRNA-27b (miR-27b) in N/Tert-1+HPV16
(Fig. 5B). Upregulation of miR-27b has been shown to alter the tran-
scription factors in the SNAIL, ZEB, and TWIST families and limit EMT
progression [136]. The chemokine and interleukin-related GO enrich-
ment observed in N/Tert-1+HPV16 grown in the presence of J2 were
highly indicative of an epithelial genotype (Fig. 5). This suggests that
fibroblasts may play a regulatory role in the prevention of EMT-related
transformation in HPV + keratinocytes.
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Additional observations related to stromal regulation of an
epithelial-like state in N/Tert-1+HPV16 were the observations related
to TJ signaling (Fig. 6A). TJs are comprised of a complex group of
molecules and are associated with the suprabasal and intermediate
layers of epithelia. While numerous TJ proteins are downregulated in
the transformation process, others are overexpressed and mislocalized
[143,171]. Dysregulation of TJ proteins is associated with
epithelial-to-mesenchymal transition (EMT) and invasive phenotypes
[141,143,172]. As large complexes, TJs facilitate signal transduction
and are involved in cell proliferation, migration, differentiation, and
survival, all of which are also beneficial to the viral lifecycle [173]. In
HPV + cervical cancer, HPV16 E7 has been shown to alter the expression
and localization of TJ-associated claudins [141,143,172]. Twist1 is also
associated with EMT (Fig. 6B); its transcriptional activation of Claudin-4
has been shown to promote cervical cancer migration and invasion [142,
144,167]. Our analysis shows partial upregulation of TJ components in
N/Tert-1+E6E7 when in coculture with fibroblasts; in
N/Tert-1+HPV16, there was a significant upregulation in these mole-
cules (Fig. 6). In particular, there was a marked increase in TJ assembly
proteins, including claudins, which are crucial to tight junction integrity
(Fig. 6A). Here, we suggest that fibroblast regulation presents a model
for stages of transformation. The decreased expression of junctional
proteins seen in N/Tert-1+E6E7 is more analogous to later, neoplastic
stages of transformation. When the viral genome is integrated, E6E7 is
overexpressed, and there is a progression towards EMT. Meanwhile, the
increased expression of TJ components in N/Tert-1+HPV16 cultured
with fibroblasts is analogous to early viral lifecycle stages. Furthermore,
by inducing increased levels of TJ components in infected keratinocytes,
the virus induces an environment that mimics a suprabasal phenotype,
which is important for the amplification stage of the viral lifecycle [61,
125,174]. Differences observed between N/Tert-1+E6E7 and
N/Tert-1+HPV16 indicate that the upregulation of junctional proteins
seen in full genome containing cells may be driven by other viral factors,
possibly E2, and warrants further investigation. It is of interest to further
dissect the impact of keratinocyte-fibroblast co-culture upon the sub-
cellular localization of these TJ components and any resulting down-
stream effects on cell invasive capacity in both E6E7+ and full-genome
containing cell lines.

“Fragile sites” are associated with viral integration, and are charac-
terized by faulty chromosome condensation and replication stress
[175-179]. The altered histone gene expression we observed following
fibroblast removal is consistent with an altered chromatin state,
exposing “fragile site” availability, and enabling integration events [54].
We propose that loss of stromal support promotes a chromosomal state
that promotes integration; this, in turn, promotes transcriptional
reprogramming events that are conducive to EMT and oncogenic pro-
gression [57,59,61,75,85,109,110,175]. We also suggest that in the
progression of natural infection, errors in the “cross-talk” between fi-
broblasts and HPV + keratinocytes are likely a factor that contributes to
viral integration and epithelial reprogramming.

5. Conclusion

Both our research and that of others have shown that interactions
between fibroblasts and keratinocytes in HPV models are critical for
maintaining episomal HPV genomes, influencing keratinocyte differen-
tiation, and regulating viral transcription [23,28,29,38,55,128,
180-182]. Here we present RNAseq analysis revealing that fibroblasts
may regulate the transcriptional signature of HPV + keratinocytes by
regulating cytokine activity, cell junction proteins, and EMT-related
signatures. Proteomic analysis further supported these findings, high-
lighting fibroblasts’ ability to modulate the expression of signaling
events linked to oncogenic transformation. Overall, fibroblasts were
found to influence both viral and host cell signaling, promote HPV
lifecycle maintenance, and possibly limit EMT and cancer progression of
HPV + keratinocytes.
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