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A validated animal model would assist with research on the immunological consequences of the chronic expres-
sion of stress keratins KRT6, KRT16, and KRT17, as observed in human pre-malignant hyperproliferative epithe-
lium.Herewe examine keratin gene expression profile in skin frommice expressing the E7 oncoprotein ofHPV16
(K14E7) demonstrating persistently hyperproliferative epithelium, in nontransgenic mouse skin, and in
hyperproliferative actinic keratosis lesions from human skin. We demonstrate that K14E7 mouse skin
overexpresses stress keratins in a similar manner to human actinic keratoses, that overexpression is a conse-
quence of epithelial hyperproliferation induced by E7, and that overexpression further increases in response to
injury. As stress keratins modify local immunity and epithelial cell function and differentiation, the K14E7
mouse model should permit study of how continued overexpression of stress keratins impacts on epithelial
tumor development and on local innate and adaptive immunity.

© 2016 The Authors. Published by Elsevier B.V. This is an open access article under the CC BY-NC-ND license
(http://creativecommons.org/licenses/by-nc-nd/4.0/).
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1. Introduction

It is increasingly evident that prolongedmisregulation of keratin ex-
pression contributes to the pathogenesis of the non-malignant
hyperproliferative precursor condition, actinic keratosis (AK), as well
as the eventual development of cutaneous squamous cell carcinoma
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(SCC) (Abbas and Bhawan, 2011; Abbas et al., 2011; Choi et al., 2010;
Hameetman et al., 2013). Keratinocytes account for 95% of the cells in
squamous epithelia (Quinn, 2004; Wickett and Visscher, 2006). Their
cytoskeleton is composed of three types of filaments: microfilaments
(actin filaments), microtubules and intermediate filaments. Intermedi-
ate filaments are encoded by about 70 genes in human, mouse and
other mammalian genomes. Of all the intermediate filaments, keratins
are the most diverse. There are 54 functional keratin genes in humans
(Moll et al., 2008), 28 coding for type I acidic keratins (KRT9-10, 12-28
epithelial; KRT25-28, 31-40 hair/nail) and 26 coding for type II basic
keratins (KRT1-8 epithelial; KRT71-86 hair/nail). All type I keratins ex-
cept KRT8 are encoded on chromosome 17q21 and all type II keratins
on chromosome 12q13 (Bragulla and Homberger, 2009). In mice, the
orthologous genes are similarly clustered on chromosomes 11D and
15F (Hesse et al., 2004).

“High risk” humanpapillomaviruses (HPVs), including genotypes 16
and 18, infect anogenital and oral mucosal epithelial cells and promote
development of cervical and oropharyngeal squamous cancers. Differ-
entiation of HPV infected keratinocytes is delayed by the expression of
viral non-structural proteins E6 and E7, allowing further replication of
the HPV genome (McLaughlin-Drubin et al., 2012; zur Hausen, 1991).
An established transgenic mouse model expressing HPV16 E7
oncoprotein in skin under the Keratin 14 promoter (K14E7) has been
used as a model of epithelial premalignancy and chronic HPV infection.
The HPV16 E7 oncogene is specifically expressed within keratinocytes
during infection and inhibits binding of retinoblastoma (Rb) tumor
the CC BY-NC-ND license (http://creativecommons.org/licenses/by-nc-nd/4.0/).
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suppressor protein to cell cycle regulatory proteins (Balsitis et al., 2005;
McLaughlin-Drubin andMunger, 2009). Consequently, K14E7 transgen-
ic animals are characterized by persistent epidermal hyperplasia
(Herber et al., 1996; Moody and Laimins, 2010).

The impact of the HPV E7 protein as a transgene on cytoskeletal dif-
ferentiation is phenotypically evident but the molecular basis of this
phenotype and its impact on cell transformation and on local innate
and adaptive immunity is uncertain. In this study, we define the keratin
transcriptome of K14E7 and C57BL/6 mice, and compare this with the
transcriptome in K14E7 mice without epithelial hyperproliferation,
and with skin from patients with actinic keratosis (AK). We show that
the pattern of stress keratin expression is similar in hyperproliferative
K14E7 transgenic skin to that in human actinic keratosis. Further, we
show that the altered keratin expression and the impact of injury on
keratin expression is dependent on hyperproliferation rather than on
expression of E7, validating the K14E7 mouse as a model of chronic
hyperproliferative epithelium, allowing studies of the changes in local
immune response associated with persisting expression of stress
keratins.

2. Materials and Methods

2.1. Mice

C57BL/6 and K14E7 (C57BL/6 background) mice of different ages (2,
8 and 20 weeks of age; n = 3–4 age-match mice pairs per age group)
were maintained at the Princess Alexandra Hospital Biological Re-
sources Facility (BRF, Brisbane). C57BL/6 and K14E7 mice for grafting
were obtained from the Animal Resources Centre (ARC, Perth). Hetero-
zygous RbΔLXCXE/+ (RbΔL/+) transgenic mice were obtained from Dr.
Fred Dick (Isaac et al., 2006), and were backcrossed to C57BL/6 for 10
generations. Mice homozygous for the transgene (RbΔL/ΔL) were bred
and crossed to K14E7 mice (for 3 generations) to produce mice double
transgenic for K14E7 and RbΔL/ΔL (Balsitis et al., 2005). Mice for grafting
were between 10 and 15weeks of age (n=3 age-matchmice pairs per
grafting procedure). All mice were maintained under pathogen-free
conditions and sex-matched (all female). All procedureswere approved
by the University of Queensland Animal Ethics Committee (AEC 290-10
and UQDI/367/13/NHMRC).

2.2. Grafting

Recipient mice were grafted as per procedures described previously
(Choyce et al., 2013). Briefly, donor ear skin was split into dorsal and
ventral halves, cartilage was removed, and the ear skin was then placed
onto the thoracic flank (preparedmatching the size of the graft) of anes-
thetized recipient mice. Grafts were secured using micropore tape,
wrapped and bandaged. Bandages were removed after one week and
the mice were monitored.

2.3. Sample Collection

Whole ear samples and grafts were collected from mice euthanized
with 5% CO2. Samples were collected into Eppendorf tubes and immedi-
ately snap frozen on dry ice. Samples were kept in the −80 °C freezer
until used for RNA extraction.

2.4. Total RNA Extraction and Quality Assessment

All RNA extractions were performed using Qiagen RNeasy mini kit
(catalogue #74106, Qiagen, Clifton Hill, VIC, Australia) following
manufacturer's protocol and additional modifications adapted in our
lab. Briefly, snap frozen ear was homogenized in 1 mL of Trizol on ice
using a T10 basic ULTRA-TURRAX homogenizer (IKA, Germany). Lysate
was transferred into a fresh Eppendorf tube and incubated at room tem-
perature for 5min. 0.2mL of chloroformwas added to the lysate, mixed
by vigorously inverting for 15 s and incubated for 2–3min at room tem-
perature. Lysate mixture was centrifuged at 12,000 ×g for 15 min at
4 °C. The upper aqueous phase containing RNA was transferred into a
clean tube andmixedwith one volume of freshly prepared 80% ethanol.
The mixture was applied onto an RNeasy spin column and centrifuged
at 8000 ×g for 15 s to bind the RNA onto themembrane (all subsequent
centrifugations were done at 8000 ×g for 15 s unless stated otherwise).
The columnwaswashed with 700 μL of RW1 buffer and incubated with
RNase-free DNase (0.5 μL DNA-se I in 35 μL of RDD buffer from Qiagen
cat no. 79254) at room temperature for 15 min. Column was washed
with another 350 μL of RW1 and twice with 500 μL of RPE buffer. RNA
was eluted in 40 μL of RNase-free water. Quantification of purified
total RNA samples was performed using nanodrop spectrophotometer.
Based on the nanodrop concentration, RNA was diluted to about
200 ng/μL with RNase-free water and assessed for RNA integrity using
the Agilent 2100 Bioanalyzer and RNA 6000 Nano LabChip kit according
to manufacturer's protocol.

2.5. cDNA Library Preparation

cDNA library preparation from RNA samples was performed using
Low Throughput Sample Protocol (suitable for 48 samples or less)
from Illumina TruSeq RNA Sample Preparation Kit v2 (catalogue
#15027387, #15025063 and #15027084 obtained from Illumina, San
Diego, CA, USA). Briefly, mRNA was purified from total RNA using
Ampure magnetic beads with attached poly-T oligos. Purified mRNA
was fragmented with divalent cations and high temperature.
Fragmented mRNA was mixed with random primers and reverse tran-
scriptase and amplified through one PCR cycle (lid at 100 °C, 25 °C for
10 min, 42 °C for 50 min, 70 °C for 15 min, hold at 4 °C) to create first
strand cDNA. First strand cDNA fragments were then incubated with
DNApolymerase I at 16 °C for 1 h to synthesize second strand cDNA. Re-
sultant double-stranded cDNA fragments were end repaired (3′ over-
hang was cleaved and 5′ overhang was filled with A to create blunt
ends), and ligated to adapters (kit contains 24 different adapters). The
products were purified and amplified by PCR (lid at 100 °C, 98 °C at
30 s, 10 cycles of: 98 °C for 10 s, 60 °C for 10 s, 72 °C for 10 s; 72 °C for
5 min, hold at 10 °C) to obtain the final cDNA library. Quality and con-
centration of cDNA libraries were checked using Agilent 2100
Bioanalyzer and DNA 1000 LabChip kit according to manufacturer's
protocol.

2.6. Sequencing and Bioinformatics

Libraries were sequenced on Illumina HiSeq2000 machine with a PE
2 × 100 tag format. Raw reads of paired-end libraries were provided to
QFAB in Fastq files for quality control, mapping and differential expres-
sion analysis. Raw read counts from sequenced libraries were quality
checked with the FastQC tool. All libraries showed good quality profile
with average quality (Phred) score of 36 per read slightly dropping at
the end of the reads. Reads were trimmed using the Trimmomatic tool
(Lohse et al., 2012). Read pairsweremapped to themouse reference ge-
nome (mm10) using the Rsubread tool in R (Liao et al., 2013). Reads
were also mapped to HPV16 E7 gene sequence to obtain expression
level of E7 oncogene. Raw read counts per gene were normalized
using the Limma-voom tool in R, which applies linear modeling to
voom-transformed read counts (Law et al., 2014). Benjamini and
Hochberg method was used for adjusting for multiple testing
(Benjamini and Hochberg, 1995).

2.7. Database for Annotation, Visualization and Integrated Discovery (DA-
VID) Analysis

The entire gene list of significantly regulated genes identified from
the RNA-seq analysis was uploaded onto the web documentation of
DAVID. The DAVID documentation calculates the probability of ‘over-



316 S. Zhussupbekova et al. / EBioMedicine 9 (2016) 314–323
representation’ of most relevant biological terms using a modified Fish-
er exact probability to determine gene set-enrichment where P b 0.05
was considered significant (Huang da et al., 2009). It then organizes
and condenses the large gene lists into biologicallymeaningfulmodules.

2.8. Gene Set Enrichment Analysis

GSEA was performed following a standard procedure (Subramanian
et al., 2005). The gene signatures of AK (n=4) and SCC (n=4) samples
were curated from a publicaly available microarray data set (GSE2503)
(Nindl et al., 2006). The top ~300 genes that are up-regulated in each
condition (versus normal, n = 6) were identified by differential
gene expression using GEOquery and Limma R packages from the
Bioconductor project.

2.9. Weighted Gene Co-expression Network Analysis (WGCNA)

Voom-transformed expression data from the RNA-seq experiments
were used as input and a weighted gene network was generated by fol-
lowing the standard procedure of the WGCNA package (Zhang and
Horvath, 2005).WGCNA provides amean of identifying correlation pat-
terns of genes across microarray or RNA-seq samples and subsequently
finding modules of highly correlated genes/nodes via a hierarchical
clustering approach coupled with topology overlap matrix-based dis-
similarity measure. WGCNA constructs networks using a scale-free to-
pology criterion where connectivity of genes/nodes follows a power-
law distribution, highlighting strongly connected gene-gene pairs
while penalizing weakly connected pairs. This was found to be useful
for the identification of intrinsic biologically meaningful modules of co-
ordinately expressed genes (Ravasz et al., 2002). Briefly, the similarity
(concordance) between gene expression profiles across the experi-
ments (samples) was measured using Pearson correlations. The co-
expression similarities are converted into connection strengths and
used to define the distance (dissimilarity) between genes (or nodes).
Genes with coherent expression profiles were grouped into modules
using average linkage hierarchical clustering coupled with the topolog-
ical overlap dissimilarity measure. The gene modules correspond to the
branches of the resulting dendrogram. To identify modules that are sig-
nificantly associated with external traits, the summary profile
(eigengene) of each module was correlated with predefined external
traits and looked for the most significant associations. According to
the WGCNA package, the module eigengene is the representative
value for a module and is defined as the first principal component of a
module; the normalized linear combination of genes with the maxi-
mum possible variability in a module. To facilitate biological interpreta-
tion, Gene Ontology functional enrichment analysis was performed for
the genes contained in the various modules using the Bioconductor
packages within R.

2.10. Immunohistochemistry-fluorescence Staining and Confocal
Microscopy

Whole ears isolated from 8-week-old C57BL/6, K14E7 and K14E7/
RbΔL/ΔL mice were frozen, embedded in OCT (Tissue-Tek) and cryo-
sectioned at 10 μm thickness (n = 4 pairs of sex- and age-matched
mice). Sections were fixed in acetone at −20 °C for 20 min prior to
staining. Blocking buffers and antibody diluents contained 10% normal
goat serum, 1% bovine serum albumin and 0.025% Triton X-100 in PBS.
Blocking was performed for 30 min, followed by overnight incubation
at 4 °C with primary antibodies. Sections were then washed with PBS
and incubated with secondary antibodies at room temperature. After
washing with PBS, sections were then mounted in ProLong Gold anti-
fade mounting reagent (ThermoFisher Scientific). Primary antibodies
used for staining include: anti-keratin 5 (Poly19055, Biolegend), anti-
cytokeratin 10 (DE-K10, Biolegend) and anti-cytokeratin 6 (ab24646,
Abcam). Alexa Fluor 488- and 594-conjugated goat secondary
antibodies were purchased from Jackson Immunoresearch. Images
were acquired using an inverted confocal microscope (LSM510, Carl
Zeiss, Inc)with a 63× n.a. 1.4 oil objective using the associated ZEN soft-
ware. Imageswere not cropped andAdobe Photoshop and Illustrator CC
2014 (Adobe Systems Incorporated, San Jose, USA) were used for prep-
aration of figures.

3. Results

3.1. K14E7 Skin and Actinic Keratoses Shares Transcriptional Features

Mice heterozygous for the K14E7 transgene driven from a keratin 14
promoter have hyperproliferative epithelium, whereas K14E7 mice
with a homozygous mutation in the Rb protein (RbΔLXCXE/ΔLXCXE) lack
this phenotype (henceforth referred to as K14E7/RbΔL/ΔL mice)
(Balsitis et al., 2005). To analyze the effects of E7 expression, epithelial
proliferation, epithelial maturation, and wound healing on the skin
transcriptome, we performed RNA-seq deep-sequencing analysis on
ear skin from C57BL/6, K14E7 and K14E7/RbΔL/ΔL mice. We focused
our analysis on the genes whose expression is altered when compari-
sons are made between K14E7 versus C57BL/6 and also between
K14E7 versus K14E7/RbΔL/ΔL mice (Fig. 1a) as these should be genes
whose expression are altered by hyperproliferation, as opposed to
other effects of E7 expression, or effects of Rb mutation. We found
that 482 genes in K14E7mice were differentially expressed when com-
pared to C57BL/6 and alsowhen compared toK14E7/RbΔL/ΔLmice, using
a conservative threshold of significance of Log2-fold-change of N2 and a
Benjamini and Hochberg (B–H) adjusted P-value of b0.01 (Fig. 1a). We
next utilized the Database for Annotation, Visualization and Integrated
Discovery (DAVID) bioinformatics resource tool to discover enrichment
of biological processes/functions defined by this subset of genes (Huang
da et al., 2009). The top 20 significantly enriched Gene Ontology (GO)
biological processes were identified (Fig. 1b), and included cell cycle
and proliferation regulation, immune function, skin development and
keratinocyte differentiation. These findings are consistent with the phe-
notype of the K14E7 mouse.

We further interrogated the RNA-seq expression data using the gene
set enrichment analysis (GSEA) software package (Subramanian et al.,
2005), to test whether the skin transcriptome of K14E7 mice would
share transcriptional characteristics with hyperproliferative human
squamous precancer actinic keratosis (AK) lesions and human squa-
mous cell carcinomas (SCC). Transcriptional signatures of human AK
and SCC lesions were curated from a publically available microarray
data set (GSE2503) (Nindl et al., 2006), using the top ~300 genes up-
regulated in each condition in comparison to normal skin. GSEA demon-
strated that the AK signature (Fig. 2a), but not the SCC signature (data
not shown), was significantly enriched in K14E7 skin when compared
with normal mouse skin. Inspection of the “leading-edge” subset of
genes in the AK gene set established that genes that encode for keratins,
chemokines and chemokine receptors contribute the most to the en-
richment (Subramanian et al., 2005). Thus, we examined the expression
profile of keratin genes from the human AK/SCC microarray data set
with a specific focus on AK data. Differential gene expression analysis
revealed that keratin genes associatedwith epidermal growth, differen-
tiation and stress response (KRT6A, KRT6B, KRT9, KRT16, KRT17) were
significantly up-regulated in AK versus normal (Fig. 2b) as observed in
our mouse model of epithelial premalignancy.

3.2. Effect of Epithelial Maturation on Keratin Expression in K14E7 and
C57BL/6 Mice

Keratin expression changeswithmaturation of epithelial cells. How-
ever, little is known about how chronic hyperproliferation affects ex-
pression of keratins across the epithelium over time. Therefore, we
expanded the RNA-seq analysis to examine the expression of keratin
genes in C57BL/6 mice and K14E7 mice of different ages. We observed



Fig. 1.Differential gene expression and pathway analysis of RNA-seq data on ear skin from
8-week-old C57BL/6, K14E7 and K14E7/RbΔL/ΔL mice. (a) Differential gene expressionwas
detected using Empirical Bayesian statistics embeddedwithin the Limma-voomR package
where genes that pass the cut-off of Log

2
-fold-change (LFC) N2 and adjusted P b 0.01were

considered statistically significant. (b) Top 20 GO biological processes enriched in the
orange intersect in K14E7 skin identified from DAVID analysis. Pathways are considered
significant if the P-value (after B–H correction) is b0.01 (orange dotted line).

Fig. 2. (a) Gene set enrichment analysis of a signature of ~300 up-regulated genes in
human actinic keratosis patients in the ranked list of genes differentially expressed by
K14E7 skin vs C57BL/6 skin. Genes in the leading edge are highlighted in green.
(b) Volcano plot of all genes (grey) or keratin genes in the leading edge (green).
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significant differential expression of 8 genes that encode for keratin
proteins at 2 weeks of age, 17 at 8 weeks and 12 at 20 weeks (adjust-
ed P-value b0.01) (Fig. 3a). The keratin genes that were significantly
differentially expressed were largely restricted to the epithelial sub-
groups of both type I and type II keratins families (Fig. 3b). Notably,
there were significant alterations with age in the transcription of
the basal keratin Krt14, but not of the basal keratin Krt5, and of the
keratins associated with cell differentiation (Krt1 and Krt10)
(Fig. 3b). Consistent with the findings in Fig. 2b, keratin genes
associated with epidermal injury (Krt6a, Krt6b, Krt16 and Krt17)
were also significantly altered in the K14E7 mouse model over time
(Fig. 3b).

Overall, these changes are consistent with the effect of E7 protein on
promoting proliferation and delaying differentiation of basal
keratinocytes in K14E7 mice. The results also suggests that presence of
hyperproliferation mimics or induces epidermal injury-type responses
in keratinocytes.



Fig. 3. Effect of HPV16 E7 on expression of keratin genes at 2 weeks, 8 weeks and 20weeks of age in transgenic mousewhole ear skin. (a) Volcano plot of differential expression of keratin
genes between K14E7 and C57BL/6mice. Significant genes above the threshold of log-ratio ≥±2 are as labeled as colored ringswhile those that also attain statistical significance (adjusted
p-value b0.01) are labeled as solid orange (2 weeks), gold (8 weeks) or red (20 weeks) circles. (b) Differential expression of keratin genes categorized into subfamilies. Genes that are
differentially expressed in a significant manner (adjusted p-value b0.01) are plotted in orange (2 weeks), gold (8 weeks) or red (20 weeks) while genes that did not attain statistical sig-
nificance are plotted in gray.

Fig. 4. Differential expression of (a) epithelial, (b) hair and hair follicle specific or root
sheath keratin genes between grafted and non-grafted skin. 14-dpg C57onC57 and 28-
dpg C57onC57 samples were compared to 8 week old C57BL/6 sample (B–H adjusted P-
value b0.01).
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3.3. Effect of Grafting on Keratin Expression in Mouse Skin

We have previously emulated localized chronic HPV infection by
grafting skin of K14E7 mice onto syngeneic immune competent mice
(Dunn et al., 1997; Frazer et al., 2001). This method of epithelial
wounding allowed investigation into the effect of E7 on the regulation
of expression of keratins associated with epidermal injury and repair.
We analyzed the keratin transcriptome of skin grafted from C57BL/6
non-transgenic (C57) and E7-expressing transgenic (E7) animals to
non-transgenic C57 recipients. C57BL/6 ear skin grafted onto C57BL/6
mice was analyzed for differential gene expression at day 14 post-
grafting (14-dpg) and day 28 post-grafting (28-dpg). Transcription of
keratin genes associated with injury and wound healing (Krt6a, Krt6b,
Krt16 and Krt17) and epithelial differentiation (Krt1) were significantly
induced in grafted skin at 14-dpg and to a lesser extent at 28-dpg
(Fig. 4a) and significant up-regulation of multiple keratin genes associ-
ated with hair and hair follicle development was also observed, more
evidently in 14-dpg skin than 28-dpg skin (Fig. 4b).

To discover gene expression changes within biologically significant
gene networks in response to grafting, graft healing, and E7 expression,
we performed weighted gene co-expression network analysis
(WGCNA) (Zhang and Horvath, 2005) as this approach significantly al-
leviates the biases frommultiple hypothesis testing. The analysis identi-
fied 9modules (differentially colored) containing ~100–5000 genes per
module (Fig. 5a). The module eigengene (ME) of each module was cal-
culated and correlated with our predefined traits. Several of the mod-
ules displayed significant correlation or anti-correlation with the
genotype of the skin graft or with days post-grafting (28-dpg versus
14-dpg) (P b 0.01) (Fig. 5b).

Specifically, purple and turquoisemodules displayed significant cor-
relation with E7 skin graft procedures while blue and yellow modules
displayed significant anti-correlation (Fig. 5b). Similarly,modules corre-
sponding to purple, black, blue and tan displayed significant correlation
with days post-grafting while turquoise, brown and yellow displayed
significant anti-correlation (Fig. 5b). We therefore performed GO



Fig. 5.WGCNA analysis. (a) Clustering dendrogram of genes, with gene dissimilarity based on topological overlap, together with assigned module colors. (b) Module-trait relationship.
Each row responds to a colored module eigengene (ME) detected by WGCNA analysis and each column to a trait. C57 and E7 skin grafts were distinguished as binary traits, with C57
set as 0 and E7 set as 1. The corresponding correlation (top) and p-value (bottom) is displayed in each cell. The table is color-coded by correlation according to the color key.
(c) Scatterplot of the intramodular analysis (module membership versus gene significance) of genes found in turquoise, blue, purple and brown modules. E7 and keratin genes are
highlighted as solid circles.
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functional enrichment analysis to broadly understand the biological sig-
nificance of the identifiedmodules. The top 10 significantly enriched GO
functions for modules that displayed significant correlation or anti-
correlation as highlighted above are shown in Table S1. By integrating
the module-trait association analysis and functional enrichment analy-
sis (Bonferroni adjusted P-value b 0.01 was considered significant), it
was determined that E7 skin grafting was significantly correlated with
antigen processing and major histocompatibility complex (MHC) regu-
lation (MEpurple/1), and cell cycle, proliferation and DNA repair
(MEturquoise/2). Conversely, C57 skin grafting was significantly corre-
lated with, and E7 skin grafts are anti-correlated with, RNA processing,
protein translation and cellular metabolic processes (MEblue/4), and
cell migration and extracellular matrix regulation (MEyellow/9).
The modules that correlated or anti-correlated with time after
grafting were generally common between C57 and E7 skin grafts, and
displayed significant correlation with antigen processing (MEpurple/
1), muscle development (MEblack/3), and RNA processing, protein
translation and cellular metabolic processes (MEblue/4), and anti-
correlation with cytoskeletal, hair and keratin filament regulation
(MEbrown/8) and extracellular matrix regulation (MEyellow/9). Inter-
estingly, WGCNA could detect that the turquoise module was signifi-
cantly anti-correlated with the timing of graft healing in C57 grafts
whereas this effect was slightly dampened in E7 grafts (Fig. 5b).

The keratin genes of interest were mostly associated within the
modules with the most correlation or anti-correlation with the traits
of interest (Fig. 5b and c). Keratin genes enriched in the brown module



Fig. 6. Gene expression heatmap of keratins markers for keratinocyte differentiation, proliferation and injury/wound healing in (a) C57 grafts on C57 recipients, (b) E7 grafts on C57
recipients and E7 grafts on E7 recipients, and (c) 8-week-old C57BL/6, K14E7 and K14E7/RbΔL/ΔL mice. The intensity of the heatmap is scaled within each gene.
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were hair andhair follicle associated type I and II keratins (Fig. 5c), likely
as a result of hair regrowth after grafting of normal skin, and specific en-
richment of this subset of keratin genes was not seen for E7 grafts. Epi-
thelial keratin genes associated with epidermal injury (Krt6a, Krt6b,
Krt16 and Krt17) and keratinocyte proliferation and differentiation
(Krt1, Krt5, Krt9, Krt14 and Krt15) fell within turquoise, blue and purple
modules (Fig. 5c) and showed high module membership (MM) (high
intramodular connectivity) within their respective modules, and also
high gene significance (GS) (biological significance), indicating that
these genes are key genes associated with the effects of grafting E7
skin (Zhang and Horvath, 2005).

3.4. K14E7 Skin and Skin Graft is Characterized by Aberrant Regulation of
Wound Healing-related Keratins

Profounddifferences in keratin gene expression patternswere noted
during the course of graft healing. For C57 grafts on C57 recipients, in-
duction of keratins associated with the differentiating layer of the epi-
dermis, but not basal keratins, was observed 14 days after grafting
(Fig. 6a). Keratins associated with “activated” keratinocytes, typically
involved with injury and wound healing, were also induced at day 14
(Fig. 6a), and these effects were reduced by 28 days post grafting.
Krt15, seen in mature/stable basal cells with lower rates of division in
the stratified squamous epithelium (Porter et al., 2000), was in contrast
more evident 28 days post grafting (Fig. 6a). In contrast, for E7 grafts to
C57 or E7 recipients, marked up-regulation of the major keratins of
basal/proliferating, differentiating and activated keratinocytes was ob-
served at day 14 (Fig. 6b) and persisted at day 28, showing that E7 ex-
pression is associated with an exaggerated wound healing response
(Fig. 6b).

To distinguish the effects of E7 expression and E7-induced epithelial
hyperplasia on regulation of keratin gene expression, K14E7/RbΔL/ΔL

mice which express a mutant form of Rb that cannot be bound by E7,
allowing for normal cell cycle regulation by Rb (Balsitis et al., 2005),
were examined. The keratin expression profile in the ear skin of the
K14E7/RbΔL/ΔL mouse closely resembled that of C57BL/6 mice (Fig. 6c),
Fig. 7. Localization of keratin proteins in C57BL/6, K14E7 and K14E7/RbΔL/ΔL ear skin. OCT-em
confocal microscopy whereby primary antibodies that target the keratin proteins are diff
(a) keratin 5 or (b) keratin 6, while green denotes keratin 10. Scale bars = 50 μm.
indicating that the alteration in keratin gene expression in K14E7 mice
is a consequence of hyperplasia rather than other effects of E7. In sum-
mary, hyperplastic K14E7 skin demonstrates keratin expression remi-
niscent of a persistent wound healing response, and this effect is
further enhanced in grafted E7 skin.

3.5. Disrupted Keratin Localization in K14E7 Ear Skin

Confocal microscopy was used to validate the transcriptomics find-
ings, by determining the site of expression of keratin proteins. In
C57BL/6 ear skin, Keratins 5 and 10 respectively defined the basal and
suprabasal layers of the epidermis (Fig. 7a). In contrast, the localization
of these keratin markers in K14E7 skin is more disorganized, coinciding
with markedly expanded basal and spinous layers (Fig. 7a). In K14E7
epidermis, but not in C57BL/6 or K14E7/RbΔL/ΔL epidermis, Keratin 6, as-
sociated with injury and wound healing, was extensively expressed
(Fig. 7b).

In summary, HPV16 E7-induced epithelial premalignancy is associ-
ated with chronically disorganized keratin expression and localization
resembling that seen acutely with epidermal injury or wound healing.

4. Discussion

In this study, we demonstrate that persisting epithelial hyperplasia
induced by the HPV16 E7 protein induces a pattern of “stress” keratin
expression in mouse epithelial cells resembling that seen in premalig-
nant lesions of human epithelium (Nindl et al., 2006). This change is as-
sociated with epithelial proliferation induced by E7, and not directly by
the E7 protein itself or by other biological effects associated with that
protein. Further, the induced hyperplasia is associated with significant
augmentation of expression of wound keratins in response to injury,
when compared with normal skin. Epithelial cells, and transgenic
mice, engineered to lack expression of particular keratins have been
helpful to map out the biological function of “stress” keratins
(Vijayaraj et al., 2007) including KRT6 (Loschke et al., 2016), KRT16
(Lessard and Coulombe, 2012) and KRT17 (Depianto et al., 2010).
bedded sections were fixed with acetone prior to staining. Images were acquired using
erentially labelled with fluorescently-conjugated secondary antibodies. Red denotes
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Animal models in which “stress” keratins are continuously
overexpressed should similarly prove useful in defining the chronic
consequences of their expression.

Chronic injury and tissue repair have long been recognized as pre-
disposing to the development of epithelial cancers. Induction andmain-
tenance of an injury/wound healing-like keratin response is a common
characteristic in the pathogenesis of hyperproliferative disorders such
as AK and SCCs, as well as HPV infection and associated premalignancy.
Immunohistological analyses and gene expression profiling using mi-
croarray technology have independently identified that
hyperproliferative disorders such as AK and SCCs consistently express
the injury/wound healing related keratins KRT6, KRT16 and KRT17
(Chu and Weiss, 2002; Hameetman et al., 2013; Nindl et al., 2006).

It is recognized thatwound healing keratins havemultiple biological
functions beyond their contribution to cell structure. KRT6 destabilizes
desmosome mediated cell-cell adhesion by a mechanism involving se-
questration of Src protein and inhibition of Src kinases (Rotty and
Coulombe, 2012), enabling keratinocyte migration for wound healing.
KRT16 regulates local induction of potentially tissue damaging innate
immune responses (Lessard et al., 2013), and KRT17 polarizes adaptive
immune responses away from potentially tissue damaging Th1 and
Th17 type to antibody inducing Th2 type responses (Depianto et al.,
2010). KRT17 also enables expression of chemokine ligands CXCL9, 10
and 11 (Chung et al., 2015) that through interaction with CXCR3, en-
hance epithelial growth and migration but also promote tumor devel-
opment. These responses are, in the short term, beneficial to the
injured skin of the host, preventing further cytotoxic damage. However,
when maintained chronically, they can subvert potentially useful im-
mune responses to persisting viral infections and tumors. We and
others have defined some of the immunological consequences of such
expression associated with chronically hyperplastic skin through use
of K14E7 transgenic animals (Frazer et al., 2011). Skin grafts expressing
HPV16 E7 protein placed onto syngeneic, non-transgenicmice tomimic
HPV associated premalignancy and malignancy (Dunn et al., 1997;
Frazer et al., 2001) are not rejected from immune competent hosts, de-
spite expressing a non-self viral antigen. In contrast, transgenic skin
grafts expressing another non-self antigen, chicken ovalbumin, are
rejected, suggesting that E7 protein expression or the epithelial hyper-
plasia consequent on E7 expression induces immune evasion mecha-
nisms to prevent rejection of E7 expressing cells (Zhou et al., 2011).
Indeed, a general state of increased immune cell infiltrate accompanied
with intense immunosuppression has been proposed as a dominant
mechanism underscoring the tolerance towards K14E7 skin grafts
(Bergot et al., 2014; Choyce et al., 2013; Frazer et al., 2001; Gosmann,
Frazer et al., 2014; Gosmann, Mattarollo et al., 2014; Mattarollo,
Rahimpour et al., 2010; Mattarollo, Yong et al., 2010).

Using an unbiased deep-sequencing approach, the transcriptomics
data from this study suggests that perhaps the state of perpetual epithe-
lial wounding and healing is, via the mechanisms for subversion of cell
mediated immune responses described above, another determinant of
the persistence of E7 expressing skin grafts, providing a further model
for analysis of the interaction of “stress” keratins with the host immune
system.

Supplementary data to this article can be found online at http://dx.
doi.org/10.1016/j.ebiom.2016.06.011.
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