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Abstract

Despite preventive human papilloma virus (HPV) vaccination efforts, cervical cancer remains a 

leading cause of death in women worldwide. Development of therapeutic approaches for cervical 

cancer are hampered by a lack of mechanistic insight during tumorigenesis. The cytoskeletal 

protein Keratin 17 (KRT17;K17) is robustly expressed in a broad array of carcinomas, including in 

cervical tumors, where it has both diagnostic and prognostic value. In this study, we have 

established multiple functional roles for K17 in the promotion of cervical tumorigenesis in vivo 
using the established HPV16tg mouse model for cervical squamous cell carcinoma. In 

HPV16tg/+;Krt17−/−relative to HPV16tg/+ reference female mice, onset of cervical lesions is 

delayed and closely paralleled by marked reductions in hyperplasia, dysplasia and vascularization. 

In addition, loss of Krt17 is associated with a cytokine polarization and recruitment of effector 

immune cells to lesion-prone cervical epithelia. Further, we observed marked enhancement of 

terminal differentiation in HPV16tg/+;Krt17−/−cervical epithelium accompanied by a stimulation 

and expansion in the expression of p63, a known basal/reserve cell marker in this tissue. 

Altogether, the data suggest that the loss of Krt17 may foster an overall protective environment for 

lesion-prone cervical tissue. In addition to providing new insights into the immunomodulatory and 

cellular mechanisms of cervical tumorigenesis, these findings may help guide the development of 

future therapies including vaccines.
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INTRODUCTION

Cervical cancer is the second leading cause of death for women worldwide. In total, 12 900 

new cases and 4100 deaths were estimated to occur in the United States in 2015.1 The 

development of cervical cancer is a multi-step biological process thought to be initiated by 

infection of cervical epithelia with high risk, oncogenic strains of the human papilloma virus 

(HPV; type 16 or 18). When targeted to the proliferative basal cells of the cervical 

epithelium, integration of HPV16 genes into the host genome causes chronic infection.2,3 

The HPV16 E6 and E7 oncoproteins interfere with host DNA synthesis and apoptosis, as 

well as cell cycle control, leading to aberrant epithelia growth and appearance of cervical 

intraepithelial lesions (CIN). If left uncontrolled, CINs can progress through increasing 

stages of dysplasia from LSIL (low-grade squamous intraepithelial lesion) to HSIL (high-

grade squamous intraepithelial lesions), which can further develop into squamous cell 

carcinomas (SCC).4 Many of these key attributes are reproduced in the HPV16tg/+ mouse 

model,5 which has been extensively used to study various aspects of the cellular and 

molecular pathophysiology of cervical cancer.

Despite longstanding knowledge regarding how high-risk HPV strains can infect and hijack 

host cell processes to promote cervical tumorigenesis,6–8 why selected patients exhibit more 

aggressive cancer growth or respond differently to chemotherapeutic treatments largely 

remains a mystery. What is clear, however, is that HPV infection itself is a poor indicator of 

clinical outcome, as many HPV infections are transient and poorly correlate with 

progression from CIN to HSIL and SCC.9,10 Moreover, extrinsic factors such as increased 

estrogen levels or a compromised immune system can also promote cervical 

tumorigenesis.11,12 Although biomarkers such as p16INK4a and Ki67 have been used 

extensively in the clinic to identify CIN and LSIL precursor lesions, the type I intermediate 

filament protein keratin 17 (gene, KRT17; protein, K17) has emerged as a powerful 

diagnostic and prognostic biomarker with preferential expression in more advanced HSIL 

and SCC cervical lesions.13–15

In both humans and mice, K17 exhibits an expression pattern normally restricted to specific 

compartments within ectoderm-derived epithelial appendages (for example, hair, nail, tooth, 

thymus, various glands). However, KRT17/K17 can be rapidly induced in response to 

mechanical insult (wounding), chemical stimulation (phorbol ester) or environmental 

challenge (UV irradiation) in all complex epithelia. In addition, upregulation of K17 

expression is correlated with lesion progression and poor prognosis in several epithelial 

cancers, including those occurring in the cervix (see below), skin, lung, ovary, larynx, 

pancreas, breast and gut.16–23 In mouse models for SCC or BCC (basal cell carcinoma), the 

genetic loss of Krt17 attenuates tumorigenesis, in part through a dampening of a tumor-

promoting cytokine profile that results in reduced recruitment of inflammatory and effector 

immune cell to sites of tumor formation.23 A similar phenomenon occurs in tumor cell 

models in culture,22–24 adding to the evidence that K17 contributes to regulating cytokine 

expression in a skin keratinocyte-autonomous fashion. From this progress, one infers that 

K17’s status must be upgraded from biomarker to effector in a variety of chronic 

inflammatory epithelial disorders.
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In cervical epithelia, expression of K17 is highly correlated with more advanced stages of 

cervical cancer growth and, moreover, higher K17 expression is strongly associated with a 

poorer prognosis for the patient.15 Further, K17 is expressed in the reserve cells of the 

cervix, which are stem-like and give rise to both the columnar endocervical and the 

squamnocolumnar ectocervical epithelia.25 When targeted by HPV, these reserve cells are 

thought to function as precursors of malignant lesions.26 Keratin 17 has already been shown 

to exert an impact on a growing number of tumor paradigms.22–24,27 Given all this, a 

functional role for K17 in vivo in normal cervical epithelia and during cervical 

tumorigenesis seems likely, but has not been examined to date. In this study, we have 

exploited a well-established animal model, the HPV16tg/+ mouse,5 to test whether and how 

the loss of Krt17/K17 impacts cervical tumorigenesis in vivo.

RESULTS

Keratin 17 expression in cervical epithelia correlates with lesion progression

In the HPV16tg/+ mouse model, expression of the early genes E1–E7 for HPV type 16 is 

driven by the K14 gene promoter. With no additional treatment in the FVB strain 

background, HPV16tg/+ mice spontaneously develop SCC-like lesions in the skin with 

complete penetrance on the ears, between 60 and 120 days of age, but show no sign of 

cervical lesions.5 HPV16tg/+ female mice subcutaneously implanted with slow release 17β-

estradiol pellets at 1 month of age develop cervical lesions that mimic the transformation 

from normal epithelia to dysplastic lesions over the course of 180 days.5 This transformation 

is most prominent in the endocervical cervico-uterine transformation zone, though lesions 

may also arise near the ectocervical epithelia5 (Supplementary Figure S1A). This 

progression phenocopies the transition of normal epithelia to CIN-LSIL-HSIL-SCC in 

human cervical cancer, and accounts for the popularity of this model for examining the 

molecular mechanisms governing cervical tumorigenesis.

Relative to wild-type (WT) mice, estrogen implantation in HPV16tg/+ mice results in the 

onset of epithelial hyperplasia, with some papillation, at 3 months post implantation 

(Supplementary Figure S1B). Dysplasia has set in by 6 months post implantation as 

determined by marked disorganization of the basal epithelium and increased nuclear staining 

throughout suprabasal epithelium, in addition to more pronounced papillation (Figure 1a, 

Supplementary Figure S1B–C). Further, HPV16tg/+ mice exhibit significantly increased 

expression of p16INK4a (also called Cdkn2a), a known marker of cervical dysplasia,28 over 

time post implantation (Figure 1b), with a pronounced upregulation throughout the 

transformation zone epithelium (Figure 1c). By 6 months post implantation, none of the 

mice exhibited lesions that had progressed to in situ or invasive carcinomas. Consistent with 

previous reports, estrogen-implanted WT mice show no sign of basal epithelial layer 

disorganization, papillation or elevated p16INK4a expression over the same time frame.5

Expression of K17 in cervical epithelia remains relatively low and constant in WT mice 

(Figure 1d), but increases in HPV16tg/+ mice over time post implantation (Figure 1e). In 

estrogen-implanted WT mice, K17 immunoreactivity is restricted to basal cells in a patchy 

pattern in the transformation zone and does not expand into the suprabasal layers over time 

post implantation (Supplementary Figure S1D). In estrogen-implanted HPV16tg/+ mice, by 
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contrast, K17 is not only initially restricted to the basal layer at 1 month post implantation 

but has markedly increased and expanded throughout the suprabasal layers of the cervical 

epithelium at 3- and 6 months post implantation (Figure 1f). There were no obvious 

differences between genotypes with regards to the expression of the related type I keratin 14 

(K14) (Supplementary Figure S1E). Consistent with findings in human cervical carcinoma 

(Smedts et al.,13 Escobar-Hoyos et al.15,29), therefore, a clear induction of K17 and 

expansion into the suprabasal layers coincides with lesion progression in the HPV16tg/+ 

cervical epithelium. Based on these observations, we next assessed the functional roles for 

K17 toward the early stages of cervical tumorigenesis in estrogen-implanted HPV16tg/+ 

mice.

Loss of Keratin 17 attenuates cervical lesion progression

Relative to the HPV16tg/+ reference model, several morphological and molecular readouts 

for cervical tumorigenesis were attenuated in the HPV16tg/+;Krt17−/− mice. The hyperplasia 

and dysplasia observed in transformation zones of HPV16tg/+ mice over time post 

implantation were reduced with the loss of K17 (Figure 1a). At 3 months post implantation, 

immunostaining for phosphor-histone H3 reflecting mitotic activity was significantly 

upregulated in HPV16tg/+ relative to WT controls, but blunted with the loss of K17 (Figure 

2a). In addition, vascularization in the surrounding stromal tissue, as determined by 

PECAM-1 immunostaining, was increased in cervical tissue from HPV16tg/+ mice but 

reduced as well in HPV16tg/+;Krt17−/− mice (Figure 2b). Consistent with the latter, a 

reduction in mast cell density was observed in the cervical stromal compartment of 

HPV16tg/+;Krt17−/− relative to HPV16tg/+ mice (Figure 2c). The cervical epithelium in the 

transformation zone, but not ectocervical epithelium, was significantly thickened in 

HPV16tg/+ mice relative to WT controls, and reduced in HPV16tg/+;Krt17−/− mice (Figure 

2d). Further, the significant induction of p16INK4a over time in cervical epithelia of 

HPV16tg/+ mice is blunted in HPV16tg/+;Krt17−/− mice (Figures 1b and c). There was no 

obvious difference between genotypes in the expression of the transgene driver K14 

(Supplementary Figure S1E), HPV E7 transgene (Supplementary Figure S1F) or apoptosis 

(data not shown). Altogether, the data point to the occurrence of a delay in HPV16-induced 

cervical tumorigenesis when Krt17 is ablated.

Inflammation and inflammatory gene expression in cervical epithelia are elevated with the 
loss of keratin 17

Our previous work on the impact of Krt17 deficiency on Gli2tg/+-driven23 and HPV16tg/+-

driven22 tumorigenesis in skin prompted us to examine the molecular changes that parallel 

the delay in cervical tumorigenesis in HPV16tg/+;Krt17−/− mice relative to HPV16tg/+ 

controls. We assessed the levels of several gene transcripts of interest using quantitative 

reverse transcriptase–PCR in cervical tissue of HPV16tg/+ or HPV16tg/+;Krt17−/− relative to 

WT mice at 1 month post implantation, which precedes lesion onset based on histological 

observations. Although several transcripts associated with various signaling and growth 

pathways changed at least twofold in the absence of Krt17 (Supplementary Figure S2A), the 

most striking finding was the marked elevation in transcript levels for numerous Th1-

associated pro-inflammatory cytokines including Ifng, Cxcl9, Cxcl10, Cxcl11, Ido1, 

Mmp13, Tnfa, Il1b, Mmp9, Tgfb and Cxcl5 (Figure 3a). No upregulation was observed for 
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Il17a (Th17-associated cytokine) or Il10 and Il22 (Th2-associated cytokines) (Figure 3a). 

Strikingly, at 3 months post implantation these same inflammatory gene transcripts exhibit a 

near opposite expression pattern with the Th1-associated cytokines being relatively 

unchanged and Th17 and Th2 cytokines being robustly upregulated in cervical tissue in the 

absence of Krt17 (Figure 3b). Altogether, the data indicate Krt17 may regulate cytokine 

polarization during cervical tumorigenesis, a role it is known to have during ear skin 

tumorigenesis.23

Correlating with these molecular changes in inflammatory cytokine expression was an 

increased recruitment of numerous types of immune cell effectors to the transformation zone 

of HPV16tg/+;Krt17−/− cervical epithelia at 3 months post implantation including CD4+ T 

cells (Figure 3c), F4/80+ macrophages (Figure 3d) and CD11b+ leukocytes (Figure 3e), 

typically in an intraepithelial pattern. Cervical epithelia from WT or HPV16tg/+ mice exhibit 

little to no recruitment of these immune cell effectors. Intraepithelial immune cells were not 

observed at 1 month post implantation in any of these genotypes (data not shown).

We recently reported that genetic ablation of Krt17 attenuates pro-inflammatory gene 

expression in tumor-prone ear skin tissue from HPV16tg/+ mice,22 a finding that seems at 

odds with the role K17 appears to have in cervical tissue of the same mouse model. The only 

technical differences between these two studies are the tissue type being examined and the 

use of estrogen implantation in the current study. We confirmed that ear skin tissue of 

estrogen-implanted HPV16tg/+ mice still exhibit elevated expression of a number of pro-

inflammatory gene transcripts (comparable to unimplanted mice22), and that this increase is 

largely blunted in ear skin of HPV16tg/+;Krt17−/− mice (Supplementary Figure S2C). Thus, 

although an overall outcome of attenuated HPV16-induced tumorigenesis is observed for 

both skin and cervical tissues of the same set of mice when Krt17 expression is lost, the 

mechanisms governing the expression of select pro-inflammatory cytokines and the 

induction and site (for example, intraepithelial in cervix versus stromal in skin) of an 

inflammatory response during tumorigenesis appear to be at odds in these two tissue types.

In an attempt to define what may be distinctly different between cervical and skin 

tumorigenesis in the same set of HPV16tg/+;Krt17−/− mice, we next examined the status of 

Aire and hnRNP K in cervical epithelia. These two proteins act as regulators of gene 

expression and physically interact with K17 in skin keratinocytes, and have been previously 

linked to the promotion of tumor growth in a K17-dependent fashion in the skin.22,24 No 

substantial change could be detected in the level or localization of Aire mRNA transcripts in 

cervical epithelia from HPV16tg/+;Krt17−/− mice relative to HPV16tg/+ mice at 1 month post 

implantation, even though Aire expression remains inducible and Krt17-dependent in ear 

skin tissue of the same set of mice (Supplementary Figure S2D, S2F). Though Hnrnpk 
transcript levels are not Krt17-dependent in cervical tissue (Supplementary Figure S2E), 

expression of hnRNP K protein is substantially reduced in cervical epithelium lacking Krt17 
(Supplementary Figure S2G), an outcome that differs from previous observations in skin 

tumor keratinocytes.24 Although these findings do not rule out a function for Aire or hnRNP 

K in cervical epithelia, they suggest that neither Aire nor hnRNP K influences cervical 

tumorigenesis in a K17-dependent fashion as they do in the skin, thus substantiating the 
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existence of fundamental differences regarding the role of K17 in these two distinct tissue 

settings.

Differentiation of cervical epithelia robustly increases in the absence of keratin 17

From the quantitative reverse transcriptase–PCR screening, S100A8 and S100A9 were 

upregulated in cervical epithelia of HPV16tg/+;Krt17−/−, but not HPV16tg/+, mice (Figure 

4a). Intriguingly, yet again, these findings are opposite between ear and cervical tissue 

samples harvested from the same set of mice (Figure 4a). We confirmed that S100A8 was 

upregulated at the protein level in the cervical but not in the ear skin tissue of 

HPV16tg/+;Krt17−/− mice relative to HPV16tg/+ controls (Figure 4b). Several S100 proteins 

are viewed as markers of differentiation,30 which prompted us to assess the differentiation 

status of these two epithelia in HPV16tg/+;Krt17−/− mice. We found that several 

differentiation markers, including keratin 4 (Krt4), keratin 1 (Krt1), keratin 10 (Krt10), 

involucrin (Ivl) and filaggrin (Flg) were robustly upregulated at the transcript level in 

cervical epithelia from HPV16tg/+;Krt17−/− relative to HPV16tg/+ control mice at both 1- and 

3 months post implantation (Figure 4c). Keratin 1 and filaggrin protein levels were 

confirmed to be increased in cervical epithelia from HPV16tg/+;Krt17−/− mice (Figure 4d), 

and K1, specifically, was increased in transformation zone epithelia, but not in the ear skin, 

of HPV16tg/+;Krt17−/− mice relative to HPV16tg/+ controls (Figures 4e and f). Finally, the 

increase in epithelial differentiation markers in the cervix is related to the Krt17 expression 

status and is not specific to the HPV16tg/+ transgene status, estrogen implantation or age. 

Indeed, unimplanted, non-transgenic, aged Krt17−/− mice also exhibited an increased 

expression of markers of cervical epithelial differentiation markers (at the transcript level) 

relative to WT littermates (Supplementary Figure S3A). This is also the case for S100A8 

protein which, when assessed via indirect immunofluorescence, was markedly increased in 

the outermost suprabasal layer in the cervico-uterine transformation zone of aged Krt17−/− 

mice (Supplementary Figure S3B). Collectively, these findings point to a fundamental 

difference in the manner with which K17 impacts tumorigenesis in cervical versus skin 

epithelia, and suggest that the protective effect of the loss of Krt17 in the cervical epithelium 

may be in part linked to a stimulation of terminal differentiation of tumor-prone cells.

Keratin 17 is required for restricting p63 expression to a basal cell compartment within 
cervical epithelium

With the goal of identifying a tissue-specific regulatory function for K17, we next examined 

whether K17 may influence the status of 14-3-3σ (also called Stratifin) or p63, as these are 

known to be key regulators of epithelial proliferation, differentiation and tumorigenesis often 

in a tissue- or context-dependent manner.31,32 Further, K17 interacts with 14-3-3σ in 

growth-stimulated skin keratinocytes.27,33 Similar to our findings for multiple markers of 

differentiation, the transcript levels of 14-3-3σ in cervical tissue is robustly increased in 

HPV16tg/+;Krt17−/− mice at 1 month post implantation relative to HPV16tg/+ controls 

(Figure 5a). However, transcript levels of 14-3-3σ are similarly elevated in ear skin of 

HPV16tg/+;Krt17−/− mice relative to HPV16tg/+ controls (Figure 5b). Along with K17, p63 is 

a marker of reserve cells in cervical epithelia.25 Similar to that observed for K17 

immunostaining (Supplementary Figure S1C), p63 exhibits a patchy immunostaining pattern 

throughout the basal layer of the transformation zone in cervical epithelia of either WT or 
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HPV16tg/+ mice at 1 month post implantation, (Figure 5c). In cervical epithelia of 

HPV16tg/+;Krt17−/− mice, however, p63 expression is markedly expanded into and 

throughout the suprabasal epithelial layers of the transformation zone, as visualized at 1 

month post implantation and more strikingly at 3 months post implantation (Figure 5c).

DISCUSSION

With this study herein, we have determined that K17 has a functional role in promoting 

cervical tumorigenesis in vivo using the well-established HPV16tg mouse model coupled to 

estrogen implantation. Several metrics of tumor growth including hyper-proliferation 

(hyperplasia), increased vascularization and dysplasia that steadily develop in an estrogen-

dependent fashion in female HPV16tg/+ mice are significantly attenuated in mice genetically 

ablated for Krt17. These findings extend the notion that keratins have a substantial role as 

effectors of disease progression and further highlight the molecular contributions of K17 as a 

tumor promoter.

Cancer-associated immunology is complex and poorly understood, reflected in part by the 

diversity of the immune response and by spatial and temporal heterogeneity of a developing 

tumor. Accordingly, the design and implementation of therapeutic cancer vaccines has been 

challenging. FDA-approved therapeutic vaccines targeting inflammatory molecules are 

currently being utilized to treat various cancers (excluding cervical tumors so far), with 

many more currently in phase III clinical trials.34 Consistent with complexity, our study 

shows that intra-tumor expression of several inflammatory and immune cytokines during 

cervical tumorigenesis significantly depends on a cytoskeletal protein, namely K17, albeit in 

a manner that fluctuates along time. At 1 month post implantation, cervical tissue from 

HPV16tg/+; Krt17−/− mice exhibit what can be approximated to be a Th1high/Th17low/Th2low 

profile compared with HPV16tg/+ mice. By 3 months post implantation, however, this profile 

has switched to a Th1low/Th17high/Th2high profile. K17-dependent cytokines such as IFNγ, 

TNFα and IL10, for instance, can activate distinct populations and subtypes of macrophages 

(for example, M1 and M2) in addition to T cells, and these effectors can each have profound 

influence on the proliferation-differentiation balance of a developing tumor.35 Regardless of 

whether T-cell or macrophage polarization is key for the progression of cervical tumors, our 

findings suggest that the timing of any immunotherapy approach will likely be crucial in the 

treatment’s success. The utility of K17 expression as a diagnostic/prognostic biomarker 

combined with immunotherapy approaches targeting specific K17-dependent cytokines may 

prove to be a powerful therapeutic tool for the treatment of existing cervical cancers.

The primary target cell for HPV infection is thought to be the reserve cell, a stem-like cell 

that resides in the basal cervical epithelium and gives rise to the columnar endocervical and 

squamocolumnar ectocervical epithelia in humans.26 This population of cells has also been 

described in the cervico-uterine transformation zone and ectocervical epithelium of mice.36 

Interestingly, both K17 and p63 have been identified as markers of the reserve cell in normal 

cervical epithelia,25,37 and have also been identified as a marker of cancer stem-like cells 

derived from cervical carcinomas.38 Although the loss of K17 has no obvious bearing on 

p63 expression and differentiation in skin epidermis, we observed an expansion of p63 

throughout the suprabasal cervical epithelium correlating with marked upregulation of 
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differentiation markers only in the absence of Krt17. Moreover, we identified Lgr5, a known 

marker of stemness39 and prognostic indicator for cervical carcinoma,40 to be reduced in 

cervical tissue in the absence of K17 (see Supplementary Figure S2A). Although the full 

properties and roles of K17 in reserve and/or progenitor basal cells of the cervical epithelium 

have yet to be deciphered, our finding of K17 influencing p63 and Lgr5 expression, as well 

as the balance between proliferation and differentiation, suggests that K17 may have a key 

role in the regulation of cell fate decisions within the cervical epithelium. Whether this is 

specific to terminal differentiation, reprogramming, cellular fitness and/or 

transdifferentiation requires future studies.

Our attempt to identify a molecular mechanism for K17 in the regulation of cervical 

tumorigenesis was initially guided by a recent study using the same HPV16tg mouse model, 

which demonstrated K17 to be required for the timely onset and early progression of 

tumorigenesis in ear skin.22 Although the loss of K17 attenuates tumorigenesis in both ear 

and cervical epithelia, the current study conveys that the underlying mechanisms are most 

likely distinct in these two tissue types. The ribonucleoprotein hnRNP K, in conjunction 

with K17, regulates many Th1 effector cytokines in skin tumor keratinocytes.24 In cervical 

tissue, however, these cytokine transcripts remain elevated even though hnRNP K protein 

expression is substantially decreased. We infer that the massive upregulation of Ifng, a major 

stimulator of the Th1-type immune response, is able to override the impact of a hnRNP K 

deficiency in cervical tissue (but not in skin) lacking K17. In addition, we recently reported 

Aire (autoimmune regulator) to be inducibly expressed in a K17-dependent manner in skin 

keratinocytes.22 That Aire is absent or expressed at below-detectable levels in HPV16tg/+ 

cervical epithelium, coupled to the observed increase in intraepithelial immune cells only in 

cervical epithelium, raises the possibility that Aire exerts a tissue-specific function as a 

regulator of local immune tolerance during tumor growth.

We also identified other gene transcripts to be expressed in a K17-dependent manner in 

cervical tissue. These include genes associated with adhesion (Epcam1 was down, whereas 

Lamb1 was up), Notch signaling (Hes1 was reduced), Gli signaling (Hip1 was elevated but 

Ptch1 was decreased), Wnt signaling (Lgr5 was reduced) and mTOR signaling (Mtor, Rptor 
and Rictor were down; however, a downstream indicator of mTOR activation (S6 

phosphorylation) was elevated; see Supplementary Figure S2B). Whether there is a 

functional role for these molecules in estrogen-driven HPV16-induced cervical 

tumorigenesis remains to be determined.

At last, the ability of K17 to regulate gene expression in skin tumor keratinocytes involves, 

in part, a nuclear-localized form of K17. Nuclear-localized K17 also occurs in biopsies from 

cases of basal cell carcinoma in human skin22 and human cervical carcinoma, and in human 

cervical carcinoma-derived cell lines in culture.29 K17 has been reported to be critical for 

the nuclear-to-cytoplasmic translocation of the cell cycle inhibitor p27KIP1 in human 

cervical epithelial cells in culture,29 an influence that may have a direct bearing on the 

proliferation-differentiation balance in the cervix. Whether a nuclear-localized form of K17 

and a primary impact on cell cycle regulation have a role in the setting of HPV16-induced 

and estrogen-promoted tumorigenesis in the mouse cervical epithelium represent open issues 

worth examining in the future.
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Altogether, our data support a model whereby K17 promotes tumorigenesis in multiple 

tissue types of the same mouse, but with divergent, tissue-dependent mechanisms. A likely 

contributing factor to our tissue-dependent cellular and molecular findings is that K17 is 

naturally expressed in a patchy pattern in the basal layer of cervical epithelium in WT mice, 

whereas it is absent in normal interfollicular epidermis. Beyond this, it appears very likely 

that K17 is being regulated and specified differently, via interaction with distinct and 

powerful regulators, to control inflammation, proliferation and differentiation in the setting 

of HPV16-induced tumorigenesis.

MATERIALS AND METHODS

Transgenic mice and estrogen treatment

All procedures involving mice were performed using protocols reviewed and approved by 

the Johns Hopkins University Animal Care and Use Committee. Generation of K14-HPV16 

(HPV16tg) mice (FVB/N strain; obtained from the National Cancer Institute Mouse 

Repository, strain 01XT3) and HPV16tg/+;Krt17−/− mice has been described,5,22 as were 

relevant genotyping protocols.22 All mice were fed rodent chow and water ad libitum upon 

weaning. One-month-old virgin female mice were anesthetized using short exposure to 20% 

isoflurane (v/v in propylene glycol) and implanted subcutaneously in the dorsal region of the 

neck via surgical trocar with 90-day release, 0.05 mg 17β-estradiol pellets (Innovative 

Research of America, Sarasota, FL, USA). Animals were euthanized and tissue samples 

were harvested for histology, RNA and protein at 1-, 3-and 6 months post implantation. 

Male mice were excluded from this study. Mice deemed sickly by veterinary staff were not 

utilized. The sample size of mice required for this study was empirically determined from 

previous experience.22,23 Investigator blinding and randomization were not conducted.

Tissue collection, histology and RNA in situ hybridization

Tissues were harvested from three to five mice for each genotype (WT, HPV16tg/+; 

HPV16tg/+;Krt17−/−) at each time point (1-, 3- and 6 months) post implantation. For each 

mouse, both ears and the cervix were removed, quickly embedded in Tissue-Tec OCT 

compound (Sakura Finetek, Torrance, CA, USA) and stored at − 20 °C prior to sectioning. 

In total, 5–7 μM-thick tissue sections were subjected to histological stains as described.22 

Tissues used for RNA in situ hybridization were immediately fixed in freshly prepared 4% 

paraformaldehyde prior to embedding and processed for Aire in situ hybridization as 

described.22

RNA and protein isolation

Tissues of three to five mice for each genotype (WT, HPV16tg/+; HPV16tg/+; Krt17−/−) at 

each time point (1-, 3- and 6 months) post implantation were prepared for RNA and protein 

isolation using Trizol (Invitrogen, Carlsbad, CA, USA). Tissue was homogenized and 

directly underwent phase separation. Protein and RNA were isolated for each sample as 

directed by the manufacturer’s protocol. All protein lysates were prepared for 

immunoblotting in urea sample buffer as described.22 All RNA samples were treated with 

RNAse-free DNAseI (Qiagen, Valencia, CA, USA) and cleaned on RNEasy mini columns 

(Qiagen). Concentration and purity for all RNA samples were determined by 
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spectrophotometry. quantitative reverse transcriptase–PCR was performed and analyzed as 

described.22 A list of all target-specific oligonucleotide primers used for quantitative reverse 

transcriptase–PCR is provided in Supplementary Table S1.

Antibodies

Primary antibodies used included rabbit polyclonal antisera directed against K17,41 K14 

(Covance #AF64, Princeton, NJ, USA), K1 (Biolegend #AF109, San Diego, CA, USA), 

phospho-histone H3 (Cell Signaling #9701, Danvers, MA, USA), CDKN2A (Thermo 

Scientific #MA1-16664, Waltham, MA, USA) and filaggrin (Biolegend #PRB-417P); goat 

polyclonal antisera against S100A8 (Santa Cruz #SC-8113, Dallas, TX, USA); rat 

monoclonal antibodies against CD11b (eBiosciences #11-0112-81, San Diego, CA, USA), 

F4/80 (AbD Serotec #MCA497, Raleigh, NC, USA) and CD4 (BD Biosciences #550280, 

San Jose, CA, USA); and mouse monoclonal antisera against HPV E7 (Invitrogen 

#28-0006), PECAM-1 (Chemicon #CBL1337, Billerica, MA, USA), p63α (Genetex 

#GTX23239, Irvine, CA, USA) and β-actin (Sigma #A5441, St Louis, MO, USA). 

Secondary antibodies used included Alexa 488 (Invitrogen) for indirect immunofluorescence 

and goat anti-rabbit HRP (Sigma) and goat anti-mouse HRP (Sigma) for indirect 

chemiluminescence.

Western blotting, indirect immunofluorescence and microscopy

For immunoblotting, all samples were separated by 10% sodium dodecyl sulfate 

polyacrylamide gel electrophoresis, transferred to nitrocellulose membranes (Bio-Rad, 

Hercules, CA, USA), and subjected to immunoblot analysis using relevant antibodies. Blots 

were developed using ECL Select developing solution (GE Healthcare, Pittsburgh, PA, 

USA). For immunofluorescence analysis, all frozen tissue sections were blocked for 1-h at 

room temperature in 5% normal goat serum (in 1 × PBS) prior to application of primary 

antibody. Species-relevant immunoglobulin G controls (Santa Cruz) were used as negative 

controls. All tissue sections were imaged using a Zeiss fluorescence microscope with 

Apotome attachment. Images for the same marker were acquired at equal exposure, pixel 

range and gamma values. All images of a similar type were equally brightened, contrasted 

and cropped using ImageJ software for optimal presentation.

Image quantification and description of statistical methods

Signal quantification for western blots and K17, PECAM-1, K1 and S100A8 

immunofluorescence images was conducted using ImageJ software. A manual cell count 

was performed for the quantification of phospho-histone H3+, CD4+, F4/80+, CD11b+, p63+ 

and toluidine blue+ cells. Counts were conducted from 10–15 distinct images (20 × 

magnification) from three to five biological replicates per genotype. The number of cells 

stained positive relative to negative controls was manually counted and averaged first per 

mouse, and then per genotype. All densitometry quantifications were calculated by dividing 

the band intensity for the target of interest by the loading control, and then averaging all 

biological replicates across a similar trait (for example, time point, genotype). The 

papillation index was determined from 4–10 hematoxylin and eosin images (20 ×) of two 

mice with each genotype (WT, HPV16tg/+ and HPV16tg/+;Krt17−/−) at each time point (1, 3 

and 6 months post implantation). Length measurements for the epithelial-stromal interface 
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and the epithelial-lumen interface were determined using the freehand line selection and 

measure features in ImageJ software. All graphs were generated in either Microsoft Excel or 

Prism (GraphPad) software. All error bars represent the standard error of the mean (s.e.m.). 

All P-values were generated by simple t-test with two-sided distribution and equal variance 

(Microsoft Excel).

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Figure 1. 
Increased K17 expression correlates with cervical lesion progression. (a) H&E staining of 

transformation zone epithelium for wild-type (WT), HPV16tg/+ and HPV16tg/+;Krt17−/− 

mice at 1-, 3- and 6 months post implantation. Bar = 100 μm. (b) Immunoblots for Cdkn2a 

in cervical tissue of HPV16tg/+ and HPV16tg/+;Krt17−/− mice at 1-, 3- and 6 months post 

implantation. Each lane represents a distinct biological replicate. Actin serves as loading 

control. Densitometric quantification shown below. (c) Immunostaining for Cdkn2a (green) 

in transformation zone epithelium of WT, HPV16tg/+ and HPV16tg/+;Krt17−/− mice at 6 

months post implantation. Nuclei are stained with DAPI (blue). Dotted line separates 

epithelium (above line) from underlying stroma (below line). Bar = 100 μm. (d, e) 

Immunoblots for K17 in cervical tissue of (d) WT and (e) HPV16tg/+ mice at 1-, 3- and 6 

months post implantation. Each lane represents a distinct biological replicate. Actin serves 

as loading control. E7 indicates transgene expression. Densitometric quantification of K17 

expression normalized to WT shown at right. (f) Immunostaining for K17 (green) in 

transformation zone epithelium of HPV16tg/+ mice at 1-, 3- and 6 months post implantation. 

Nuclei are stained with DAPI (blue). Dotted line separates epithelium (above line) from 

underlying stroma (below line). Bar = 100 μm. All error bars are s.e.m. *P<0.05. NS; no 

significance.
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Figure 2. 
Markers of cervical lesion progression are attenuated with the loss of K17. (a) 

Immunostaining for phospho-histone H3 (PH3; green) in transformation zone epithelium of 

HPV16tg/+ and HPV16tg/+;Krt17−/− mice at 3 months post implantation. Nuclei are stained 

with DAPI (blue). Dotted line separates epithelium (above line) from underlying stroma 

(below line). Bar = 100 μm. Quantification of PH3+ cells per field at right. (b) 

Immunostaining for PECAM-1 (green) in underlying stroma of transformation zone 

epithelium of HPV16tg/+ and HPV16tg/+;Krt17−/− mice at 3 months post implantation. 

Dotted line separates epithelium (above line) from underlying stroma (below line). Bar = 

100 μm. Quantification of PECAM-1 pixel intensity per stromal area at right. (c) 

Quantification of toluidine blue-positive cells per field (images not shown) of transformation 

zone epithelium of WT, HPV16tg/+ and HPV16tg/+;Krt17−/− mice at 3 months post 

implantation. (d) Thickness (in μm) of transformation zone epithelium (left) and 

ectocervical epithelium (right) of WT, HPV16tg/+ and HPV16tg/+;Krt17−/− mice at 3 months 

post implantation. All error bars are s.e.m. *P<0.05.
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Figure 3. 
Inflammation is increased in cervical tissue in the absence of K17. (a, b) Normalized 

expression for gene transcripts in cervical tissue of HPV16tg/+ and HPV16tg/+;Krt17−/− mice 

at (a) 1 month post implantation and at (b) 3 months post implantation. (c–e) 

Immunostaining for (c) Cd4, (d) F4/80 and (e) Cd11b in transformation zone epithelium of 

WT, HPV16tg/+ and HPV16tg/+;Krt17−/− mice at 3 months post implantation. Nuclei are 

stained with DAPI (blue). Dotted line separates epithelium (above line) from underlying 

stroma (below line). Arrowheads denote intraepithelial immunostained cells. Bar = 100 μm. 

Graphs at right depict the number of intraepithelial immune cells per field across genotypes. 

All error bars are s.e.m. *P<0.05.
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Figure 4. 
Differentiation of cervical epithelia is induced in the absence of K17. (a) Normalized 

expression for S100a8 and S100a9 gene transcripts in cervical (left) and ear (right) tissue of 

HPV16tg/+ and HPV16tg/+;Krt17−/− mice at 3 months post implantation. (b) Immunoblots 

for S100a8 in cervical (top) and ear (bottom) tissues of WT, HPV16tg/+ and 

HPV16tg/+;Krt17−/− mice at 3 months post implantation. Each lane represents a distinct 

biological replicate. Actin serves as loading control. Densitometric quantification below. (c) 

Normalized expression for differentiation markers in cervical tissue of HPV16tg/+ and 

HPV16tg/+;Krt17−/− mice at 1 month (left) and 3 months (right) post implantation. (d) 

Immunoblots for K1 and filaggrin in cervical tissue of HPV16tg/+ and HPV16tg/+;Krt17−/− 

mice at 1 month post implantation. Each lane represents a distinct biological replicate. Actin 

serves as loading control. Densitometric quantification below. (e, f) Immunostaining for K1 

in (e) transformation zone epithelium and (f) ear skin epidermis of HPV16tg/+ and 
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HPV16tg/+;Krt17−/− mice at 1 month post implantation. Nuclei are stained with DAPI (blue). 

Dotted line separates epithelium (above line) from underlying stroma (below line). Bar = 

100 μm. All error bars are s.e.m. *P<0.05. NS; no significance.
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Figure 5. 
p63 expression is expanded throughout suprabasal cervical epithelium in the absence of 

K17. (a, b) Normalized expression for Sfn gene transcript in (a) cervical and (b) ear tissue 

of HPV16tg/+ and HPV16tg/+;Krt17−/− mice at 1 month post implantation. (c) 

Immunostaining for p63α in transformation zone epithelium of WT, HPV16tg/+ and 

HPV16tg/+;Krt17−/− mice at 1 month (left) and 3 months (right) post implantation. Nuclei 

are stained with DAPI (blue). Dotted line separates epithelium (above line) from underlying 
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stroma (below line). Bar = 100 μm. Graphs below depict the number of suprabasal cells 

immunopositive for p63 per field across genotypes. All error bars are s.e.m. *P<0.05.
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