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Abstract

Head and neck squamous cell carcinoma (HNSCC) is the sixth most common malignancy
worldwide, and patient outcomes using current treatments remains poor. Tumor development is
etiologically associated with tobacco or alcohol use and/or HPV infection. HPV positive
HNSCCs, which frequently harbor wild-type p53, carry a more favorable prognosis and are a
biologically distinct subgroup when compared to their HPV negative counterparts. HPV E7
induces expression of the human DEK gene, both in vitro and in vivo. In keratinocytes, DEK
overexpression is sufficient for causing oncogenic phenotypes in the absence of E7. Conversely,
DEK loss results in cell death in HPV positive cervical cancer cells at least in part through p53
activation, and Dek knockout mice are relatively resistant to the development of chemically
induced skin papillomas. Despite the established oncogenic role of DEK in HPV associated
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cervical cancer cell lines and keratinocytes, a functional role of DEK has not yet been explored in
HNSCC. Using an established transgenic mouse model of HPV16 E7 induced HNSCC, we
demonstrate that Dek is required for optimal proliferation of E7-transgenic epidermal cells and for
the growth of HNSCC tumors. Importantly, these studies also demonstrate that DEK protein is
universally up-regulated in both HPV positive and negative human HNSCC tumors relative to
adjacent normal tissue. Furthermore, DEK knockdown inhibited the proliferation of HPV positive
and negative HNSCC cells, establishing a functional role for DEK in human disease. Mechanistic
studies reveal that attenuated HNSCC cell growth in response to DEK loss was associated with
reduced expression of the oncogenic p53 family member, ANp63. Exogenous ANp63 expression
rescued the proliferative defect in the absence of DEK, thereby establishing a functional DEK-
ANp63 oncogenic pathway that promotes HNSCC. Taken together, our data demonstrate that
DEK stimulates HNSCC cellular growth and identify ANp63 as a novel DEK effector.
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Introduction

Head and neck cancer is a devastating disease with approximately 60% of patients
presenting with locally advanced disease.! Over 600,000 new head and neck cancers are
diagnosed each year worldwide, the vast majority representing squamous cell carcinomas
(SCCs).2 HNSCC has traditionally been associated with risk factors such as tobacco and
alcohol consumption; however, in recent years human papillomavirus (HPV), a well-known
cause of cervical cancer, has emerged as a new etiological pathogen. It is now established
that at least 25% of all HNSCCs carry HPV genomic DNA, predominantly of the high risk
HPV16 subtype.3 HPV positive HNSCCs are associated with improved survival for affected
patients, and such tumors are more sensitive to available therapies. This increased tumor
response is due at least in part to p53 tumor suppressor activation despite the presence of E6,
a viral oncogene which targets p53 through physical interactions and degradation.® ® Thus,
HPV positive and negative head and neck tumors are biologically distinct subtypes of
HNSCC. Regardless of HPV status however, achieving efficacy with radiation and
chemotherapy treatments remains notoriously difficult. This is due to the inherent molecular
heterogeneity of HNSCC, combined with patients presenting at late stage disease where
there is a high likelihood of local recurrence and metastasis. Thus, survival rates for patients
with HNSCC have not significantly improved in decades, highlighting the urgent need for
novel biomarkers and therapeutic targets.® Recent limited analysis of HNSCC tissue arrays
by our laboratory had suggested that DEK expression was up-regulated in the majority of
HPV negative HNSCCs.” Herein we extend these studies by analyzing a panel of primary
human tumors to determine DEK expression levels in both HPV positive and negative
HNSCCs, and define the functional role of DEK in regulating HNSCC growth in vitro and
in vivo.

The human DEK oncogene was first identified as a fusion with the CAN nucleoporin in
acute myeloid leukemia, and the DEK protein was subsequently purified based on its ability
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to modulate DNA topology.8 ® DEK is located primarily in the nucleus where it is bound to
chromatin and is rarely amplified or mutated, but frequently transcriptionally up-regulated in
a variety of malignancies. Transcriptional induction of DEK can occur through Rb-
dependent mechanisms in several tumor types; a finding which is consistent with the
original observation that DEK is induced by high risk HPV E7 expression in human
keratinocytes and up-regulated in HPV positive cervical cancer cells.10 DEK knockdown in
cervical cancer cells expressing the HPV E6 and E7 oncogenes, results in apoptosis that was
at least partially mediated through the stabilization of the p53 tumor suppressor.1!
Conversely, DEK overexpression in near-diploid immortalized keratinocytes that form skin
(NIKS) stimulated proliferation and suppressed differentiation in organotypic epithelial rafts
through a p53 independent mechanism.12 Effects of DEK loss beyond those dependent on
p53, however, remain undefined in human SCCs.

Dek~/~ mice are viable and are relatively resistant to benign papilloma formation in a
chemically induced skin carcinogenesis model, thus implicating DEK in tumor initiation.13
In order to test the requirement for Dek in a malignant SCC model system in vivo, we
utilized a transgenic HNSCC mouse model. Therein, HPV E7 is targeted to the stratified
squamous epithelium with the keratin 14 promoter (K14E7) and mice develop rapid and
highly penetrant tongue and esophageal tumors upon addition of the mutagen 4-
nitroquinoline-1-oxide (4-NQO) to the drinking water.14 To determine whether Dek
expression is important for HNSCC development, K14E7 mice in a Dek proficient and
deficient background were subjected to 4-NQO treatment. Transgenic K14E7 Dek~/~ mice
exhibited decreased epidermal cell proliferation and attenuated tumor growth as compared to
K14E7 Dek*/* mice. Importantly, Dek was not required for proliferation in non-transgenic
mice, indicating that cellular growth suppression by Dek is specific to the oncogenic
stimulus induced by E7. Complementary studies in primary human HNSCC tumor tissue
and cells demonstrate that DEK protein expression is universally up-regulated regardless of
HPV status and that DEK supports tumor cell proliferation. Finally, we show for the first
time that DEK promotes HNSCC growth through a ANp63 dependent mechanism, thus
identifying ANp63 as a novel downstream effector of DEK function.

Dek knockout mice exhibit attenuated HNSCC development in vivo

High risk E7 protein was previously shown to stimulate DEK expression in vitro and in vivo,
and DEK up-regulation was sufficient to stimulate oncogenic phenotypes in cellular models
of SCC.10. 13 T directly determine the functional role of Dek in HPV E7 driven HNSCC,
we tested the requirement for Dek in an established K14E7-driven mouse model of
HNSCC.15 K14E7 transgenic mice were crossed into a Dek knockout background to
generate K14E7 Dek™~ which were compared to K14E7 Dek*/* mice. Non-transgenic Dek
wild-type and knockout mice were generated as controls. All mice were treated with 4-NQO
for 16 weeks followed by normal drinking water for 8 weeks. At this 24 week time point, all
mice were sacrificed and analyzed for tumor development. K14E7 Dek~'~ mice trended
towards increased survival compared to the K14E7 Dek*/* mice; 82% of the K14E7 Dek*/*
mice died prior to sacrifice, compared to 43% of the K14E7 Dek™~ mice (Figure 1a). The
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cause of premature death for the K14E7 Dek*/* and one of three K14E7 Dek™~ mice was
likely due to tumor burden. The cause of death for the remaining two K14E7 Dek~/~ mice is
unknown. A representative section from a K14E7 Dek*/* mouse confirms Dek is highly
expressed in the tumor (Figure 1b). The results of the pathological analyses for these tumors
are summarized in Figure 1c. As expected from the literature,® all 11 of the K14E7 Dek*/*
mice developed SCCs of the tongue and esophagus (Figure 1c), whereas the non-transgenic
mice had no macroscopic tumors at the time of sacrifice. In contrast to K14E7 Dek*/* mice,
only one of seven K14E7 Dek~/~ mice developed a visible tumor. K14E7 Dek~/~ mice did
have microscopic tumors indicating that Dek is not required for tumor initiation in this
model (Figure 1b). Importantly, Dek loss was associated with smaller tumors indicating that
Dek promotes HNSCC growth.

Dek loss suppresses E7-dependent proliferation in the tongue epidermis

We next sought to determine the underlying cellular mechanism responsible for the
observed HNSCC growth suppression in K14E7 Dek ™'~ mice. DEK was shown to inhibit
apoptosis and stimulate proliferation in vitro, depending on the cellular and experimental
context. Accordingly, we assessed for both biological processes in E7-transgenic Dek
proficient and deficient epidermis. Apoptotic cells were not detected by cleaved caspase-3
detection (data not shown) indicating that increased cellular death did not account for the
decrease in tumor growth in Dek knockout mice. As was previously published, K14E7
transgene expression was associated with hyperplasia and an increase in BrdU positive cells
in both the basal and suprabasal compartments as compared to the non-transgenic controls
(Figure 2a and 2b).16 Importantly, K14E7 Dek~/~ mice displayed decreased proliferation
when compared to K14E7 Dek*/* epidermis, with proliferative rates repressed to baseline
levels observed in non-transgenic mice (Figure 2b). Dek loss alone was not sufficient to
decrease cellular proliferation in the absence of E7 expression. Taken together, these
findings support the notion that Dek up-regulation is required for E7 driven epidermal
proliferation, and that cellular growth suppression in response to Dek loss in vivo occurs
specifically in the oncogenic environment induced by E7.

DEK protein expression is up-regulated in human HNSCC regardless of HPV status

DEK mRNA and protein expression is up-regulated in multiple cancer types including
breast cancer, melanoma, and hepatocellular carcinomal’=20 and is also induced in response
to E7 expression.10 We previously reported DEK up-regulation in high risk HPV positive
and HPV negative HNSCC tissue microarrays; however, analyses were limited for HPV
positive tumors since only 4/44 (9%) of the examined samples were HPV positive by in situ
hybridization.” Additionally, potential associations with demographic and clinical
information were not examined. The current analysis extends these prior studies by
performing rigorous HPV testing with maximal sensitivity for the detection of HPV16
genome sequences. HPV16 is the most prevalent HPV type in HNSCCs. We also analyzed
relevant clinical characteristics including parameters characteristically associated with HPV
status. Additionally, optimal tissue preservation was ensured by analyzing human HNSCC
specimens that were freshly biopsied or resected with immediate processing and uniform
preparation for IHC analysis to detect DEK protein expression. Table 1 depicts HPV status
as determined by in situ hybridization by two independent institutions, along with highly
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sensitive RT-PCR for HPV16 sequences, as well as primary tumor site, tumor stage, p16
status, history of cigarette and alcohol consumption, and determination of DEK protein
expression. HPV presence and DEK expression are quantified in the table, and a detailed
description of the relevant values is provided in the Materials and Methods. Expression of
the cyclin-dependent kinase inhibitor p16 is a clinical marker for HPV presence. Chart
review indicated that 10/18 (56%) of HNSCCs tested were positive for p16 expression. HPV
positive status was detected in 8/18 (44%) specimens by in situ hybridization at Site 1
(Figure 3a), which detects multiple high-risk HPV types, with examples of HPV negative
and HPV positive specimens shown. Highly sensitive in situ hybridization for HPV16 at Site
2 identified two additional HPV positive specimens (10/18 or (56%)). Finally, RT-PCR
identified one additional HPV16 positive specimen, (11/18) resulting in 61% of the tumors
being HPV positive. All samples were subjected to IHC for DEK expression (Figure 3a).
The intensity of DEK protein expression and the proportion of tumor cells positive for DEK
were determined relative to adjacent normal tissue using the grading system depicted in
Figure 3b and summarized in Table 1. Interestingly, strong DEK expression was detected in
all tumors regardless of HPV status, tumor stage or demographic information. Neither the
level of DEK expression nor the DEK-positive proportion of tumor cells correlated with
HPV status (Table 1, Figure 3a, b). Taken together, these data indicate that DEK protein is
universally over-expressed in HPV16 positive and negative HNSCCs.

DEK expression stimulates growth of HPV positive and negative human HNSCC tumor

cells

In order to determine the importance of DEK expression in human HNSCC cells, we next
analyzed a panel of HNSCC cell lines that were transduced with non-targeting or DEK
knockdown vectors. One HPV positive line, 93VU147T, and two HPV negative lines,
UMSCC1 and UMSCCS6, were analyzed following DEK knockdown confirmed by western
blot analysis (Figure 4a—c). DEK knockdown consistently suppressed cellular growth in
both HPV positive and HPV negative cell lines (Figures 4a—c). Moreover, growth
suppression was associated with reduced proliferation in vitro as was observed in the E7-
positive epidermis in the in vivo mouse model. BrdU incorporation was significantly
reduced in all cell lines after DEK knockdown, indicating decreased progression into S
phase in the absence of DEK (Figure 4a—c). Together, these data demonstrate that DEK loss
in human and murine HNSCC cells attenuates tumor cell growth through suppression of
cellular proliferation.

ANp63 protein expression is regulated by DEK and is functionally important

Our previous studies uncovered p53 dependent oncogenic function for DEK in HPV positive
cervical cancer cells. p53 remains intact, yet is bound and degraded by E6 leading to
suppressed p53 activity in HPV positive cells. In line with previous results in HeLa cells,
DEK knockdown in HPV positive, primary CCHMC-HNSCCL1 cells resulted in the up-
regulation of p53 protein levels, as well as increased phosphorylation of Serinel5 on p53
indicating p53 activation (Figure 5a). In contrast, p53 is mutated in the majority of HPV
negative HNSCCs and is not expressed in HPV negative UMSCC1 and UMSCCS6 cells (data
not shown, and® 21). Given that the growth of all three HNSCC cell lines was suppressed by
DEK knockdown, p53 activity alone could not account for the proliferative defects

Oncogene. Author manuscript; available in PMC 2015 August 12.



1duosnuen Joyiny 1duosnue Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

Adams et al.

Page 6

associated with DEK depletion. The p63 family of proteins is related to p53 and expressed
from two promoters, resulting in two distinct groups of p63 isoforms, TAp63 and ANp63,
which have opposing functions. TAp63 functions as a tumor suppressor much like p53,
while ANp63 has oncogenic functions. ANp63 is the predominant p63 isoform in
keratinocytes and is overexpressed in the majority of HNSCCs.22 Mechanisms driving
ANp63 up-regulation are complex and incompletely understood.22-24 Qur previous data
demonstrated that DEK overexpression in human keratinocytes increases ANp63 protein
expression and the numbers of ANp63 positive cells in the basal layer of organotypic
epithelial rafts.12 We therefore determined the effect of DEK loss in HNSCCs on ANp63.
Lentiviral DEK knockdown in UMSCC1 and 93VU147T cells decreased ANp63 protein
levels (Figure 5b). Furthermore, DEK loss in HPV positive or negative primary HNSCC cell
populations also reduced ANp63 protein expression (Figure 5¢) and IHC on consecutive
CCHMC-HNSCC1 human tissue demonstrates DEK and ANp63 are strongly expressed in
similar areas of the tumor (Figure 5d). Reduction of ANp63 was not associated with
decreased mRNA levels indicating that DEK dependent control of ANp63 levels is not
mediated through transcriptional regulation (Figure 5e); a finding which implicates DEK in
a post-transcriptional mechanism controlling ANp63 levels. To determine whether the
observed ANp63 repression in DEK-depleted cells was functionally relevant, HA-tagged
human ANp63 was exogenously expressed in adenovirally DEK-depleted UMSCCL cells to
determine if the proliferation defect in DEK deficient cells could be rescued by restoring
ANp63 levels (Figure 5f). ADDEKSsh infection alone resulted in significantly reduced cell
growth similar to the effects of lentiviral knockdown in Figure 4 and published data in
cervical cancer cells.12 Expression of HA-ANp63 rescued the cellular growth defect in
DEK-deficient cells, but did not increase the growth of DEK-proficient cells (Figure 5g).
These data demonstrate that DEK expression in HNSCC cells is required for maintenance of
ANPp63 protein expression and indicate that DEK-dependent cellular growth in HNSCC cells
is at least in part mediated by ANp63.

Discussion

HNSCC is a devastating disease causing approximately 350,000 deaths per year.2> Thus,
development of novel therapies and identification of clinically relevant disease biomarkers
and molecular targets is of paramount importance. Current chemotherapeutic strategies
result in major toxicity, and surgical resection leads to debilitating physiological side effects
and permanent disfigurement. Although there have been promising advancements in the
field, it is unlikely that any singular treatment will drastically increase survival, and early
tumor detection remains a priority and major challenge. While HPV positive tumors are
associated with an improved prognosis over their HPV negative counterparts, outcomes still
remain less than optimal. Biological and molecular commonalities and differences between
HPV positive and HPV negative HNSCCs are only beginning to emerge.> 26 Thus, studies
of molecular pathways that mark and drive HNSCC need to be examined in parallel in these
two biologically distinct subtypes. Therefore, our analyses of the expression and role of the
human DEK protein were carried out in tumors that were carefully analyzed for the presence
of high-risk HPV, with a focus on HPV16, together with associated patient and tumor
characteristics. Expression of p16 is considered an excellent clinical marker of HPV positive
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tumor status. Indeed, positive staining for p16 was in agreement with the detection of HPV
sequences by in situ hybridization in 70% (7/10) and 80% (8/10) of the specimens at two
testing sites. However, one of ten p16 positive specimens (CCHMC-HNSCC13) was HPV16
negative by three different analyses, suggesting a need for independent confirmation of HPV
status to avoid false positive results. Two specimens of unknown p16 status were
additionally identified as HPV positive. All together, 61% of the HNSCC tumor specimens
analyzed were determined to harbor high risk HPVV16 DNA sequences. Importantly, 100%
of the tumor samples showed strong DEK over-expression regardless of HPV status.
However, it is important to note that our studies were primarily limited to oropharyngeal
HNSCC tumors and may not represent HNSCCs as a whole. Comparisons with published
DEK expression studies in breast cancer suggest some notable distinctions in HNSCCs
which need to be investigated further. One report on breast cancer by our laboratory
demonstrated that the proportion of DEK-expressing cells, but not per-cell staining intensity,
increases with disease progression from normal breast epithelium to hyperplastic, and finally
to malignant tumors.18 A second report by Liu et al. associated increasing DEK expression
levels with increasing tumor stage.2” We note that for stage I-111 specimens, the proportion
of DEK positive tumor cells, as well as the staining intensity of the DEK oncogene, were
already maximal (Table 1), thus suggesting that DEK may be particularly useful as a
biomarker to detect early stage HNSCCs where identification is most beneficial for the
patient. Regarding the molecular mediators driving DEK protein over-expression,
transcriptional up-regulation of DEK message has been reported for a multitude of human
tumors and has been ascribed to distinct transcriptional mechanisms in different cell and
tumor types.10:28.29 |n HPV positive cervical cancer cells, DEK expression is driven by the
high risk HPV E7 oncoprotein through Rb pocket protein dependent mechanisms. It is likely
that in HPV positive HNSCCs, E7-dependent DEK regulation occurs in a similar fashion,
whereas in their HPV negative counterparts, Rb mutations might be at play.

A requirement for Dek expression in genetic mouse models of cancer, and specifically
during SCC development in vivo, has remained unexplored. We utilized an established E7-
driven, 4-NQO dependent mouse model of HNSCC and demonstrate that Dek expression is
important for the proliferation of epidermal keratinocytes and for sustained tumor cell
growth. The presence of microscopic tumors in the Dek knockout tongues shows that Dek is
not required for tumor initiation in this 4-NQO-dependent system. The fact that Dek loss
attenuated cellular proliferation specifically in the E7 oncogene expressing, but not in
control epidermis, indicates the existence of a therapeutic window for targeting DEK. DEK
depletion may represent a reasonably tumor specific approach that can be exploited for
tumor prevention and cancer therapy in HNSCC patient populations and beyond. Along
these lines, a degree of specificity for targeting DEK functions has been supported by earlier
in vitro studies, where DEK expression was highest in HPV positive cervical cell lines,
lower in normal, primary keratinocytes, and lowest in differentiated keratinocytes.10: 12
Broad HNSCC cancer cell addiction to DEK over-expression was observed in both HPV
positive and negative HNSCC lines. Previously published data demonstrate that in HeLa
cells, DEK loss was associated with apoptosis and senescence by a mechanism that at least
partially involved up-regulation and activation of p53.11 Similarly, DEK depletion in HPV
positive HNSCCs led to p53 up-regulation. However, in light of the fact that HPV negative
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HNSCCs respond to DEK knockdown, we sought to identify p53-independent DEK
effectors.

Expression of the ANp63 member of the p53 protein family has been implicated in the
maintenance of stem and progenitor cells in various epithelia. In fact, ANp63 was recently
shown to be essential for reprogramming mouse embryonic fibroblasts as measured by
pluripotent stem cell phenotypes such as colony formation by alkaline phosphatase stain and
teratoma formation.30 Such activities in cellular stemness are supported by the restricted
expression of ANp63 in the basal cell layer of the epidermis where keratinocyte stem and
progenitor cells reside. On the other hand, ANp63 has been implicated in triggering terminal
differentiation.31: 32 The role of ANp63 in stem cell functions is therefore complex, and the
extent to which ANp63 regulates stem cell proliferation, differentiation or a combination of
both remains controversial. Apart from pluripotent stem cells, ANp63 is now recognized as a
somatic stem cell marker in other types of epithelium, highlighting the importance of this
protein in multiple developmental contexts.33 p63~/~ mice are well characterized for their
severe developmental defects at birth including the lack of appendages, squamous
epithelium, and hair follicles, and not surprisingly, recent work implicates the loss of the
ANPp63 isoform as the largest contributor to these phenotypes.34-38 Not surprisingly,
maintaining appropriate levels of ANp63 is critical for preserving epithelial integrity and
suppressing transformation. Indeed, overexpression of ANp63 is considered oncogenic in
HNSCC, and p63 amplification and mutation have been reported in a subset of

HNSCCs.22: 23, 37 Regulation of ANp63 expression is complex and can occur at both
transcriptional and post-transcriptional levels. Here, we report that DEK controls ANp63
expression via a post-transcriptional mechanism. Importantly, exogenous ANp63 expression
in DEK-depleted cells rescued cancer cell growth demonstrating that DEK-dependent
ANPp63 expression is functionally important for promoting HNSCC growth. DEK activities
can thus be placed upstream of ANp63, where targeting DEK results in decreased levels of
this recognized oncogene that contributes to SCC pathogenesis.2? Future work will examine
the mechanism(s) whereby DEK regulates ANp63. Given that ANp63 expression in DEK
deficient tumor cells did not completely restore proliferation to the level of control cells, we
cannot rule out the possibility that other DEK effectors exist and contribute to tumor cell
growth in vitro and in vivo. Taken together, our results suggest the existence of a new
ANp63-DEK signaling axis, which promotes proliferation in HNSCC.

Materials and Methods

Cell culture

HPV negative UMSCC1 and UMSCCS6 head and neck cancer cells were maintained in
Dulbecco’s modified Eagle medium (DMEM, Gibco, New York, USA) supplemented with
1% hydrocortisone, 10% fetal bovine serum (FBS), antibiotics and antifungals. HPV
positive 93VU147T head and neck cancer cell lines were maintained in the same media but
without hydrocortisone.
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Lentiviral transduction

Cells were transduced at 30% confluency with lentiviral pLKO.1 non-targeting control
(NTsh) or pLKO.1 DEK832 (DEKsh2) (Sigma-Aldrich Mission shRNA library) as
previously described.18 38 A final concentration of 8 pg/mL polybrene was added for each
transduction. Cells were selected and carried in Lug/mL of puromycin for primary cultures
or in 1.25 pg/mL for established cell lines, and were independently transduced for each
experiment.

Adenoviral transduction

Cells were transduced at 40% confluency with adenoviral control vector (AdGFP) or
adenoviral DEK knockdown (AdDEKSsh) at 10 infectious units per cell as previously
published.! Protein lysates were collected 72 hours post-infection.

Primary human head and neck cancer specimens

Human HNSCC tissues were freshly obtained with IRB approval at the time of surgical
resection or biopsy. Chart review was performed to determine patient demographics, risk
factors and histopathological characteristics. Tissues were immediately placed in F-media.12
A portion of the tissues was fixed in 4% paraformaldehyde and embedded in paraffin for
immunohistochemical analysis. A second portion of each specimen was also cultured in F-
media on irradiated J2-3T3 mouse fibroblasts for primary cell culture as described
previously.39 Resulting cell populations were considered primary if passaged fewer than 15
times. Tissue sections were subjected to hemotoxylin and eosin (H&E) staining to confirm
the presence of squamous cell carcinoma.

HPV detection

For in-house HPV analysis (Site 1), tissue sections were deparaffinized and subjected to in
situ hybridization using standard DNA probes specific for 12 high risk HPV types including
16 and 18 types provided by Ventana Medical Systems (INFORM HPV Ill Family 16 Probe
(B)). Sections were then incubated with a fluorescein-tagged DNA probe and counterstained
using the automated Ventana BenchMark instrument (Ventana Medical System, Tucson,
AZ, USA). Further HPV detection by in situ hybridization and real-time TagMAN PCR
assays (Site 2) was previously described by the Gillison laboratory.4? Briefly, all 21
CCHMC-HNSCC specimens were evaluated for HPV16 using a biotinlyated probe
(Genpoint, Dako, Copenhagen, Denmark) and were considered positive based on nuclear
staining in tumor cells. Real-time PCR was performed on formalin-fixed, paraffin-embedded
specimen (FFPE) extracted DNA, and interrogated for HPV16 sequences. Human
endogenous retrovirus-3 (ERV3) was used as the internal control. Threshold for positivity is
any value above 1 HPV copy as determined by calculating the ratio of HPVV16/ERV3 and
accounting for total percentage of tumor present.

Evaluation of patient clinical characteristics

Chart review was performed to extract relevant clinical information for each patient. For
Table 1, any patient who currently smokes or who smoked previously was designated as a
smoker. Alcohol consumption was assigned to patients who self-reported moderate to heavy
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drinking and not social or occasional drinkers. Patients who answered no to either smoking
or drinking were designated as such. Expression of p16, a marker of HPV positivity, was
also noted if clinically determined. Quantitation of DEK positive staining by
immunohistochemistry was carried out as follows: The number of cells with positive
staining for DEK was quantified as: 3= >90% positive tumor cells, 2= 10-50% positive
tumor, 1= <10% positive tumor cells. The overall intensity of DEK staining was determined
as W (weak), V (variable) or S (strong) as compared to surrounding non-neoplastic
squamous epithelium. The overall DEK status is then labeled by a combination of these
values. For instance, ‘3S’ in Table 1 indicates this tumor specimen is maximally positive for
DEK staining intensity and for the proportion of DEK-expressing cells.

Transgenic and knockout mouse models

The K14E7 head and neck cancer mouse model and Dek~/~ mouse were previously
described.16:13 Dek~'~ mice were backcrossed into an F/VBN background and E7 was
maintained in a heterozygous state. For generation of K14E7 Dek™/~ mice, female Dek™/~
mice were crossed with K14E7 males. The following primer sets were used for genotyping:
Dek wild-type allele (5’-CGA ACT CGT GAA GAG GAT CTT GA-3, 5-ATG TGT CAG
GCT GCA TCT CCA ATG-3’), Dek knockout allele (5’-ATC CAT CAT GGC TGA TGC
AAT GCG-3,5’-TGG AAG GTA AAG AGT GGC CCT TA-3’), E7 transgene (5’-ACT
CTACGC TTC GGT TGT GCG TA-3’, 3’-GCA CAC AAT TCC TAG TGT GCC
CAT-5). Mouse use and handling was carried out in accordance with the American
Association for Accreditation of Laboratory Animal Care and the Cincinnati Children's
Hospital Veterinary Care Facility according to a protocol approved by the Institutional
Animal Care and Use Committee to S.I. Wells.

Head and neck cancer induction

Eight week old transgenic and non-transgenic mice were administered the chemical
carcinogen and tumor initiator 4-NQO in the drinking water at 10 pg/ml as previously
published* for a period of 16 weeks and then returned to normal water for 8 weeks. One
hour prior to sacrifice, mice were injected intraperitoneally with 6ug/ gram of mouse weight
of bromodeoxyuridine (BrdU) (BD Biosciences, San Jose, CA, USA). Mice were analyzed
either upon premature death, or at 24 weeks after timed sacrifice. Sacrifice occurred upon
moribund appearance due to the tumor burden which prevented the mice from eating and
drinking. In the case of the K14E7 Dek™/~ mice, two of three mice died prematurely from
unknown causes. Gross and microscopic tumors were recorded. Tongue and esophagus were
collected for histological analyses.

Histological analysis and immunohistochemistry

Mouse tissues were fixed in 4% paraformaldehyde, embedded in paraffin, sectioned at 5 um
thickness, and fixed onto slides. Routine H&E stained sections were analyzed for
histopathology.1 Paraffin sections were deparaffinized in xylene and rehydrated for antigen
retrieval in sodium citrate. Sections were then treated with the Mouse on Mouse peroxidase
immunostaining kit (Vector Labs, Burlingame, CA, USA). Sections were stained with
diaminobenzidine (DAB) and counterstained with Vector Laboratories hematoxylin QS or
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Nuclear Fast Red (Poly Scientific, Bay Shore, NY, USA) and mounted with Permount
(Fisher Scientific, Pittsburgh, PA, USA). Staining was detected with a Leica DM2500
microscope and LAS software (Leica Microsystems Inc., Buffalo Grove, IL, USA), and
images were captured at the indicated magnifications. Antibody dilutions were used as
follows: BrdU (1:100, Invitrogen), p63a (1:100, Santa Cruz (H-129), Dallas, TX, USA) and
DEK (1:50 and 1:100, BD Transduction).

Western blotting

Whole cell lysates were harvested with RIPA buffer containing protease and phosphatase
inhibitors or Laemmli buffer containing phosphatase inhibitors. 20 ug total protein was
analyzed by western blotting as previously described.11 Membranes were probed with DEK
(1:1000, BD Biosciences), p53 (1:1000, Cell Signal (1C12), Boston, MA, USA), phospho-
serinel5 p53 (1:1000, Cell Signal), ANp63 (1:200, Santa Cruz (4A4)) or actin (1:10,000; a
gift from James Lessard, Cincinnati Children’s Hospital Medical Center).

Growth curves

Following selection, lentivirally transduced cells were plated in triplicate at an equal density
of 100,000 cells/well. The cells were then trypsinized, counted on a hemacytometer and total
cell number was calculated for each time point. Data represent two independent
experiments.

Flow cytometry

BrdU incorporation was assessed as described previously.28 Briefly, HNSCC cells were
plated in equal numbers and labeled with 10 uM BrdU for 2 hours. Collected cells were
prepared following the BD Pharmingen APC BrdU Flow kit instructions, analyzed on a BD
FacsCalibur, and data further analyzed with FlowJo software (Tree Star, Ashland, OR).
Samples were analyzed in triplicate and data represents two independent experiments.

Quantitative RT-PCR

MRNA was harvested using Trizol reagent (Invitrogen, Carlsbad, CA, USA) from
transduced cells immediately following puromycin selection. 1 ug of RNA was reverse
transcribed to cDNA using the QuantiTect Reverse Transription kit (Qiagen, Valencia, CA,
USA). cDNA expression was detected using SYBR green master mix (Applied Biosystems,
Carlsbad, CA, USA) on an ABI7300 Real Time PCR machine (Applied Biosystems). Data
was analyzed using the AACt method. Primers were as follows: (1) ANp63 Forward: 5’-
GGAAAACAATGCCCAGACTC-3’ Reverse: 5’-GTGGAATACGTCCAGGTGGC-3’ (2)
DEK Forward: 5’-TGT TAAGAAAGCAGATAGCAGCACC-3’ Reverse: 5’-
ATTAAAGGTTCATCATCTGAACTATCCTC-3’ (3) GAPDH Forward: 5’-
GGTCTCCTCTGACTTCAACA-3’ Reverse: 5’-ATACCAGGAAATGAGCTTGA-3".
ANp63 primers were previously published.*!

Cellular proliferation rescue experiments

400,000 cells were plated and transduced with adenovirus on the following day, as described
above. Twenty-four hours post-infection, cells were transfected in duplicate with 4 ug of the
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control (pcDNA) or ANp63 construct (human HA-ANp63), along with 1 ug of dsRed as a
transfection efficiency control. DNA was added to Opti-MEM (Gibco), followed by
DharmaFECT 1 Transfection Reagent (Fisher) and added drop-wise to the cells. Total cell
counts were determined by hemacytometer counts 72 hours post-infection. This represents
three independent experiments.

Statistical significance was calculated using GraphPad Prism 6 software (La Jolla, CA,
USA). Student’s two-tailed t-test was used for experiments where noted, with **=p<.01 and
***=p<.001.
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Figure 1. Dek loss protects from HNSCC tumor promotion in vivo
(a) Dek loss prolongs survival in a murine model of HNSCC. Nine of eleven K14E7 Dek*/*

were sacrificed prematurely due to moribund appearance, whereas only three out of seven
K14E7 Dek™~ mice were sacrificed early. (b) Immunohistochemistry depicting a K14E7
Dek*/* mouse tumor that stains positive for DEK, with arrows representing examples of
positive cells. (c) Mice were sacrificed at 24 weeks for gross macroscopic and microscopic
tongue and esophagus lesion analysis. Tumors grade was determined histologically as
previously describe for this 4-NQO-driven HNSCC models*? and representative images are

Oncogene. Author manuscript; available in PMC 2015 August 12.



1duosnue Joyiny 1duosnuely Joyiny 1duosnuey Joyiny

1duosnue Joyiny

Adams et al.

Page 16

shown. One K14E7 Dek™~ mouse had microscopic tumors in both the tongue and
esophagus, hence the number of microscopic tumors in this group totals 8 for the 7 mice.
Original magnifications are at 200x. p=.0893 as determined by log-rank (Mantel-Cox) test.
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Figure 2. Dek loss attenuates E7-driven proliferation in tongue epidermis
(a) H&E stained images of Dek-proficient and Dek-deficient E7-trangenic tongue epidermis

showing epithelial hyperplasia are shown at a total magnification of 200x. (b) Mice were
injected with BrdU prior to sacrifice, and immunohistochemistry done to detect BrdU
positive cells in the pre-malignant tongue epidermis. Representative images with arrows
denoting BrdU positive cells are shown. The percentage of epidermal BrdU positive cells
was determined by counting >1000 cells in sections from 4 K14E7 Dek*/*, 4 K14E7 Dek~/~,
4 nontransgenic Dek*/*, and 3 nontransgenic Dek™/~ mice. Tongues from K14E7 Dek*/*
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mice harbored significantly more BrdU positive cells as compared to K14E7 Dek™'~ mice.
**=p<0.01 by two-tailed t-test.
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a.

Figure 3. DEK protein expression is universally up-regulated in human HNSCC
(a) Tumor specimens were sectioned, H&E stained for morphology to confirm the diagnosis

of HNSCC, and subjected to in situ hybridization for dectection of high-risk HPV
sequences. Representative HPV positive (Specimen B) and HPV negative (Specimen A)
tumors are shown. Strong DEK expression was observed in both HPV positive and negative
tumors as compared to adjacent non-neoplastic epithelium. (b) The percentage of DEK
positive cells on each section was estimated and staining intensity determined as described
in the Materials & Methods. Representative images and scores are shown along with the
corresponding H&E image. Original magnification 200x; insets 1000x.
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Figure 4. DEK knockdown attenuates the proliferation of HPV positive and negative HNSCC
cell lines

(a—c, left panels) HPV positive and HPV negative cell lines were lentivirally transduced
with control or DEK-specific ShRNA, selected in puromycin, and plated in equal cell
numbers for cell counts taken over the course of four days. Western blot analysis indicates
DEK knockdown is below the level of detection in all cell lines, with actin used as a loading
control. DEK loss substantially decreased total cell numbers on day 3 and 4, regardless of
HPV status. Data represents the average of two independent experiments with each sample
measured in triplicate. Error bars indicate standard deviation (SD). (a—c, right panels)
Control and DEK knockdown cells were incubated with BrdU for 2 hours and BrdU positive
cells determined by flow cytometry. Representative contour plots show BrdU positive gating
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for NTsh and DEKsh cells. Data represents the average of two independent experiments
with each sample measured in triplicate. Error bars indicate standard deviation (SD).
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Figure 5. DEK promotes cellular growth by up-regulating ANp63
(a) Western blot analysis using CCHMC-HNSCC1 cell lysates shows phospho-ser15 p53

and total p53 up-regulation after DEK knockdown with sShRNA as compared to control
shRNA. (b) Western blot analysis of UMSCC1 and 93VU147T cells shows reduced ANp63
protein levels in DEKshRNA compared to control shRNA lentiviral infected cells and
similarly with adenovirally infected UMSCC1 cells. (c) Primary human-derived cell

populations CCHMC-HNSCCL1 (HPV positive) and CCHMC-HNSCC3 (HPV negative) also
show reduced levels of ANp63 with DEKShRNA as compared to NTsh controls, with
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densitometry depicted in the graph to the right for CCHMC-HNSCCL1. (d)
Immunohistochemistry for DEK and ANp63 have similar expression patterns in the
CCHMC-HNSCC1 tumor specimen. Dashed boxes indicate expanded area with
representative pictures below. Original magnifications at 200x. (e) qRT-PCR indicates
ANp63 mRNA levels are not reduced with DEK loss in either cell line. GAPDH was used as
the internal control with relative expression determined by the AACt method. (f) UMSCC1
cells were transduced with AdDEKSsh or control AJGFP adenovirus and transfected with
control (pcDNA) or human HA-ANp63 constructs on the following day. dsRed was used in
all samples as a transfection efficiency control. DEK and ANp63 expression levels were
verified by western blot analysis. (g) Viable cells from panel (f) were counted on day 3.
Exogenously expressed ANp63 increased the total number of cells in the presence of
AdDEKSsh but not in control cells. Error bars indicate standard error of the mean (SEM)
from 3 independent experiments. NS=not significant, **=p<.01 and ***=p=<.001 as
determined by paired two-tail t-test.
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