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Abstract

Background: The developmental transcription factor Grainyhead-like 3 (GRHL3) plays a critical tumor suppressor role in

the mammalian epidermis through direct regulation of PTEN and the PI3K/AKT/mTOR signaling pathway. GRHL3 is highly
expressed in all tissues derived from the surface ectoderm, including the oral cavity, raising a question about its potential
role in suppression of head and neck squamous cell carcinoma (HNSCC).

Methods: We explored the tumor suppressor role of Grhl3 in HNSCC using a conditional knockout (Grhl3%/-/K14Cre+) mouse
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line (n = 26) exposed to an oral chemical carcinogen. We defined the proto-oncogenic pathway activated in the HNSCC
derived from these mice and assessed it in primary human HNSCC samples, normal oral epithelial cell lines carrying
shRNA to GRHL3, and human HNSCC cell lines. Data were analyzed with two-sided chi square and Student’s t tests.

Results: Deletion of Grhl3 in oral epithelium in mice did not perturb PTEN/PI3K/AKT/mTOR signaling, but instead evoked
loss of GSK3B expression, resulting in stabilization and accumulation of c-MYC and aggressive HNSCC. This molecular
signature was also evident in a subset of primary human HNSCC and HNSCC cell lines. Loss of Gsk3b in mice, independent
of Grhl3, predisposed to chemical-induced HNSCC. Restoration of GSK3B expression blocked proliferation of normal oral
epithelial cell lines carrying shRNA to GRHL3 (cell no., Day 8: Scramble ctl, 616 +21.8 x 10° vs GRHL3-kd, 1194+44 X 103,

P < .001; GRHL3-kd vs GRHL3-kd + GSK3B, 800+98.84 X 10% P = .003) and human HNSCC cells.

Conclusions: We defined a novel molecular signature in mammalian HNSCC, suggesting new treatment strategies targeting

the GRHL3/GSK3B/c-MYC proto-oncogenic network.

Head and neck squamous cell carcinoma (HNSCC) is a hetero-
geneous disease, and different subclasses have been proposed
based on etiology and mutational spectrum (1,2). Recently, anal-
ysis of whole exome sequencing from 74 HNSCC-normal pairs
identified mutations in genes that regulate squamous differen-
tiation (2), implicating dysregulation of this process as a driver
of these cancers. On this basis, we hypothesized that the Grainy
head-like 3 (GRHL3) gene, a member of a highly conserved family
of transcription factors critical for epidermal development and
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homeostasis (3-5), may play a key role in prevention of HNSCC.
Supporting this, the genomic region on chromosome 1p36.11
that contains the GRHL3 gene is frequently deleted in human
HNSCC (Supplementary Figure 1, available online). Mice lacking
Grhl3 throughout development exhibit a markedly thickened
epidermis, perturbed expression of multiple epidermal differen-
tiation markers and defective skin barrier formation, with new-
born pups dying of dehydration (6,7). In adults, epidermal loss
of GRHL3 results in a proliferation/differentiation imbalance,
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triggered by loss of expression of PTEN, a direct GRHL3 target,
and activation of PI3K/AKT/mTOR signaling, which culminates
in development of aggressive SCC. Reduced levels of GRHL3
and PTEN are also evident in human skin SCC, associated with
increased expression of miR-21, which targets both tumor sup-
pressors, thus defining the miR-21/GRHL3/PTEN-axis as a criti-
cal tumor suppressor pathway in this cancer (8). Increased levels
of miR-21 are seen in some human HNSCCs and in HNSCC cell
lines (8-10) associated with reduced levels of PTEN and GRHL3,
suggesting that this axis is also critical for SCCs from these tis-
sues. However, deletion of PTEN alone in oral epithelium in mice
is not sufficient for promoting early or frequent HNSCC (11), in
contrast to the highly penetrant skin tumors seen with epider-
mal deletion of PTEN (12). These findings raised the possibility
of alternate GRHL3-dependent drivers of HNSCC, which we have
explored in our Grhl3 conditional knockout mouse model.

Methods

Experimental Animals

All experiments were pre-approved by the AMREP Animal Ethics
Committee. The generation and genotyping of Grhl3*- and
Grhl3#-/K14Cre* mice (referred to as conditional knockout [cKO]
subsequently) have been described previously (8,13). GSK3B*~
mice (Sv/129) were purchased from The Jackson Laboratory
(Stock No: 005817). Oral tumors were induced in three-month-
old mice through the administration of 50 pg/mL 4-nitroqui-
nolene-1 oxide (4-NQO) (Sigma-Aldrich) in drinking water for 16
weeks (cKO experiment) (14) or 100 pg/mL 4-NQO in drinking
water for eight weeks (Gsk3b*~ experiment), followed by rever-
sion to regular water and monitoring for 20 weeks (15). All ani-
mals underwent weekly oral cavity examination and were killed
by cervical dislocation when distressed, or at week 20. A com-
plete autopsy was performed on all animals and histopathologi-
cal lesions in the tongue were scored by a certified pathologist.

Cell Culture, Expression of SOA GSK3B, and
Knockdown of GRHL3

The human oral epithelial cell line (OKF-6) was purchased from
Harvard Skin Disease Research Center. The human epidermal
keratinocyte cell line (HaCaT) and the oral cancer cell lines SCC-
25 (CRL-1628) and CAL-27 (CRL-2095) and the human embryonic
kidney cell line (HEK293T) were purchased from ATCC. HNSCC
cell lines (SCC-1, SCC-47, SCC-22B, SQ-20p), pharyngeal SCC cell
line (Detroit 562), and hypopharyngeal SCC cell line (FaDu) were
kindly provided by Dr. Cameron Johnstone (Peter MacCallum
Cancer Centre, Melbourne, Australia) and validated phenotypi-
cally by gene expression analysis. HaCaT, HEK293T, SCC-1, SCC-
47, SCC-22B, SQ-20b, Detroit 562, and FaDu cells were cultured
in Dulbecco’s modified Eagle’s medium (DMEM) with 10% fetal
bovine serum. OKF-6, SCC-25, and CAL-27 cells were cultured in
Keratinocyte serum-free medium (K-SFM) with growth factors.
All media were supplemented with 1% penicillin/streptomycin
antibiotics and cultured in 5% CO, at 37°C.

The S9A GSK3B cDNA was obtained in the Addgene plasmid
14754 (16) and cloned into the doxycycline-inducible lentiviral
vector pTRIPZ (Thermoscientific, MA) as an Xhol/Mlul fragment.
Lentivirus was generated in HEK293T cells through cotransfec-
tion of the psPAX2 and pMD2.G packaging plasmids and used
to transinfect SCC cell lines. The cells were selected in puramy-
cin (1 pg/mL) and treated with doxycycline (1 pg/mlL) to induce
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protein expression. GIPZ Human GRHL3 shRNA (Clone ID:
V2LHS_65975, Thermoscientific, MA) was used to knock down
GRHL3 in OKF-6 and HaCaT cells, as described previously (8).

RNA Preparation, Quantitative Real-Time Polymerase
Chain Reaction, Chromatin Immunoprecipitation,
and Electrophoretic Mobility Shift Assays

Tongue epithelium from E18.5 Grhl3++ and Grhl3”- embryos and
tumors from WT and cKO mice were homogenized in TRIzol
(Invitrogen) and RNA extracted according to the manufacturer’s
instructions. For human samples, cancer cells were dissected
out using LCM as described previously (8). Quantitative real-
time polymerase chain reaction (QRT-PCR) was carried out as
described previously, with Hypoxanthine-guanine phosphoribo-
syltransferase (HPRT) serving as the internal control in all exper-
iments (13). A Student’s t test was used to determine statistical
differences in expression levels, with P values under .05 consid-
ered significant, and the results were analyzed using GraphPad
Prism. The error bars in all expression analyses represent the
standard deviation. Chromatin immunoprecipitation (ChIP) and
electrophoretic mobility shift assays (EMSAs) were performed as
described previously (8).

Immunoblot Analysis and Immunohistochemistry

Tongue epithelium from E18.5 wild-type and Grhl3~- embryos,
tongue tumors from wild-type, and cKO mice were lysed in RIPA
buffer containing protease inhibitors. Insoluble materials were
removed by centrifugation. Immunoblots were then performed
as described previously (8). Densitometry on immunoblots was
performed using Photoshop software and values normalized
to respective loading controls. The relative expression levels
were calculated in comparison with WT controls. For immu-
nohistochemistry (IHC), tissues were collected and fixed in 4%
paraformaldehyde (PFA) overnight, and analyzed as described
previously (8). Antibodies used for immunoblotting and IHC and
the dilutions employed are shown in Supplementary Table 1
(available online). For IHC, staining intensity was quantified
using Photoshop software, and a Student’s t test was used to
assess the significance of differences between samples.

Statistical Analyses

The differences in tumor-free survival were analyzed using a
two-sided chi square test. A two-sided Student’s t test was used
to determine statistical differences in gene expression levels
using gRT-PCR. In proliferation assays, the differences in cell
number were analyzed using two-sided Student’s t test. All sta-
tistical analyses were performed using GraphPad scientific soft-
ware (version 6.e, GraphPad software, Inc). The error bars in all
analyses represent the standard deviation.

Results

Effects of Grhi3 Deletion During Embryogenesis on
Oral Epithelium

Our initial experiments examined the degree of prolifera-
tion of tongue epithelium in the constitutive Grhl3-null mice.
Histologically, this epithelium was markedly thickened at
embryonic day (E) 18.5 in the Grhl37- animals compared with
wild-type (Grhl3++) controls (Figure 1, A and B), and expression
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Figure 1. Hyperproliferation of tongue epithelium in Grhl3” mice. A and B) Hematoxylin and eosin. C and D) Proliferating cell nuclear antigen. E and F) K6. G and H)
K13.1 and J) Filaggrin. K and L) Involucrin immunohistochemistry staining of tongue epithelium from E18.5 Grhl3+/+ and Grhl3-/- embryos. Scale bar corresponds to

50 pm. H&E = hematoxylin and eosin; PCNA = proliferating cell nuclear antigen.

of the proliferative marker PCNA was expanded (Figure 1, C and
D). Expression of keratin (K) 6, another marker of hyperprolif-
eration, was also increased in the tongue epithelium of Grhl3”"-
embryos (Figure 1, E and F) (17,18), whereas the differentiation
markers K13, filaggrin, and involucrin were unaltered between
Grhl3- and Grhl3++ embryos (Figure 1, G-L).

Analysis of Grhl3 Deletion in Oral Epithelium for
Susceptibility to Spontaneous and Chemical-
Induced HNSCC

As constitutive deletion of Grhl3 during development leads to
neonatal lethality, we have previously generated a Grhl3 condi-
tional knockout line to allow functional studies in adult mice
(8). The K14Cre transgene used in this line induces minimal
deletion in embryogenesis but achieves high levels of deletion
in all tissues derived from the surface ectoderm in adulthood.
Analysis of genomic DNA derived from tongue epithelium from
these mice revealed a 1:1 ratio of undeleted (flox) to deleted (A)
Grhi3 alleles at four weeks of age, which had reached almost

100% deletion by 12 weeks. (Figure 2A), and this efficiency
was reflected in expression levels, with a nine-fold decrease
(P =.002) in Grhl3 expression in the cKO mice (Figure 2B). Aging
cKO mice developed spontaneous tumors in the tongue and oral
mucosa, with 80% affected by one year (Supplementary Figure 2,
A-C, available online). Exposure of cohorts of cKO mice (n = 26)
and wild-type controls (n = 30) to the oral chemical carcinogen
4-NQO (14) accelerated tumor development. At 20 weeks, 85%
of the cKO mice had developed tumors that necessitated death,
compared with 35% of the WT controls (Figure 2C). At autopsy,
histologically confirmed highly invasive SCC were identified in
the tongue and floor of the mouth (Figure 2D; Supplementary
Figure 2D, available online), larynx (Supplementary Figure 2E,
available online), and pharynx (Supplementary Figure 2F, avail-
able online) in 39% of cKO mice, and papillomas in an addi-
tional 45%, whereas control animals displayed SCC in only 3%
of cases, with papillomas (30%) or dysplasia (27%) being far
more prevalent (Figure 2E). Expression of Grhl3 was absent in
tumors from cKO mice (Figure 2F), and, commensurate with this,
genomic DNA derived from tumors revealed complete deletion
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Figure 2. Grhl3 as a tumor suppressor in head and neck squamous cell carcinoma (HNSCC). A) Polymerase chain reaction (PCR) analysis of deletion in genomic DNA
from tongue epithelium of four-week-old and 12-week-old conditional knockout (cKO) mice. The undeleted (flox) band of 425bp, and the deleted (A) band of 282bp are
indicated. B) Quantitative real-time polymerase chain reaction (QRT-PCR) of Grhl3 expression in tongue epithelium from wild-type (WT) and cKO mice at four and 12
weeks. HPRT served as internal control. Mean of three independent experiments with each genotype at each time-point + standard deviation. At 12 weeks, a nine-fold
decrease in Grhl3 expression in cKO mice (P = .002, two-sided Student’s t test) was observed. C) Oral tumor-free survival in 4-NQO-treated WT (n = 30) and cKO mice
(n = 26). The differences in tumor-free survival were statistically significant using a two-sided chi square test (P < .001). D) Hematoxylin and eosin (H&E) staining of
HNSCC arising in cKO mice. Scale bar corresponds to 50 um. E) Scoring of tongue lesions in 4-NQO-treated WT (n = 30) and cKO mice (n = 26) based on histopathology.
F) qRT-PCR of Grhl3 expression in tumors arising from 4-NQO-treated WT (n = 7) and cKO mice (n = 20). The differences in expression between WT and cKO-derived
tissues were statistically significant (P = .02) using a two-sided Student’s t test. Mean of three independent experiments + SD. G) Genomic PCR showing Grhl3 deletion in
tongue tumor samples compared with the tongue of four-week-old cKO mice. cKO = conditional knockout; SCC = squamous cell carcinoma; WT = wild-type.

(Figure 2G). In contrast, Grhl3 expression was conserved in
tumors derived from wild-type mice (Figure 2F).

In the epidermis, deletion of Grhl3 induces loss of expres-
sion of PTEN, activation of PI3K/AKT/mTOR signalling, and
a complete absence of p-ERK1/2 expression, culminating in
SCC (8). To ascertain whether the same proto-oncogenic net-
work was operational in Grhl3-deficient oral epithelium and
HNSCC, we initially analyzed the oral epithelium from young
(12-week-old) cKO mice and WT controls. Surprisingly, PTEN
protein levels were not reduced and expression of p-ERK1/2
was maintained (Figure 3A). In keeping with this, p-AKT levels

were not increased in the Grhl3-deficient epithelium (Figure 3B;
Supplementary Figure 3A, available online). Similar results
were also obtained in HNSCC from these mice, with Pten
mRNA (Figure 3C) and protein levels (Figure 3D; Supplementary
Figure 3B, available online) comparable with those seen in
tumors from WT mice, with reduced levels of p-AKT (Figure 3E;
Supplementary Figure 3C, available online) and persistent
expression of p-ERK1/2 (Figure 3D; Supplementary Figure 3B,
available online). These findings suggest that a different signal-
ing pathway downstream of Grhl3 serves as the driver of HNSCC
in this model.
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Figure 3. Analysis of PI3K/AKT signalling in head and neck squamous cell carcinoma (HNSCC) from Grhl3-deficient mice. A) Immunoblots of PTEN and p-ERK1/2
expression in tongue epithelium from 12-week-old wild-type (WT) and conditional knockout (cKO) mice. HSP70 served as the loading control. Quantitation of expres-
sion relative to the WT control and normalized to the loading control as measured by densitometry is shown under each lane. B) Immunohistochemistry (IHC) analysis
of tongue epithelium from 12-week-old WT and cKO mice using AKT and p-AKT antibodies. Scale bar corresponds to 50 pm. The staining intensity of p-AKT was statis-
tically significant between genotypes (two-sided Student’s t test P < .001). C) Quantitative real-time polymerase chain reaction (QRT-PCR) of Pten expression in tumors
arising from 4-NQO-treated WT and cKO mice. The differences in expression between WT and cKO-derived tissues were not statistically significant (P =.31) using a two-
sided Student’s t test. Mean of three independent experiments + SD. D) Immunoblot of PTEN and p-ERK1/2 in tumors arising from 4-NQO-treated WT and cKO mice.
Actin served as the loading control. Quantitation of expression relative to the WT control and normalized to the loading control as measured by densitometry is shown
under each lane. E) IHC analysis of tongue tumors from WT and cKO mice using AKT and p-AKT antibodies. Scale bar corresponds to 50 pm. The staining intensity of
p-AKT was statistically significant between genotypes (two-sided Student’s t test P = .0057). cKO = conditional knockout; WT = wild-type.

GSK3B as a Direct Transcriptional Target Gene
of GRHL3

The DNA consensus-binding site for the human and Drosophila
GRHL factors (AACCGGTT) has been conserved across 700 mil-
lion years (6). Based on this, we have successfully used a phylo-
genetic approach to identify GRHL3 binding motifs in regulatory
sequences conserved across all placental mammals (8,19).
Re-interrogation of this dataset identified a highly conserved
GRHL site in the promoter of the GSK3B gene (Figure 4A) that
encodes a multifunctional serine/threonine kinase involved in
epithelial cell homeostasis and transformation (20). A tumor
suppressor role for GSK3B in oral cancer has been postulated,

although not demonstrated experimentally (21). Specific bind-
ing of GRHL3 to the GSK3B site was demonstrated in vitro in
EMSA (Supplementary Figure 4, available online), and in vivo
by chromatin immunoprecipitation in the human normal oral
epithelial cell line OKF-6 (Figure 4B). Expression of Gsk3b was
reduced in tongue epithelium derived from E18.5 Grhl3 null
embryos (two-fold difference, P = .002 for Figure 4C) (Figure 4, C
and D) and cKO mice (two-fold difference, P = .006 for Figure 4E)
(Figure 4, E and F).

A 2.0- to 3.3-fold reduction in GSK3B expression was also
observed in laser capture microdissected (LCM) HNSCC and
adjacent normal epithelium from 4-NQO-treated cKO mice com-
pared with controls (P = .006) (Figure 5, A and B; Supplementary
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Figure 4. Gsk3b as a direct transcriptional target of GRHL3. A) Alignment of the promoter regions of GSK3B genes from the indicated species. The GRHL3 DNA binding
consensus sequence is shown in red. B) Chromatin immunoprecipitation analysis of endogenous GRHL3 on the GSK3B promoter. Chromatin from the human oral
epithelial cell line OKF-6 was immunoprecipitated using antisera to GRHL3 and amplified with GSK3B primers. Preimmune sera (IgG) and the muscle-specific MYOD
promoter were used as negative controls, and the input chromatin is shown. C) Quantitative real-time polymerase chain reaction (QRT-PCR) and (D) immunoblot of
GSK3B expression in tongue epithelium from E18.5 wild-type (WT) and Grhl3-/- E18.5 embryos. For (C), the differences in expression between WT and conditional
knockout (cKO)-derived tissues were statistically significant (P = .002) using a two-sided Student’s t test. Mean of three independent experiments + SD. For (D), HSP70
served as the loading control. Quantitation of expression relative to the WT control and normalized to the loading control as measured by densitometry is shown under
each lane. E) qQRT-PCR and (F) immunoblot of GSK3B expression in tongue epithelium from WT and cKO adult mice. For (E), the differences in expression between WT
and cKO-derived tissues were statistically significant (P = .006) using a two-sided Student’s t test. Mean of three independent experiments + SD. For (F), HSP70 served
as the loading control. Quantitation of expression relative to the WT control and normalized to the loading control as measured by densitometry is shown under each
lane. cKO = conditional knockout; WT = wild-type.

Figure 5A, available online). IHC on sections from papillomas
and HNSCC from cKO mice compared with papillomas from
WT controls also showed reduced GSK3B expression (Figure 5C;
Supplementary Figure 5B, available online). To determine
whether loss of GSK3B expression in the setting of wild-type lev-
els of GRHL3 also enhanced HNSCC formation, we obtained mice
heterozygous for a targeted deletion of the Gsk3b allele (Gsk3b*")
and confirmed reduced levels of Gsk3b mRNA in the tongue
epithelium by two-fold (P = .04) (Figure 5D). This was accompa-
nied by hyperproliferation of the oral epithelium, with thicken-
ing and increased Ki-67 staining compared with WT controls
(Supplementary Figure 6, A and B, available online). We exposed
these mice, and WT controls to 4-NQO (n = 7 in each group)
(Figure S5E), and demonstrated that 85% of the Gsk3b*- cohort

exhibited either papillomas or frank SCC by 20 weeks, com-
parable with the cKO mice. No WT animals developed HNSCC.
Expression of Gsk3b was reduced in the HNSCC and papillomas
from the Gsk3b*- mice almost two-fold (P = .02), but not the pap-
illomas from the controls (Figure 5F). Expression of Grhl3 was not
statistically significantly different in tumors from both groups
(Figure 5G). Taken together, these data suggest that GSK3B is the
critical downstream target of GRHL3 for prevention of HNSCC.

Analysis of Signaling Pathways Induced by Loss
of GSK3B

One of the known GSK3B substrates implicated in HNSCC patho-
genesis is the proto-oncogene c-MYC, which is targeted for
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Figure 5. GSK3B as a tumor suppressor gene in head and neck squamous cell carcinoma (HNSCC). A) Quantitative real-time polymerase chain reaction (QRT-PCR) of
Gsk3b expression in tumors and adjacent normal tissue (NAD) from 4-NQO-treated wild-type (WT) and conditional knockout (cKO) mice. The differences in expres-
sion between WT and cKO-derived tissues were statistically significant (P = .006) using a two-sided Student’s t test. Mean of four independent experiments + SD. B)
Immunoblot of GSK3B expression in tumors arising from 4-NQO-treated WT and cKO mice. HSP70 served as the loading control. Quantitation of expression relative
to the WT control and normalized to the loading control as measured by densitometry is shown under each lane. C) Immunohistochemistry (IHC) analysis of tongue
tumors from WT and cKO mice using GSK3B antibody. Scale bar corresponds to 50 pm. The staining intensity of GSK3B was statistically significant between genotypes
(two-sided Student’s t test P = .0012). D) Relative Gsk3b expression in tongue epithelium by qRT-PCR in WT and Gsk3b+/- mice. The differences in expression between
WT and Gsk3b+/--derived tissues were statistically significant (P = .04) using a two-sided Student’s t test. Mean of three independent experiments + SD. E) Scoring of
tongue lesions in 4-NQO-treated WT (n = 7) and Gsk3b+/- mice (n = 6) based on histopathology. F) qRT-PCR of Gsk3b expression in tumors arising from 4-NQO-treated
WT and Gsk3b+/- mice. The differences in expression between WT and Gsk3b+/--derived tissues were statistically significant (P = .02) using a two-sided Student’s t
test. Mean of three independent experiments + SD. G) qRT-PCR of Grhl3 expression in tumors arising from 4-NQO-treated WT and Gsk3b+/- mice. The differences in
expression between WT and Gsk3b+/- tissues were not statistically significant (P = .62) using a two-sided Student’s t test. Mean of three independent experiments +
SD. cKO = conditional knockout; SCC = squamous cell carcinoma; WT = wild-type.

online) but no increase in c-Myc mRNA levels (Figure 6D), indicat-

ubiquitinationand proteosomaldegradationby GSK3B-dependent
ing that a post-translational, and not a transcriptional, mecha-

phosphorylation of threonine (T) 58 (22-24). Consistent with this,

the reduced GSK3B levels observed in tongue epithelium were
associated with increased expression of c-MYC protein in both
E18.5 Grhl3-embryos (Figure 6A) and cKO mice (Figure 6B). HNSCC
derived from cKO mice also exhibited increased expression of
c-MYC protein (Figure 6C; Supplementary Figure 7A, available

nism was driving the enhanced expression. IHC on sections from
HNSCC and papillomas from cKO mice confirmed increased
levels of c-MYC, with almost complete absence of phosphoryl-
ated T58 c-MYC (Figure 6E; Supplementary Figure 7B, available
online). This was also observed in spontaneous tumors from
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Figure 6. Transcriptional loss of Gsk3b and stabilization of c-MYC. Immunoblot of c-MYC expression in tongue epithelium from (A) wild-type (WT) and Grhl3-/- E18.5
embryos. B)WT and conditional knockout (cKO) adult mice. HSP70 served as the loading control. Quantitation of expression relative to the WT control and normalized
to the loading control as measured by densitometry is shown under each lane. C) Immunoblot of c-MYC in tumors arising from tongue in 4-NQO-treated WT and cKO
mice. Actin served as the loading control. The asterisk in the Myc panel denotes a nonspecific band. D) Quantitative real-time polymerase chain reaction (QRT-PCR) of
c-Myc expression in tumors arising from tongue in 4-NQO-treated WT and cKO mice. The differences in expression between WT and cKO-derived tissues were not sta-
tistically significant (P = .82) using a two-sided Student’s t test. Mean of four independent experiments + SD. E) Immunohistochemistry (IHC) analysis of tongue tumors
from cKO and WT mice using c-MYC and pT58 c-MYC antibodies. Scale bar corresponds to 50 pm. The staining intensity of c-MYC (P = .048) and pT58 c-MYC (P < .001)
was statistically significant between genotypes using a two-sided Student’s t test. F) qRT-PCR of Ccnd2 and Ldha expression in tumors arising from 4-NQO-treated WT
and cKO mice. The differences in expression between WT and cKO-derived tissues were statistically significant (P = .04) using a two-sided Student’s t test. Mean of
four independent experiments + SD. G) Immunoblot of CDK4 and HIF1A in tumors arising from 4-NQO-treated WT and cKO mice. HSP70 served as the loading control.
Quantitation of expression relative to the WT control and normalized to the loading control as measured by densitometry is shown under each lane. H) IHC analysis of
tongue tumors from WT and cKO mice using p19ARF antibodies. Scale bar corresponds to 50 pm. The staining intensity of p19ARF (P < .001) was statistically significant
between genotypes using a two-sided Student’s t test. cKO = conditional knockout; SCC = squamous cell carcinoma; WT = wild-type.

ARTICLE




dTIOILYV

9 of 13 | JNCIJ Natl Cancer Inst, 2015, Vol. 107, No. 9

cKO mice (not shown), indicating that these effects occur inde-
pendently of the carcinogenesis protocol. Tumors from WT mice
exhibited reduced expression of c-MYC associated with elevated
levels of pT58 c-MYC (Figure 6E; Supplementary Figure 7B, avail-
able online), whereas tumors derived from Gsk3b*- mice immu-
nophenocopied cKO tumors with increased levels of c-MYC
(Supplementary Figure 7C, available online). Downstream targets
of c-MYC involved in cell cycle progression (cyclin D2, CDK4),
cellular metabolism (LDHA), and angiogenesis (HIF1A) were also
elevated more than two-fold (P = .04) in the HNSCC from cKO
compared with WT mice (Figure 6, F and G), confirming the func-
tional activity of elevated proto-oncogene.

Low levels of deregulated MYC are competent to drive cel-
lular proliferation and oncogenesis, but higher levels of over-
expression are associated with elevated levels of pARF and
apoptosis (25). IHC on HNSCC from cKO (Figure 6H) and Gsk3b*~
(Supplementary Figure 7D, available online) mice demonstrated
minimal p19ARF expression compared with an HNSCC from a
WT animal, which served as the control.

Analysis of the GRHL3/GSK3B/c-MYC Proto-
oncogenic Axis in Human HNSCC

GRHLS3 levels are reduced in almost all human HNSCC compared
with adjacent normal tissues (8). In a subset of these cancers,
levels of PTEN are also reduced (8), consistent with published
data (2,26). To further explore the relationship between GRHL3,
GSK3B, and PTEN in human HNSCC, we performed gRT-PCR for
the three factors on LCM-derived tumor tissue and adjacent
normal epithelium from 24 consecutive operative specimens
(Figure 7A). All the tumors exhibited reduced GRHL3 levels (below
50% of adjacent normal tissue, although in most expression was
undetectable), emphasizing the importance of this transcription
factor as a driver of HNSCC. Three distinct subsets of equiva-
lent number were identified based on GSK3B and PTEN expres-
sion (Figure 7A): low GSK3B, high PTEN (samples 1-7); low GSK3B,
low PTEN (samples 8-16); and normal GSK3B, low PTEN (samples
17-23). No association between the tissue of origin of the SCC
and GSK3B or PTEN levels was observed. Loss of pT58 c-MYC was
only observed in samples 1 to 16, in which GSK3B levels were
low, irrespective of the levels of PTEN expression (Figure 7B).

To evaluate the loss of GSK3B as a driver of cellular prolif-
eration in normal oral epithelium and HNSCC, we initially
generated a human oral epithelial cell line (OKF-6) in which
the expression of GRHL3 had been knocked down using a
specific shRNA-containing lentivirus (GRHL3-kd) (Figure 7C)
(19). A line transduced with a scrambled control (Scr) shRNA
served as the control. The level of GSK3B was reduced in the
GRHL3-kd line compared with control, and the level of c-MYC
was increased, with a concomitant reduction observed in p-c-
MYC. The GRHL3-kd cells proliferated more rapidly than the Scr
cells (cell number: 616+21.8 X 10% vs 1194+44 X 10° at day 8, P
< .001) (Figure 7D). Transduction of the GRHL3-kd cells with an
expression vector carrying a mutant form of GSK3B containing
an alanine substitution for serine 9 (S9A GSK3B), which prevents
phosphorylation and enzymatic inactivation (16), resulted in
increased levels of total GSK3B (wild-type and mutant forms).
Increased levels of phosphorylated S9 GSK3B (pS9 GSK3B) were
not observed because of the mutation of the S9 residue, indicat-
ing that the increased expression of GSK3B was in the active
form. Consistent with the elevated levels of active GSK3B, c-MYC
expression was reduced and p-c-MYC expression increased. As
a consequence, the growth of the GRHL3-kd cells expressing

S9A GSK3B was slowed (cell number: 800+98.84 X 10° at day 8,
(P =.003) when compared with GRHL3-kd cells (Figure 7D).

To test this in the context of HNSCC, we initially examined
two human HNSCC cell lines (CAL-27 and SCC-25) that exhibit
reduced expression of GRHL3 and GSK3B compared with their
normal counterpart, OKF-6 (Figure 8A). We transduced these
cells with a doxycycline-inducible S9A GSK3B containing vec-
tor and quantitated GSK3B, c-MYC, and p-c-MYC expression and
growth kinetics in uninduced and induced cells (Figure 8, B-E).
In both lines, increased expression of the active form of GSK3B
in induced cells resulted in reduced levels of c-MYC, increased
p-c-MYC, and reduced cellular proliferation to rates compara-
ble with the nonmalignant OKF-6 line. On day 8, SCC-25 cell
numbers were reduced from 754+75 X 10° to 389+75.99 X 103,
with overexpression of GSK3B (P < .001) (Figure 8E), and CAL-27
cell numbers were reduced from 1011+74.9 X 10° to 640+132.9
X 10°% with overexpression of GSK3B (P = .04) (Figure 8C)—
both comparable with the numbers of OKF-6 cells (512+33.9
X 10%. Doxycycline alone had no effect on the growth kinet-
ics of untransfected cells (data not shown). Similar effects on
growth kinetics were observed with S9A GSK3B transduction
in multiple other human HNSCC lines that exhibited low lev-
els of GRHL3 and GSK3B expression compared with OKF-6 cells
(Supplementary Figure 8, A-D, available online). These findings
support our hypothesis that loss of GRHL3/GSK3B expression is
a key molecular driver of a subset of human HNSCC.

Assessing the Mechanism Underpinning Differential
Proto-oncogenic Activation in HNSCC vs Skin SCC

To compare the proto-oncogenic axes induced by loss of Grhl3 in
oral epithelium vs skin, we examined whether activation of the
GSK3B/c-MYC network occurred in GRHL3-deficient adult epi-
dermis. Immunoblots on skin from 12-week-old cKO mice and
WT littermate controls displayed no loss of GSK3B expression
or increase in c-MYC levels (Supplementary Figure 9A, available
online). In normal epidermis and SCC derived from cKO mice, in
which Grhi3 levels are undetectable (8), no loss of GSK3B or pT58
c-MYC was observed (Supplementary Figure 9, B and C, available
online). Similar findings were evident in primary skin SCC from
humans (Supplementary Figure 9, B and C, available online). To
explore this apparent paradox, we transfected a normal human
keratinocyte cell line (HaCaT) with the shRNA to GRHL3, achiev-
ing an 80% knockdown of expression compared with a scrambled
ShRNA control. We then measured the levels of PTEN and GSK3B
in these cells and compared them to the levels observed in OKF-6
Grhl3-kd cells (Supplementary Figure 9D, available online). In the
keratinocytes, loss of GRHL3 was associated with a eight-fold
reduction in PTEN (P < .001) but no loss of GSK3B expression
(P =.20), consistent with our data in the GRHL3-deficient skin and
SCC from human and mouse. In contrast, PTEN expression was
preserved in the OKF-6 Grhl3-kd cells (P = .25), but GSK3B levels
were reduced two-fold (P = .034), as shown previously. These find-
ings suggest that the different proto-oncogenic axes in HNSCC
(GRHL3/GSK3B/c-MYC) vs skin SCC (GRHL3/PI3K/AKT/mTOR) are
partly established in response to target gene specificity of GRHL3
in the different tissues of origin.

Discussion

We have identified a novel proto-oncogenic pathway in a subset
of mammalian HNSCCs that offers potential insights for treat-
ment selectivity. Using mouse models, primary human samples,
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Figure 7. Analysis of the GRHL3/GSK3B/c-MYC proto-oncogenic axis in a subset of human head and neck squamous cell carcinoma (HNSCC). A) Quantitative real-time
polymerase chain reaction (QRT-PCR) of GRHL3, GSK3B, and PTEN expression in 24 human HNSCC samples compared with adjacent non-tumor containing tissue. HPRT
served as the control. L = larynx; O = oral cavity; P = pharynx; T = tongue. B) Immunohistochemistry (IHC) analysis of representative human HNSCC with different
molecular signatures using GSK3B and pT58 c-MYC antibodies. Scale bar corresponds to 50 pm. C) Immunoblots using the stated antibodies of lysates from GRHL3-kd
and Scr OKF-6 cells grown in serum, or transduced with pTRIPZ vector containing S9A GSK3B as indicated. HSP70 served as the loading control. Quantitation of expres-
sion relative to the Scr control and normalized to the loading control as measured by densitometry is shown under each lane. D) Growth curves of the cell lines listed
in (C). 5 X 10° cells for each line were seeded at day 0. The differences between cell numbers at day 8 were statistically significant (P < .001 Scr vs GRHL3-kd; P = .003
GRHL3-kd + GSK3B vs GRHL3-kd) using a two-sided Student’s t test. The error bars represent the standard deviation (+SD).
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Figure 8. Effects of restoration of GSK3B expression on human head and neck squamous cell carcinoma (HNSCC) proliferation. A) Quantitative real-time polymerase
chain reaction (QRT-PCR) of GRHL3 and GSK3B expression in OKF-6, CAL-27, and SCC-25 cells. HPRT served as the control. The differences in expression of both genes
between OKF6 and the HNSCC lines were statistically significant (GRHL3 expression P = .005 OKF-6 vs CAL-27, P = .001 OKF-6 vs SCC-25; GSK3B expression P = .045 OKF-6
vs CAL27,P =.03 OKF-6 vs SCC-25) using a two-sided Student’s t test. Mean of three independent experiments + SD. B) Immunoblots using the stated antibodies of lysates
from OKF-6 cells and CAL-27 cells transduced with the pTRIPZ vector containing an inducible FLAG-tagged S9A GSK3B and grown in the presence and absence of doxy-
cycline for eight days, as indicated. HSP70 served as the loading control. Quantitation of expression relative to OKF-6 and normalized to the loading control as measured
by densitometry is shown under each lane. C) Growth curves of the cell lines listed in (B). 5 X 10° cells for each line were seeded at day 0. The differences between cell
numbers at day 8 were statistically significant (P = .04) using two-sided Student’s t test. The error bars represent the standard deviation (+SD). D) Immunoblots using the
stated antibodies of lysates from OKF-6 cells and SCC-25 cells transduced with pTRIPZ vector containing an inducible FLAG-tagged S9A GSK3B and grown in the pres-
ence and absence of doxycycline for eight days, as indicated. HSP70 served as the loading control. Quantitation of expression relative to OKF-6 and normalized to the
loading control as measured by densitometry is shown under each lane. E) Growth curves of the cell lines listed in (B). 5 X 10° cells for each line were seeded at day 0. The
differences between cell numbers at day 8 were statistically significant (P < .001) using two-sided Student’s t test. The error bars represent the standard deviation (+SD).

and cell lines, we show that loss of GRHL3 induces HNSCC deficient for either factor exhibit an increased propensity to
through reduced expression of the direct target gene GSK3B. HNSCC with exposure to the oral carcinogen 4-NQO.

GRHL3 and GSK3B are co-expressed in the oral epithelium (27,28) Although GSK3B has been thought to be constitutively
and exhibit reduced expression/inactivation in human HNSCC expressed and primarily regulated by site-specific phospho-

(29-31) that is associated with a poor prognosis (32,33). Mice rylation of the S9 and Y216 residues (34,35), our findings alter



this paradigm in one setting, by establishing the pivotal impor-
tance of tissue-specific transcriptional control in suppression
of HNSCC. Parallels exist with the GRHL3-dependent regulation
of PTEN in the epidermis (8). Despite their common embryonic
origins, the signaling pathways induced by loss of Grhl3 in mice
differed markedly between epidermis and oral epithelium. The
characteristic reduction in PTEN with activation of PI3K/AKT/
mTOR and complete loss of p-ERK expression seen in Grhl3-
deficient skin SCC (8) was never observed in the HNSCC in these
animals. Although recent data demonstrated that Pten deletion
in oral epithelium in mice is a driver of HNSCC in the 4-NQO
model (36), previous studies demonstrated that spontaneous
HNSCC in these mice occurs infrequently (11). This suggests
that in mice lacking Grhl3 loss of GSK3B is a more potent stimu-
lus for development of HNSCC than loss of PTEN. As a corollary,
loss of GSK3B expression and stabilization of c-MYC was never
observed in Grhl3-deficient skin SCC in mice or humans, and
knockdown of GRHL3 in normal keratinocytes did not lead to
reduced levels of GSK3B.

In human HNSCC, substantial heterogeneity is observed. All
tumors display low levels of GRHL3, but in some, this is accom-
panied by a reduction in GSK3B, in others PTEN, and in a few
expression of both targets is reduced. This heterogeneity may
reflect additional mutations in some human HNSCC that favor
activation of the PI3K/AKT/mTOR pathway over GSK3B/c-MYC.
An obvious candidate here is PTEN itself, which is mutated in
5% to 23% of human HNSCC (2,10,26,37). Cell lines derived from
human HNSCC reflect this variation, with SCC-25 cells showing
reduced growth kinetics with restoration of GSK3B and reduced
c-MYC expression, but SCC-9 cells were responsive to enhanced
PTEN expression, with suppression of PI3K/AKT/mTOR signal-
ling (8). Deciphering which of these pathways is active in an
individual tumor may prove instructive as to the most effective
therapy. One constant in all the tumors we examined was the
reduction in GRHL3 expression, suggesting that this factor may
be central in the pathogenesis of many HNSCCs. Supporting this
are recent reports of altered expression of several key regulators
of GRHL3 in HNSCC. miR-21, which we have previously shown to
be a critical suppressor of GRHL3 expression (8), has been shown
in multiple studies to be upregulated in HNSCC (38-40) and to
confer a poor prognosis (41). IRF6 and TP63, which have both
recently been implicated as drivers of HNSCC (2), are known
transcriptional regulators of Grhl3 (42,43), as is TP53 (44), which
is mutated in 47% of HNSCCs (37).

c-MYC lies downstream of GRHL3/GSK3B in the promotion
of HNSCC in both mice and humans. The upregulation of c-MYC
in the embryonic tongue epithelium from Grhl3-null mice, and
in the spontaneous tumors in aged Grhl3-deficient mice (not
shown), is indicative of a cell-autonomous effect because of
loss of GRHL3/GSK3B, rather than a secondary effect of 4-NQO
exposure. Consistent with this, K5 Myc transgenic mice develop
spontaneous tumors that predominantly affect the oral epi-
thelium (45). Elevated expression of c-MYC is evident in human
HNSCC and is associated with a poor prognosis (46-50). Multiple
mechanisms underpin the deregulated expression of c-MYC
in tumor cells, including gene amplification, chromosomal
translocations, single nucleotide polymorphisms in regulatory
regions, and enhanced stability of the protein (51,52). This lat-
ter mechanism may explain discrepancies observed between
c-MYC gene amplification or mRNA expression and high levels
of c-MYC protein in many tumors (53). The stability of c-MYC
protein is regulated by phosphorylation at conserved residues,
S62 and T58 (24). Increased c-MYC stability occurs in response
to ERK signalling with phosphorylation at S62, whereas
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subsequent phosphorylation at T58 by GSK3B leads to ubiquit-
ination by the SCF-Fbw7 E3 ligase and proteosomal degradation
(23,54). The combination of sustained p-ERK expression (unlike
in skin SCC) and loss of GSK3B observed in the HNSCC in mice
provides the ideal combination for enhanced c-MYC stability,
which has been linked to potentiation of tumorigenic activity
(55,56).

One limitation of our study is that loss of GRHL3 in human
HNSCC is induced through overexpression of miR-21 (8-10),
whereas in mice this is achieved by genetic deletion. This may
account for the heterogeneity of dysregulated signaling in
human cancers, involving PTEN/PI3K/AKT and GSK3B/c-MYC,
as opposed to the uniformity of defects in HNSCC in mice that
are all centered on GSK3B/c-MYC. This uniformity also provides
some limitations on using this mouse model to assess treat-
ment strategies in HNSCC, and we are exploring miR-21-tar-
geted approaches to circumvent this.

Nevertheless, our work provides a clear rationale for the use
of targeted therapies in HNSCC based on the molecular signa-
tures we have identified. Treatments with miR-21 antagonists
may be effective in tumors lacking GRHL3 and, if combined with
agents directed against either PI3K/AKT signalling or c-MYC,
could target multiple drivers of the proto-oncogenic pathways.
Inhibitors of PI3K/AKT signaling are already under investigation
in HNSCC (1,57,58), and recent reports of pharmacological tar-
geting of MYC using BET bromodomain inhibitors (59,60) may
provide potentially novel therapeutic strategies for HNSCC.
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