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ABSTRACT

Head and Neck Squamous Cell Carcinoma (HNSCC)
is a heterogeneous disease with relatively high mor-
bidity and mortality rates. The lack of effective ther-
apies, high recurrence rates and drug resistance
driven in part, by tumor heterogeneity, contribute
to the poor prognosis for patients diagnosed with
this cancer. This problem is further exacerbated by
the fact that key regulatory factors contributing to
the disease diversity remains largely elusive. Here,
we have identified EHF as an important member of
the ETS family of transcription factors that is highly
expressed in normal oral tissues, but lost during
HNSCC progression. Interestingly, HNSCC tumors
and cell lines exhibited a dichotomy of high and
low EHF expression, and patients whose tumors re-
tained EHF expression showed significantly better
prognosis, suggesting a potential tumor suppres-
sive role for EHF. To address this, we have per-
formed gain and loss of function studies and lever-
aged bulk and single-cell cancer genomic datasets
to identify global EHF targets by RNA-sequencing
(RNA-seq) and Chromatin Immunoprecipitation and
next generation sequencing (ChlP-seq) experiments
of HNSCC cell lines. These mechanistic studies have
revealed that EHF, acts as a regulator of a broad spec-
trum of metabolic processes, specifically targeting
regulators of redox homeostasis such as NRF2 and
S0X2. Our immunostaining results confirm the mutu-
ally exclusive expression patterns of EHF and SOX2
in HNSCC tumors and suggest a possible role for
these two factors in establishing discrete metabolic
states within the tumor microenvironment. Taken to-
gether, EHF may serve as a novel prognostic marker

for classifying HNSCC patients for actionable and tar-
geted therapeutic intervention.
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INTRODUCTION

Head and neck squamous cell carcinoma (HNSCC) can-
cer incidences have continued their upward trend in recent
years (1,2). Patient outlook for this disease is influenced by
a number of factors, including stage of presentation, extent
of loco-regional involvement, metastasis and HPV status,
with the latter portending a better prognosis (2-5). Treat-
ment options for HNSCC remain rather limited and blunt-
forced, due to the heterogeneous nature of the disease and
the lack of a deep understanding of the tumor biology. In-
deed, despite intensive research efforts and the advent of
antibody-based therapies, there has only been a marginal
improvement in patient outcome (6-9). Hence, there is a
dire need to better understand the molecular attributes of
HNSCC and to identify patients that are likely to benefit
from targeted therapeutic interventions.
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One of the prominent molecular characteristics of tu-
mors of all origin, including HNSCC, is the dysregulated ex-
pression and activity of Transcription Factors (TFs). Such
TFs are often important for lineage specification, orches-
trating faithful developmental programs and maintaining
tissue homeostasis (10). However, by co-opting and repur-
posing these crucial TFs, tumor cells feed their oncogene
addiction and direct the aberrant gene expression programs
that underlie the myriad hallmark properties of cancers (11—
13). This is very well typified by the E26 transformation
specific (ETS) family of TFs which regulate a wide spec-
trum of cellular and molecular processes, including prolifer-
ation, differentiation, tissue remodeling and cancer-specific
metabolic states, to name a few (14,15). Not surprisingly,
altered expression and/or activity of ETS factors is quite
commonly and intimately associated with various stages of
tumor initiation, progression and metastasis (16,17). In this
regard, we and others have shown that ETSI, the found-
ing and prototypical member of the ETS family, plays a key
oncogenic role in HNSCC where it directs a mesenchymal-
enriched gene expression program (18,19). Similarly, a cru-
cial role for ETS2 and ELK3 has been demonstrated in
skin squamous cell carcinoma (SCC), where these two ETS
family members appear to be critical in regulating cancer-
specific enhancers and in orchestrating the expression of a
cohort of oncogenic, growth-promoting, and epi-immune
genes (20). Although such studies have highlighted the rel-
evance of these oncogenic ETS factors, it is likely that ad-
ditional family members also play important roles in HN-
SCC.

Here, we have utilized a comprehensive repertoire of ge-
nomic, epigenomic and genetic tools, to identify the ETS
transcription factor EHF, as a novel regulator of HNSCC.
We show that expression of EHF is lost in HNSCC com-
pared to normal tissues across multiple large-scale tran-
scriptomic datasets. We also demonstrate that patients with
higher levels of EHF (EHF"g") expression have a signifi-
cantly better prognosis compared to their EHF°Y counter-
parts. To investigate the molecular function of EHF and
identify its transcriptional targets we utilized several pre-
clinical cancer cell line models of HNSCC. Our RNA-seq
and ChIP-seq based studies have allowed us to identify a
well-defined EHF-driven gene signature that matches well
with the gene expression profiles derived from a recently re-
ported scRNA-seq dataset of EHF"¢h and EHF°Y HNSCC
tumors (21). Notably, we demonstrate EHF acts as a repres-
sor of the cellular redox master regulator NFE2L2 (NRF2),
and the stem cell factor, SOX2 and regulates broad cellu-
lar metabolic processes that sustain oncogenic states. Fi-
nally, we show that EHF and SOX2 protein expression is
heterogenous in nature and localized to mutually exclusive
regions in HNSCC tumors. Our studies reaffirm the notion
that intratumoral heterogeneity is associated with distinct
transcriptional and metabolic states and highlights EHF as
a valuable candidate for functional tumor stratification.

MATERIALS AND METHODS
Cell culture

Cell culture conditions for HNSCC cell lines, SCC25 and
CAL-27 have been previously described (18), A253 cells

were obtained as a gift from Dr. Jill Kramer (School of Den-
tal Medicine, SUNY Buffalo) and were grown in McCoy’s
Sa Modified Medium supplemented with 5% fetal bovine
serum and 1% penicillin/streptomycin. All cell lines used in
the study were periodically authenticated by short tandem
repeat profiling and tested for mycoplasma contamination.

Plasmids for lentiviral constructs of gene expression and
shRNA knockdown

Plasmids. A full-length EHF ¢cDNA encoding the 300
amino acids of the human EHF with an in-frame 3’ FLAG
tag in the pcDNA3.1*/C- (K)-DYK vector was obtained
from Genescript. This plasmid was used as a template to
generate a mutant version (Mut) of EHF containing an al-
teration of a highly-conserved Lysine (K) to Alanine (A)
at position 262 in the DNA-binding domain of EHF. The
counterpart of this conserved K262 residue in other ETS
proteins, such as ELF5 and PDEF has been shown to be
critical in mediating DNA binding (22-24). The primers
used for 2-step PCR based site directed mutagenesis of EHF
are Forward primer 5-AAC AGC ATG ACC TAT GAA
GCG CTC AGC CGA GCT ATG AGA-3' and Reverse
primer 5-TCT CAT AGC TCG GCT GAG CGC TTC
ATA GGT CAT GCT GCT GTT-3'. Wildtype and mutant
EHF ¢cDNA sequences were sub-cloned into the BamH]1-
Xhol sites in the pLEX (Open Biosystems) or pInducer20
lentiviral plasmids (25) to generate stable or Tet-inducible
over-expression systems. Both wildtype and mutant EHF
plasmids were confirmed by sequence analysis. Lentivirus-
mediated depletion of EHF in CAL-27 cells was performed
using the pGIPZ system. GIPZ Lentiviral shRNAs (Clone
IDs 3336663, 64 and 65) targeting EHF were purchased
from Horizon.

Lentiviral production. Viral packaging into HEK-293T
cells was done using the Trans-Lentiviral shRNA packaging
system. Forty-eight hours after packaging, lentiviral parti-
cles were harvested from cell supernatant, and transduced
into target cells. 4pg/ml polybrene was added to the viral
supernatant before transduction to prevent the clumping of
viral particles and aid transduction efficiency. Stably trans-
duced target cells were selected using 2 pg/ml puromycin
(GIPZ and pLEX systems) or 400 pg/ml Geneticin (pln-
ducer20). pInducer20 transduced A253 and SCC25 cells
were treated with 0.01, 0.05, 0.1, 0.5 and 1.0 pg/ml doxycy-
cline for 72hrs to induce dose-dependent EHF overexpres-
sion.

Clonogenic assay

HNSCC cells were seeded into 6-well plates at a density of
500 cells/well. The cells were maintained in culture for 9
days at 37°C and 5% CO, after which the cells were fixed
for 2hrs with a 1:3 (v/v) Acetic Acid-Methanol solution,
washed twice with phosphate buffered saline (PBS) at pH
7.0, and stained with 2% (w/v) Methylene Blue in 50%
Ethanol for 20 minutes. Excess stain was rinsed off with
tap water and the plates were air-dried before imaging and
counting.



RNA-sequencing analysis

Reads were mapped to the reference human genome
(GRCh38/hgl9 build) using HISAT2 v2.1.0 (26-28). Reads
aligning to the reference genome were quantified with fea-
tureCounts v1.5.3 (29) to generate a matrix of raw counts
which was then further processed in the R statistical soft-
ware, to generate normalized expression values in Tran-
scripts per million (TPM) values according to published
methods (30). Differential gene expression analysis compar-
ing control to test condition was carried out using DESeq2
v1.24.0 (31). Differentially expressed genes were called at a
false discovery rate (FDR) value of 0.1 or lower.

TCGA analysis

TPM normalized values of the TCGA dataset (GSE62944)
(32) for both normal and tumor samples were obtained
from the GEO website. The data was imported into R and
filtered to retain the HNSC dataset. The 502 tumor and
44 matched-normal data matrix files were further filtered
to retain only the expression values of the 28 members of
the ETS family of transcription factors ordered in decrease
average expression across the tumors. The resulting matrix
was then used to generate a heatmap.

HNSCC patient survival analysis

The R package, RTCGA v1.16.0 was used to obtain the
clinical data for HNSC patients. The clinical data was
merged with the expression data, and ranked by decreasing
EHF expression. The package survminer v0.4.8 was used
for Kaplan Meier analysis and to generate the survival plot.
Optimal cut point between EHF"¢" and EHF'Y patients
was determined using the R package, Evaluate Cutpoint
(33).

ChIP-sequencing analysis

CAL-27 cells were grown to 80% confluency in 150 mm
culture dish and cross-linked with 1% formaldehyde for 10
min. The cross-linking reaction was quenched with Glycine
to a final concentration of 125 mM. Fixed CAL-27 cells
were prepared for chromatin shearing using Diagenode low
sodium dodecyl sulphate (SDS) shearing kit for Transcrip-
tion Factors (Diagenode) and sonicated using a Diagen-
ode Bioruptor to obtain sheared chromatin of between 200
and 400 bp. EHF immunoprecipitation was done using 2 j.g
of anti-EHF antibody (Diagenode). Following immunopre-
cipitation, DNA—protein complex was then subjected to
cross-link reversal and proteinase K treatment. Input DNA
and DNA from immunoprecipitation experiments were pu-
rified and concentrated using Qiagen MinElute kit. DNA li-
braries were prepared from concentrated DNA using Thru-
PLEX DNA-seq kit (Rubicon Genomics), and single-end
sequencing was done on an Illumina NovaSeq 6000. The
sequencing reads from all experiments were mapped to the
Homo sapiens genome (hg19 build) using Bowtie v1.1.1 (34)
with the parameter m = 1 to remove all reads mapping
to multiple genomic loci. Peak calling was then performed
using MACS2 v2.0.10 (35,36) with a minimum FDR cut-
off of 0.05 and resultant peaks were matched to the near-
est gene using Genomic Region Enrichment Annotation
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Tool (GREAT) v3.0.0 (37) with default settings (basal ex-
tension). For visualization of ChIP peaks, deeptools v3.3.2
(38) was used to generate bigwig files which were then up-
loaded into the Integrative Genomics Viewer (IGV, Broad
Institute).

Motif analysis

De novo motif analysis on the 20,273 EHF genomic bind-
ing sites was preformed using MEME-ChIP (39). The re-
sulting enriched motifs were compared against the Homo
sapiens Comprehensive Model Collection (HOCOMOCO)
database (40) to identify matching transcription factor mo-
tifs using TomTom (41). The Input sequences for MEME-
ChIP analysis consisting of 500 bases of genomic sequences
centered on the EHF ChIP-seq binding summits were gen-
erated using BEDtools (42).

Microarray analysis

Microarray datasets GSE31056 (43) and GSE30784 (44)
were downloaded from the Gene Expression Omnibus
(GEO) using the R Bioconductor package affy v1.62.0.
Normalization was performed on each dataset before the
generation of graphs.

Analysis of single-cell RNA-seq dataset of HNSCC

TPM normalized data from GSE103322 (21) was re-
analyzed using Seurat v3.2.2 (45). Briefly, the pre-annotated
files were uploaded into R, filtered to retain only the tumor
(or malignant) cells and converted into a Seurat object for
downstream clustering analysis. We retained 15 of the pa-
tient samples that were sequenced, discarding samples with
<200 cells sequenced per patient. We evaluated the distri-
bution of EHF expression and performed differential gene
expression analysis based on EHF"¢" and EHF'V clusters.

Immunohistochemistry

Tumor microarray slides were deparaffinized and sequen-
tially rehydrated in reducing concentrations of ethanol in
water. After heat-induced antigen retrieval in sodium cit-
rate, tissue slides were incubated overnight according to the
standard THC protocol with primary antibodies specific to:
EHF (5A5.5) (46) and SOX2 (D1C7]J, Cell Signaling Tech-
nologies) and subsequently stained with the Impact DAB
substrate kit (SK-4105, Vector labs). Counterstaining was
done using hematoxylin (H-304, Vector labs) after which
the slides were rinsed in tap water, air dried and the cov-
erslip was mounted using permount (Fisher).

Western blot analysis

Whole cell lysates were prepared from cells grown to 80-90%
confluency by adding Laemmli Sample Buffer (BioRad)
and collecting the lysates. The proteins in the lysates were
then denatured at ~100°C for 10 minutes. Equal amounts
of protein extracts were loaded in SDS-polyacrylamide
gels and subjected to electrophoresis, followed by trans-
fer to Immunoblot polyvinylidene fluoride (PVDF) mem-
branes (BioRad). Immunoblotting was performed using
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the following antibodies: EHF (5A5.5); SOX2 (D6D9, Cell
signaling technologies); GAPDH (MAB374, EMD Milli-
pore); B-Tubulin (MAB3408, EMD Millipore); AKR1ClI
(CPTC-AKRI1CI-1, DHSB); AKR1C2 (CPTC-AKRI1C2-
1, DHSB); NRF2 (D1Z9C, cell signaling technologies);
ELF3 (MAB5787, R&D), SLC3A2 (15193-1-AP, Protein-
tech) and GPX2 (MAB5470-SP, R&D). Membranes were
washed off in 0.05% Tween-20 in Tris Buffered Saline
(TBS-T). The membranes were next incubated with species-
specific secondary antibodies, and washed in TBS-T. The
Enhanced Chemi-Luminescence (ECL) method was used
to detect fractionated proteins, and the membranes were ei-
ther electronically imaged using BioRad ChemiDoc imag-
ing system (BioRad), or bioblot radiograph films (LPS).

Cellular glutathione quantification

GSH/GSSH ratio was determined using the GSH/GSSG-
Glo assay kit (Promega, WI).

Briefly, 5000 cells were seeded in triplicates into 96-well
plates and incubated for 24-48 h. At the time of the as-
say, growth media was aspirated and replaced with either
total glutathione lysis buffer or oxidized glutathione lysis
buffer. To achieve efficient lysis, the plate was placed on a
plate shaker for 5 min at room temperature. Next, Luciferin
generation reagent was added to each well, and the plate
was incubated for 30 minutes at room temperature. Finally,
Luciferin detection reagent was added to each well and the
resulting luminescence was quantified using a Cytation 1
Imager (BioTek, VT). Graphs were plotted using Microsoft
Excel (Microsoft, WA).

Statistical analysis

Statistical and bioinformatics analyses were performed
on the R statistical platform. Data shown within this
manuscript were derived from representative experiments.
Three or more experimental replicates were performed. Er-
ror bars in bar graphs in Figure 2C denote standard devia-
tions (SD) for four biological replicates for each experiment.
Student’s t-test for unpaired data was performed for Figure
1C.

RESULTS

EHF expression is downregulated in a subset of HNSCC tu-
mors and confers better clinical outcome

To determine the expression pattern of the 28 members of
the human ETS family of genes, we queried the HNSC
dataset of The Cancer Genome Atlas (TCGA) consisting
of 502 cancer and 44 matched-normal tissues. Expression-
based ranking of the ETS family members revealed ETS2,
ELF3 and EHF to be the most highly expressed in cancer
tissues as well as in normal HNSCC samples (Figure 1A).
However, while the expression of ETS2 was generally uni-
form across all cancer samples analyzed, the expression of
ELF3 and EHF was highly variable (Figure 1A). We mod-
eled the density distribution of ELF3 and EHF due to their
variable expression, comparing their cancer to normal ex-
pression patterns and determined that EHF expression, in

contrast to ELF3 expression, was attenuated in a larger co-
hort of the cancer samples while normal tissues expressed
very high levels of EHF (Figure 1B). This differential ex-
pression of EHF was easily discernible when 44 normal
samples were compared to their corresponding matched
cancer tissues (Supplementary Figure S1A). In agreement,
the loss of EHF expression has also been shown to be
highly correlated with malignancy in other epithelial-rich
tumors (46-48). We next examined additional microarray-
based datasets of HNSCC tumors (43,44) which confirmed
that EHF expression was progressively lost in dysplasia
and cancer, validating our observations from the TCGA
datasets (Figure 1C). To determine the clinical significance
of dysregulated EHF expression, we performed Kaplan-
Meier survival analysis by comparing the outcome of pa-
tients with high EHF expressing tumors (EHF"¢h) to those
with low EHF expressing tumors (EHF°Y). This analysis
revealed that patients with EHF" tumors were associated
with better overall survival suggesting a tumor suppressor
role for EHF (Supplementary Figure S1B).

Enforced EHF expression in HNSCC cells blocks clono-
genicity

The variable expression of EHF in the tumor samples
prompted us to examine whether HNSCC cell lines can
also segregate into similar EHFMe" and EHF°Y groups
and thus serve as appropriate models for loss-of-function
and gain-of-function studies. To address this, we performed
western blot experiments on several well-established HN-
SCC cell lines representing different molecular subtypes
and anatomical origins. We found EHF expression to be
quite variable across the HNSCC cell lines with some cell
lines such as CAL-27 expressing robust levels of EHF and
others either modest or low levels (Figure 2A). As a con-
trol, we also performed immunoblot for a closely related
ETS family member, ELF3, which showed rather uniform
expression across these HNSCC cell lines. Armed with this
information, we decided to first perform gain-of-function
studies of EHF in two cell lines, A253 and SCC25 which
respectively expressed modest or low levels of endogenous
EHF, while expressing high levels of ELF3. Towards this
end, we established two lentiviral based systems, a doxy-
cycline inducible (pInducer) and stable (pLEX) system to
drive the expression of a FLAG-epitope tagged version of
EHF in both A253 and SCC25 cell lines. To determine
whether the possible cellular and molecular outcomes of
EHF overexpression are dependent on the direct engage-
ment of EHF with its genomic targets, we also generated a
DNA-binding mutant (EHF-Mut) version of FLAG-EHF
construct containing an Alanine substitution for a key Ly-
sine residue in the ETS DNA-binding domain.

Robust and comparable expression of EHF and EHF-
Mut proteins were detected in the stably infected A253 and
SCC25 cell lines (Figure 2B). We also evaluated the toxic ef-
fect of the overexpressed proteins in both cell lines by pres-
ence of cleaved caspase 3. Our analysis showed that overex-
pression of either EHF or EHF-Mut was not toxic to the
cells (Figure 2B). A previous study showed that forced ex-
pression of EHF leads to a block in clonogenicity of oral
cancer cells (49). To confirm and validate this finding, we
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performed clonogenic assays on stable EHF expressing cell
lines. As shown in Figure 2C, induction of EHF greatly
impaired the ability of these cells to form colonies. The
ability of cancer cells to form tumors in-vivo can be deter-
mined from their ability to form spheroids in-vitro. We eval-
uated the effect of EHF and EHF-Mut expression on tumor
spheroid formation. Our analysis showed that the expres-
sion of wildtype EHF impaired tumor formation in both
A253 and SCC25 cells (Figure 2D).

EHF regulates genes involved in cellular metabolism and im-
mune response

To investigate the functional relevance of EHF overexpres-
sion, we next turned to our inducible EHF expression sys-
tem. First, we confirmed that EHF over-expression could
be modulated in a dose-dependent fashion upon admin-
istration of doxycycline to the cell culture media (Figure
3A). We next carried out RNA-sequencing based studies
using the SCC25 inducible system in which EHF and EHF-
Mut were expressed for a period of 48 hours. We reasoned
that the short-term induction of EHF would better capture
the direct transcriptomic changes rather than those that are
due to secondary effects. We observed robust changes in
the gene expression profile with 999 upregulated and 978
downregulated genes identified as differentially expressed at
a false discovery rate (FDR) of 0.1 upon inducible expres-
sion of EHF (Figure 3B & Supplementary Table S1). No-
tably, under similar conditions, inducing EHF-Mut expres-
sion (Supplementary Figure S2A) led to minimal changes

in gene expression when similar statistical cut-offs were ap-
plied for the differential gene expression analysis, further
confirming that the EHF-Mut was transcriptionally defi-
cient (Supplementary Figure S2B). To better understand
the functional consequences of EHF overexpression, we
performed gene set enrichment analysis on the EHF over-
expression dataset using the hallmark gene set from the
molecular signature database, MSigDB (50). Our analysis
revealed the enrichment of glycolysis and other metabolic
processes, cell cycle, DNA repair, oxidative stress response,
drug metabolism and epithelial-to-mesenchymal transition
(EMT) among the top cellular processes that are downregu-
lated by EHF expression (Figure 3C). We also observed the
positive enrichment of genes involved in immune response
and inflammatory processes in response to EHF overex-
pression (Figure 3D). This finding was interesting, given the
reported role of EHF in modulating the response of im-
mune checkpoint inhibitors in pancreatic cancer (51) and
suggested that EHF might also influence the interactions
between the tumor epithelial cells and the immune microen-
vironment in HNSCC.

To account for any effects resulting from intrinsic molec-
ular and functional attributes that are inherent to a spe-
cific HNSCC cell line, and to establish a broader consen-
sus list of potential EHF targets, we repeated the RNA-seq
experiments using A253 cells in which EHF was induced
after doxycycline treatment for a period of 48 hours (Fig-
ure 3E). In this case, we observed 623 upregulated genes
and 372 downregulated genes (FDR of 0.1), resulting from
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Figure 3. Global Changes in Gene Expression upon EHF Overexpression. (A) Western Blot showing dose dependent induction of EHF in SCC25 cells
by increasing amounts of of doxycycline treatment. (B) Pie chart showing the number of differentially regulated genes upon inducible EHF overexpression
in SCC25 cells. (C) Gene set enrichment analysis showing processes downregulated by induction of EHF in SCC25 cells. (D) Gene set enrichment analysis
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EHF overexpression, when compared to control cells that
were not treated with doxycycline (Figure 3F & Supplemen-
tary Table S1). Gene set enrichment analysis on the down-
regulated genes showed an enrichment of genes involved in
the tumor suppressive p53 signaling pathway, hypoxia, gly-
colysis and cellular response to ultraviolet radiation (Fig-
ure 3G). Conversely, we observed the enrichment of genes
involved in inflammatory response and complement sys-
tems in the genes upregulated by EHF, similar to what was
observed for SCC25 cells (Figure 3H). By integrating re-
sults from both cell lines, we identified 351 differentially ex-
pressed genes (DEGs) that were common to both datasets
(Supplementary Figure S3A). These core EHF-regulated
genes largely recapitulated the positive enrichment of an im-
mune response program with the expression of EHF (Sup-
plementary Figure S3B), while processes involved in EMT,
mTORCTI signaling, and cellular response to ultraviolet ra-
diation were down regulated (Supplementary Figure S3C).
Interestingly, we also noted the positive enrichment of genes
involved in drug metabolism, fatty acid oxidation, glycoly-
sis and hypoxia in the upregulated genes (Supplementary
Figure S3C).

We reasoned that since overexpression of EHF resulted
in the dysregulation of specific pathways, then loss of EHF
will likely affect similar pathways and thus validate our
overall findings. To test this hypothesis, we used a lentivi-
ral based system to infect CAL-27, an EHFMeh cell line,
with three EHF-targeting shRNAs and a non-targeting
shRNA as a control (cntrl). Efficient and specific depletion
(KD) of EHF was achieved by two independent shRNAs,
sh2 and sh3, as evidenced by western blot analysis which
showed robust loss of EHF expression (Figure 4A). Next,
we performed RNA-seq experiments to profile the global
transcriptomic changes that are unleashed upon the loss
of EHF expression. By comparing control cells to EHF-
depleted CAL-27 cells, we identified 847 upregulated and
654 downregulated genes that were common between both
shRNA 2 (EHF KD1) and shRNA 3 (EHF KD2) (Figure
4B & Supplementary Table S1). Gene set enrichment anal-
ysis showed that the loss of EHF led to the downregulation
of genes involved in interferon gamma response, pS3 sig-
naling, and several metabolic processes (Figure 4C), while
the upregulated genes showed enrichment of epithelial to
mesenchymal transition (EMT), cell cycle, inflammatory re-
sponse and cellular response to ultraviolet radiation (Fig-
ure 4D). Since the overexpression of EHF decreased clono-
genic properties in A253 and SCC25 cells, we anticipated
that the loss of EHF would have the opposite effect in CAL-
27 cells. Interestingly, CAL-27 cells with attenuated levels of
EHF did not show any measurable difference in clonogenic-
ity when compared to control cells (Figure 4E). We suspect
that this lack of phenotype in CAL-27 cells might be in part
due to the incomplete loss of EHF.

Genome-Wide analysis of EHF binding sites uncovers targets
of EHF in HNSCC

To identify the transcriptional targets of EHF, we generated
a genome-wide EHF binding profile by ChIP-sequencing
using ChIP-grade antibodies directed against EHF in CAL-
27 cells which resulted in the identification of 20,273 EHF

binding sites (Figure 5A & Supplementary Table S2). De
novo motif analysis using MEME-ChIP revealed that a sig-
nificant number (68%) of the binding sites contained the
core ETS DNA-Binding motif as the most enriched motif
(Figure 5B). In addition to the EHF motif, a number of co-
occurring motifs were also identified, these matched with
DNA binding elements for AP1, BACH, NFE2L2, and
E2F transcription factors amongst others (Supplementary
Figure S5). We next performed gene ontology analysis us-
ing the Genomic Regions Enrichment of Annotation Tools
(GREAT) software (37), which revealed that EHF binds
regulatory regions in the neighborhood of genes involved
in growth factor signaling, oxidoreductase and dioxygenase
activities among other processes (Figure 5C). To examine
the distribution pattern of EHF binding sites across the
genome, we examined the location of each binding site rela-
tive to the transcription start sites (TSS) of genes, and found
the enrichment of EHF peaks at regulatory regions distal
to the TSS (Figure 5D). Next, we mapped the EHF binding
sites to the nearest genes, which resulted in the identification
of 11,506 genes that were deemed to be likely direct targets
of EHF. Notably, a fraction of the EHF-bound genes (1150
genes) was differentially regulated upon the loss of EHF ex-
pression in CAL-27 cells based on RNA-seq results (Figure
5E). Finally, gene set enrichment analysis performed on the
top 500 up and downregulated EHF targets in CAL27 cells
showed enrichment of EMT, TNF-alpha signaling and gly-
colysis in the upregulated, and estrogen response, interferon
signaling and fatty acid metabolism in the downregulated
targets, respectively (Figure 5F). Taken together, these re-
sults indicate that EHF is bound to a large number of ge-
nomic sites in CAL-27 cells and that it likely mediates tran-
scriptional control of broad range of gene expression pro-
grams that are important in HNSCC biology.

A Core EHF-signature reveals key genes involved in
metabolic processes as direct EHF targets

We performed a search for a stringent EHF-dependent
gene-signature by integrating all the EHF RNA-seq
datasets generated from the 3 representative HNSCC cell-
lines used in this study (Supplementary Figure S4A). This
analysis led to the identification of 132 DEGs common
among the three cell lines that were affected by perturbed
levels of EHF. After taking into account directionality of
gene expression changes, 49 genes survived as members of a
core EHF signature. Interestingly, most of the 49 genes were
directly regulated by EHF based on ChIP-seq data from the
CAL-27 cell line (Supplementary Figure S4B) and predom-
inantly represented key players in metabolic processes such
as Reactive Oxygen Species (ROS) scavenging pathways
(SLC3A42, THBSI, SLC9A3RI, AKRIC2, LCN2, ABCG2)
(52-54), glucose metabolism (SOX2) (55) and xenobiotic
metabolism (AKRICI, AKRIC2, SULF2) (56).

scRNA-seq analysis of primary HNSCC substantiates a role
for EHF in regulating cellular redox metabolism In-vivo

Our molecular and genomic studies have thus far strongly
hinted at a functional role for EHF in broadly regulating
metabolic programs in several HNSCC cell lines. To extend
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Figure 4. Global Changes in Gene Expression upon Loss of EHF. (A) Western blot showing the shRNA mediated downregulation of EHF in CAL-27 cells.
(B) Pie chart showing the number of dysregulated genes following the loss of EHF. (C) Gene set enrichment analysis showing processes downregulated by
induction of EHF in CAL-27 cells. (D) Gene set enrichment analysis showing processes upregulated by induction of EHF in CAL-27 cells. (E) Loss of
EHF blocks clonogenicity in CAL-27 cells. (F) Loss of EHF blocks spheroid formation in CAL-27 cells

these findings to HNSCC patients, and obtain clinically rel-
evant in-vivo data, we next examined the scRNA-seq dataset
recently generated from primary HNSCC tissues (21). We
reasoned that unlike the bulk RNA-seq data obtained from
TCGA in which aggregate expression levels of EHF rep-
resent the multitude of diverse cell populations, including
those residing in the tumor microenvironment, the sScCRNA-
seq dataset could be utilized to specifically parse out the ma-
lignant cells of the tumors. We performed Uniform Mani-

fold Approximation and Progression (UMAP) dimension
reduction analysis on the malignant cells which reduced 15
independent patient samples to 11 clusters based on simi-
larities in gene expression (Figure 6A). Interestingly, these
11 malignant clusters could be separated into two groups,
based on EHF expression revealing three (3) EHF°Y and
eight (8) EHF"¢" clusters (Figure 6B), thus confirming the
dichotomy we observed in the TCGA dataset. We next car-
ried out differential gene expression analysis between these
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two groups and identified genes that were enriched in one
cluster compared to the other (Supplementary Table S1).
Gene Ontology analysis using several databases revealed the
enrichment of energy and drug metabolic processes among
the top pathways in the EHF°Y clusters (Figure 6C, E and
G). Conversely, the EHFYe clusters showed an interest-
ing enrichment of activated immune processes (Figure 6D,
F and H). These independent analyses reaffirms that the
loss of EHF is associated with the enrichment of a specific
gene expression program that impinged primarily on tumor
metabolic processes.

EHF represses key players in the cellular redox homeostatic
program in HNSCC cells

The significant enrichment of genes involved in drug
metabolism and NRF2 pathway, which are important pro-
cesses that regulate redox homeostasis prompted us to
probe further into these pathways. First, we focused on
Nuclear Factor Erythroid 2 Like 2 (NFE2L2) also called
NRF2, which is an established master regulator of signaling
pathways involved in ROS detoxification and cytoprotec-
tion, and drives the expression of many genes that are im-
portant for these processes (57,58). Given that NRF2 path-
way genes were enriched in the EHF°Y cluster (Figures 6G
and Figure 7A), we evaluated their expression pattern in our
cell-line models. Interestingly, as shown in the heatmaps the
NREF2 pathways genes showed an overall trend of downreg-

ulation upon EHF overexpression in both A253 and SCC25
cells, and increased expression in CAL-27 cells following the
loss of EHF (Figure 7B). We followed up on these results by
western blot analysis for NRF2 in our inducible and stable
overexpression models. Our results showed that the regu-
lation of NRF2 by EHF is somewhat context-dependent,
with the short-term induction of EHF resulting in the de-
pletion of NRF2 in both A253 and SCC25 cells (Figure 7C).
Stable overexpression of EHF, however resulted in consis-
tent NRF2 repression only in SCC25 cells suggesting that a
possible cell-intrinsic mechanism might be at play in A253
cells (Figure 7C). As expected, the overexpression of EHF-
Mut did not have any effect on NRF2 protein expression.
Consistent with the aforementioned overall repressive effect
of EHF on the broad NRF2 regulome, CAL27 cells with di-
minished EHF levels resulted in the upregulation of NRF2
protein levels (Figure 7D). Finally, to investigate whether
EHF directly regulates NRF2, we examined our EHF ChIP-
seq data and identified binding sites for EHF at the pro-
moter as well as the intragenic regions of the NRF2 gene
suggesting a possible direct mode of regulation (Figure 7E).

The enrichment of drug metabolism in the EHF" clus-
ters prompted us to take a closer look at the genes enriched
in these processes. We evaluated the expression profile of
the drug metabolism genes in our cell line model, and in
agreement with the patient data, a good number of these
genes were downregulated in both A253 and SCC25 cells
following the expression of EHF, but upregulated in CAL-
27 cells when EHF is depleted (Figure 8A). We identified
three genes, belonging to the aldo-keto reductase (AKR)
family showing consistent expression across all three cell
lines. We confirmed the expression two of the genes by west-
ern blot and showed that EHF blocks the expression of
both AKRICI and AKRIC2 (Figure 8B). Interestingly,
both AKR1C1 and AKR1C2 have been previously reported
to mediate cisplatin resistance in head and neck and other
cancers (56,59). We also noticed the enrichment of genes
involved in glutathione (GSH) metabolism in the EHF!Y
clusters of the single cell data, and proceeded to evalu-
ate the expression of the same genes in our cell line mod-
els. Interestingly, many of the genes associated with glu-
tathione metabolism are also part of the drug metabolism
pathway, and show an expression pattern consistent with
being repressed by EHF in both SCC25 and CAL-27 cells
(Figure 8A, C). Notably, we identified that SLC3A42, the
gene encoding the regulatory subunit of the cystine gluta-
mate antiporter XCT (60,61) is also downregulated by EHF
(Supplementary Figure S4). The xCT system is an impor-
tant transporter for the amino-acid cystine, a rate limiting
precursor for glutathione synthesis (62). In addition, glu-
tathione peroxidase 2 (GPX2), responsible for recycling re-
duced glutathione (GSSG) was downregulated in the pres-
ence of EHF (Figure 8C and Supplementary Figure S4). We
verified by western blot that both SLC3A2 and GPX2 pro-
tein levels are depleted by EHF, but not EHF (Figure 8§D).
Conversely, the depletion of EHF in CAL-27 resulted in the
upregulation of SLC3A2 but not GPX2, also suggesting a
context dependent regulation (Figure 8D). Together, these
results suggest that the expression of EHF could potentially
deplete cellular glutathione stores. To confirm the dysreg-
ulation of glutathione metabolism by EHF, we evaluated
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Figure 7. EHF Represses NRF2 and NRF2 Target Genes. (A) Dotplot
showing the distribution of all the genes from the human HNSCC scRNA-
seq data that re enriched in NRF2 pathway. (B) Heatmap showing the
expression NRF2 pathway genes following the overexpression (A253 and
SCC25) or loss (CAL-27) of EHF. Genes missing in any cell line heatmap
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the expression of NRF2 following inducible and stable EHF expression
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of NFR2 following the loss of EHF in CAL-27 cells. (E) ChIP-seq data
from CAL-27 shows that EHF binds multiple regulatory regions within
the NRF2 gene. Genes missing in any panel are not expressed in that par-
ticular cell line.

the ratio of reduced to oxidized glutathione as a surrogate
for measuring glutathione metabolism in our cell line mod-
els. We observed that in CAL-27 cells, depletion of EHF
resulted in increased reduced glutathione levels, while the
overexpression of EHF in A253 and SCC25 cells resulted
in reduced glutathione levels (Figure 8E), thus confirming
that EHF regulates the intracellular levels of glutathione.

SOX2, a direct EHF target shows heterogeneous expression
in HNSCC tumor populations that likely represent metabol-
ically different subtypes

Recent studies have identified a role for SOX2 in the mainte-
nance of cellular glutathione stores in SCC (55), potentially
via its ability to regulate glucose uptake and metabolism
(55,63). Interestingly, gene set enrichment analysis from
both patient single-cell data and cell-line data showed the
enrichment of both glycolysis and SOX2 expression in the
absence of EHF, suggesting a possible link (Figure 3C, G).
We therefore evaluated the expression of SOX2 in relation
to EHF expression in the sScRNA-seq datasets. As expected,
SOX2 expression was anti-correlated with EHF expression
(Figure 9A) while p63, another transcription factor that
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Figure 8. EHF Represses Genes Involved in Drug and Glutathione
Metabolism. (A) Expression of genes associated with xenobiotic
metabolism from Figure 6C, in EHF overexpression (A253 and SCC25)
and EHF depleted (CAL-27) cells. Genes missing from any heatmap are
not expressed in that particular cell line. (B) Western blot validation of the
repression of AKRIC1 and AKR1C2 by EHF. (C) Expression of genes
associated with glutathione metabolism from Figure 6E and G, in EHF
overexpressing (A253 and SCC25) and EHF depleted (CAL-27) cells. (D)
Western blot showing the expression of SLC3A2 and GPX2 following
the overexpression and depletion of EHF. (E) Quantification of reduced
and oxidized glutathione ratios in all three cell lines, showing that EHF
expression results in the loss of reduced glutathione (GSH). Experiment
was performed in triplicates, and measurements were taken twice. The bar
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has been shown to regulate glycolysis similar to SOX2, (55)
was ubiquitously expressed across all clusters. Upon prob-
ing our ChIP-seq dataset, we identified an EHF binding site
distal to the SOX2 gene (Figure 9B). We evaluated the ex-
pression of SOX2 and EHF by western blot, and found that
SOX2 was repressed following the expression of wildtype
EHF, but not by EHF-Mut in A253 and SCC25 cell lines,
with the effects being more pronounced in the latter as ex-
pected (Figure 9C). Similar results were also observed in the
doxycycline inducible EHF over-expression system (Figure
9D). In agreement, loss of EHF in CAL-27 cell line, led to a
clear upregulation of SOX2, confirming the repressive role
of EHF in regulating SOX2 levels (Figure 9D).

EHF and SOX2 exist in distinctly non-overlapping intra-
tumoral compartments within HNSCC tumors that are likely
to be metabolically different

To evaluate the protein expression pattern of EHF in hu-
man HNSCC patients, we examined EHF expression in a
tissue microarray (TMA) (HN438a, US Biomax) consist-
ing of eight (8) normal and forty (40) cancer tumor sections.
Our EHF immunostaining analysis revealed weak and dif-
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Figure 9. SOX2 Expression is Repressed by EHF. (A) Single-cell data showing that the expression of EHF and SOX2 are mutually exclusive, while 7P63
expression is ubiquitous. (B) ChIP-sequencing data showing the location of EHF binding sites distal to the SOX2 gene. (C) Western blot showing the
repression of SOX2 by stably expressed EHF but not EHF-Mut in A253 and SCC25 cells. (D) Western blot showing dose dependent repression of SOX2
by EHF in A253 and SCC2S5 cells. In contrast, siRNA mediated downregulation of EHF in CAL-27 cells leads to upregulation of SOX2. GAPDH and

B-tubulin serve as loading control.

fuse expression of EHF in most of the tumor sections in-
dicating a general loss of EHF expression. We next deter-
mined the expression levels SOX2 using an identical tissue
microarray section. Interestingly, in tumors where EHF was
strongly expressed, we observed a consistent trend of intra-
tumoral regions with EHF"¢" pockets that were bereft of
any SOX2 staining (Figure 10A, B).

DISCUSSION

The molecular heterogeneity of HNSCC and the lack of
pervasive genomic alterations and mutations that define
such tumors pose a significant barrier to developing tar-
geted treatments. Hence, there is a need to better charac-
terize the transcriptional regulatory circuitry that spur the
oncogenic and tumor suppressive forces underlying the bi-
ology of HNSCC - such efforts might offer therapeutic divi-

dends. Here, we showcase the ETS transcription factor EHF
as a novel biomarker that can potentially stratify HNSCC
tumors into metabolically active and otherwise. We report
for the first time, a comprehensive examination of the tran-
scriptional program driven by EHF in HNSCC and identify
a major role for EHF in suppressing metabolic processes in
these tumors.

Previous reports have offered conflicting roles for EHF in
oral cancers, with one study positing that EHF expression
is favorable for the growth and progression of cancer cells
(64), while others mark EHF as a tumor suppressor (49,65).
By carefully dissecting the TCGA-HNSC dataset, we offer
new insights that may be useful in solving this paradox. Our
studies reveal that HNSCC tumors can be primarily subdi-
vided into EHF" and EHF°¥ subtypes and that there ex-
ists a survival advantage for patients in the TCGA-HNSC
database whose tumors expressed high levels of EHF. This
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Figure 10. SOX2 and EHF Protein Expression is Variegated and Mutually Exclusive in HNSCC Tumor Samples. (A) 20 x magnified view of immunostain-
ing of HNSCC TMA, showing the discrete intratumoral areas of expression of EHF and SOX2. Insets whole tumor cores. (B) Representative histological
sections showing the H&E staining of tumor cores and immunostaining of corresponding cores with EHF and SOX2.

clear dichotomy of EHF expression pattern is further reca-
pitulated in a complementary analysis of SCRNA-seq based
datasets from an independent cohort of pre-clinical HN-
SCC patients (21), with the caveat that these results are
based on a relatively small sample size. The relevance of
EHF as a key player in HNSCC is in good agreement with
recent findings identifying EHF as a top candidate among
the 58 differentially expressed genes between normal and
tumor-derived human organoids (66).

To address the underlying molecular mechanisms of
EHF function and the likely consequences of EHF loss in
tumors, we have utilized pre-clinical models of HNSCC
and performed comprehensive gain-of-function and loss-
of-function studies. Our RNA-seq and ChIP-seq based de-
ciphering of the EHF cistrome has provided a rich trove of

datasets to broadly examine the biological processes that
are governed by this transcription factor. Gene set enrich-
ment analysis, particularly from the scRNA-seq datasets,
to a large extent match the data obtained from EHF over-
expression and depletion experiments in HNSCC cell lines
and have allowed us to hone into conserved and likely im-
portant pathways that are driven by EHF. We show that
gene expression programs relating to cellular metabolism
and metabolic homeostasis are salient features that distin-
guish the EHFMe and EHF°V clusters and that many key
players within these pathways are direct transcriptional tar-
gets of EHF. Our analysis specifically identified the dysreg-
ulation of glutathione metabolism, a distinct feature of can-
cer cells that links cellular survival to metabolism, as being
enriched in the EHF°Y cluster. However, one interesting as-



pect of EHF function that remains unexplored in our cur-
rent study, is its potential role in influencing the immune
microenvironment of HNSCC tumors. Indeed, a persistent
theme in our discovery of the EHF-driven pathways also
points to immune modulation such as the enrichment of ac-
tivated immune processes in the EHF2" clusters of tumors.
These observations fit well with published studies show-
ing a role for EHF in editing the immune microenviron-
ment and influencing the efficacy of anti-PD1 immunother-
apy in pancreatic cancers (51). Given that the loss of EHF
in pancreatic cancers leads to a decrease in the number of
tumor-infiltrating CD8™ T cells, it is tempting to speculate
that EHF°Y HNSCC tumors might exhibit similar immune
phenotypes and that the altered metabolic state resulting
from the loss of EHF might facilitate the evasion of immune
surveillance.

The wide-ranging expression pattern of EHF across the
large cohort of HNSCC tumor samples as well as the
pockets of EHFMe" and EHFY tumor cells observed in
the immunostaining of tumor samples speaks to the well-
established vagaries of intra-tumor heterogeneity (67-69).
We posit that during the evolution and progression of HN-
SCC, EHF"gh and EHF°" tumor cells materialize possibly
by DNA-methylation driven suppression of regulatory re-
gions that control EHF expression which in turn subverts
EHF-gene regulatory networks that affect tumor growth,
survival and differentiation among many other oncogenic
traits. This notion is in agreement with recent findings show-
ing that ablation of DNA hypermethylation in HNSCC cells
blocks the expression of redox metabolic genes and damp-
ens cellular response to oxidative stress (70). Notably, we
unearth a strong association between the transcriptional ac-
tivity of EHF and altered metabolic and ROS pathways.
This is exemplified by two key transcription factors, NRF2
and SOX2, which are downstream of EHF regulation and
control the redox/metabolic state of the cell and its response
to stress. As we show by biochemical, genomic and other as-
says, EHF acts as broad repressor for many of these genes
and pathways and that its loss unleashes the constitutive ac-
tivation of an NRF2 gene expression program that spans
the gamut including coordinated regulation of glutathione
metabolism, response to ultraviolet radiation and xenobi-
otic detoxification. Similarly, the restricted expression pat-
tern of SOX2 to predominantly EHF°Y areas of HNSCC
tumors is particularly relevant given the recently discovered
role of SOX2 in dictating glucose reliance and metabolic
vulnerabilities in squamous cell carcinomas in cooperation
with p63 (55). The variegated expression of SOX2 observed
in our study is similar to published results with an indepen-
dent cohort of HNSCC tissues that demonstrated the het-
erogeneous expression patterns of SOX2 and EMT-marker
vimentin (67). We posit that the occurrence of substantial
metabolic heterogeneity across different tumors and even
within the same tumor is likely to be quite widespread as ex-
emplified by SOX2 staining of HNSCC tumors in our stud-
ies.

Although the tumor suppressive functions of EHF in
HNSCC as described here is similar to what has been re-
ported in prostate cancer, where loss of EHF promotes a
tumorigenic and stem-like phenotype (71), the role of EHF
might be more complex and context-dependent in other
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cancers. Indeed, EHF has been shown to be overexpressed
in primary papillary thyroid cancers and increased expres-
sion of EHF via gene amplification has been shown to con-
tribute to the activation of HER family signaling and is as-
sociated with poor survival in gastric cancer (72,73). Fur-
thermore, the recent identification of EHF splice variants
expressed in some HNSCC cell lines may further compli-
cate its biology (65). We suspect that the broad reach of
the role of EHF in cancer may extend to other squamous
cancers such as Esophageal adenocarcinoma (EAC), where
an interconnected circuitry formed by EHF and three other
master TFs; ELF3, KLF5 and GATAG6 has been shown
to regulate EAC-specific super-enhancers (74,75). Hence,
as 1s often the case in complex gene regulatory processes,
EHF is likely to have partners in crime in HNSCC. In this
regard, the co-occurrence of AP-1 motifs around the ge-
nomic segments that are occupied by EHF in CAL-27 cells
is of particular interest in light of recent structural model-
ing and mutational studies suggesting that EHF and AP-
1 JUN/FOS) use electrostatic repulsion to disfavor simul-
taneous DNA binding (76). Given the importance of AP-
1 factors (77) and EHF (our study) in various facets of
HNSCC, a complex interplay between these two key fac-
tors might be an interesting future avenue of research. On
a similar note, the enrichment of NFE2L2 (NRF2) mo-
tifs in EHF occupied genomic regulatory elements also
raises an intriguing possibility of molecular feedback and
crosstalk between these two transcription factors in modu-
lating the gene regulatory network underlying redox home-
ostasis. Follow-up studies in such crucial cellular processes
will greatly facilitate better molecular stratification of tu-
mors and the development of targeted metabolic inhibitors
that can be utilized as therapeutics.
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