Molecular Therapy
Original Article

FOSL1 promotes metastasis of head and neck
sqguamous cell carcinoma through
super-enhancer-driven transcription program

Ming Zhang,->!! Rosalie G. Hoyle,>!! Zhikun Ma,® Bo Sun,’ Weixin Cai,> Hongshi Cai,'-> Nan Xie,>*
Yadong Zhang,? Jinsong Hou,-> Xigiang Liu,” Demeng Chen,® Glen E. Kellogg,*” Hisashi Harada,®*!° Yue Sun,®%1°
Cheng Wang,!? and Jiong Li*”8:10

!Department of Oral and Maxillofacial Surgery, Hospital of Stomatology, Guanghua School of Stomatology, Sun Yat-sen University, Guangzhou 510055, China;
2Guangdong Provincial Key Laboratory of Stomatology, Sun Yat-sen University, Guangzhou 510080, China; *Department of Medicinal Chemistry, School of Pharmacy,
Virginia Commonwealth University, Richmond, VA 23298-0540, USA; “Department of Oral Pathology, Hospital of Stomatology, Guanghua School of Stomatology,
Sun Yat-sen University, Guangzhou 510055, China; “Department of Oral and Maxillofacial Surgery, Nanfang Hospital, Southern Medical University, Guangzhou
510515, China; °Center for Translational Medicine, The First Affiliated Hospital, Sun Yat-sen University, Guangzhou 510080, China; 7Institute for Structural Biology,
Drug Discovery and Development, Virginia Commonwealth University, Richmond, VA 23298-0540, USA; 8Massey Cancer Center, Virginia Commonwealth
University, Richmond, VA 23298-0540, USA; °Department of Oral and Craniofacial Molecular Biology, School of Dentistry, Virginia Commonwealth University,
Richmond, VA 23298-0540, USA; °Philips Institute for Oral Health Research, School of Dentistry, Virginia Commonwealth University, Richmond, VA 23298-0540, USA

Previously, we discovered that FOSLI facilitates the metastasis
of head and neck squamous cell carcinoma (HNSCC) cancer
stem cells in a spontaneous mouse model. However, the molec-
ular mechanisms remained unclear. Here, we demonstrated
that FOSL1 serves as the dominant activating protein 1 (AP1)
family member and is significantly upregulated in HNSCC tu-
mor tissues and correlated with metastasis of HNSCC. Mecha-
nistically, FOSL1 exerts its function in promoting tumorige-
nicity and metastasis predominantly via selective association
with Mediators to establish super-enhancers (SEs) at a cohort
of cancer stemness and pro-metastatic genes, such as SNAI2
and FOSLI itself. Depletion of FOSL1 led to disruption of
SEs and expression inhibition of these key oncogenes, which re-
sulted in the suppression of tumor initiation and metastasis.
We also revealed that the abundance of FOSLI is positively
associated with the abundance of SNAI2 in HNSCC and the
high expression levels of FOSLI and SNAI2 are associated
with short overall disease-free survival. Finally, the administra-
tion of the FOSL1 inhibitor SR11302 significantly suppressed
tumor growth and lymph node metastasis of HNSCC in a pa-
tient-derived xenograft model. These findings indicate that
FOSL1 is a master regulator that promotes the metastasis of
HNSCC through a SE-driven transcription program that may
represent an attractive target for therapeutic interventions.

INTRODUCTION

Head and neck squamous cell carcinoma (HNSCC) is one of the
deadliest malignant tumors worldwide, with a 5-year survival rate
of roughly 50%." HNSCC is highly invasive and frequently metasta-
sizes to cervical lymph nodes (LNs), which leads to relapse and death.
The long-term survival rates in patients with HNSCC have not
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improved significantly in the past 30 years." Thus, an unmet need still
exists to develop more effective therapeutic treatment strategies to
halt the metastasis of HNSCC. Human HNSCC metastasis may be
determined by a variety of regulatory machineries. Elucidation of
the molecular mechanisms governing HNSCC metastasis may pro-
vide novel therapeutic approaches for the eradication of HNSCC.

Recent evidence suggests that master transcription factors (TFs),
together with bromodomain and extraterminal motif proteins
(BETs), Mediators, and elongation factors, establish super-enhancers
(SEs) at cell type-determining genes to maintain cell identity and sta-
tus.”~* This concept has also been widely accepted in cancer biology:
cancer cells are reliant on the high expression of key oncogenes (e.g.,
MYQC) driven by SEs to maintain their malignant phenotype. SEs are
usually enriched with master regulators and TFs, such as the BET
family transcriptional coactivators, which recruit the Mediator com-
plex, the Pol II complex, as well as the P-TEFb complex, to mediate
transcription initiation and elongation.”” Notably, studies have
shown that SEs preferentially regulated the transcription of onco-
genes in various cancers that can be selectively inhibited by BET or
Cyclin-Dependent Protein Kinase (CDK) inhibitors.*”* Moreover,
targeting SEs has become a widely accepted approach in developing
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new cancer treatment strategies.”” Although BET inhibitors have
been widely implemented to target SEs and some effective BET inhib-
itors are currently in clinical trials for the treatment of several solid
tumors (e.g., I-BET-762), BETSs also serve as general epigenetic regu-
lators that play critical roles in multiple biological events in normal
tissues, including the regulation of chromatin structure, cell cycle
control, and stem cell fate determination.'” In fact, evaluations of
ongoing clinical trials reveal that treatment with BET inhibitors is
associated with significant toxic side effects, and a comparison of
the therapeutic benefit of BET inhibitors to existing therapies is still
pending.'' ™" Therefore, additional specific targets need to be identi-
fied and new strategies need to be developed to target SEs to overcome
the toxic side effects of BET inhibitors in cancer treatment.

AP1 (activating protein 1) is a dimeric transcription factor
composed of proteins belonging to the JUN (JUN, JUNB, and
JUND), FOS (FOS, FOSB, FOSL1, and FOSL2), and activating tran-
scription factor protein families. Unlike the BET family transcrip-
tion regulators, the AP1 family TFs are considered to be proto-on-
cogenes and can be involved in tissue-specific regulation of target
genes due to the differential combination of the components of
this important TF.'* AP1 family proteins are well known to pro-
mote oncogenesis in various tumors, especially FOSL1 and JUN,
which are highly expressed in invasive cancers and can mediate
enhanced migration and proliferation.'>™'® FOSL1 has been re-
ported to be associated with malignant phenotypes of HNSCC.'®"
In agreement with these findings, our previous study also indicated
that increased FOSL1 activity mediates the invasive growth and
metastasis of Bmil™ cancer stem cells (CSCs) in a spontaneous
mouse HNSCC model.”” However, the molecular mechanisms of
FOSLI in maintaining cancer stemness and driving malignant pro-
gression of HNSCC remain poorly understood.

In the present study, we discovered that FOSL1 is a dominant AP1
family member that is markedly upregulated and correlated with ma-
lignant progression in HNSCC. Mechanistically, FOSL1 exerts its
function in promoting tumorigenicity and metastasis of HNSCC pre-
dominantly through establishing SEs at a cohort of cancer stemness
and pro-metastasis genes, such as SNAI2 and FOSLI itself. Using a
human HNSCC patient-derived xenograft (PDX) model, we demon-
strated that targeting this FOSL1-SE-driven transcription program
profoundly suppresses the expression of these key oncogenes, result-
ing in the inhibition of tumorigenesis and metastasis of HNSCC.
Taken together, our results suggest that FOSLI is a master regulator
of HNSCC and targeting the FOSL1-SE-driven transcription program

can significantly suppress the tumorigenic potential and the metasta-
tic ability of HNSCC.

RESULTS

FOSL1 is upregulated in HNSCC and is associated with
malignant progression of HNSCC

To investigate whether FOSL1 plays a critical role in human HNSCC
progression, we first characterized the mRNA profiles of the HNSCC
patient cohort from TCGA. The analysis of the TCGA database re-
vealed that among all detected JUN and FOS family members,
FOSL1 mRNA was the only one that was significantly upregulated
in the HNSCC samples compared with normal tissues (Figure 1A).
Importantly, high expression of FOSL1 mRNA indicates a poor over-
all survival in the TCGA HNSCC patient cohort (Figure 1B). Further-
more, we comparatively analyzed mRNA profiles by using our
HNSCC patient samples (n = 53) and their corresponding non-
cancerous adjacent tissues (NATs) (n = 22).>" As shown in Figure 1C,
the microarray analysis indicates that FOSLL1 is significantly upregu-
lated in HNSCC tumor tissues compared with NATs. Of note, FOSL1
expression level is also significantly higher in HNSCC patients with
LN metastasis than in those without. We also examined the expres-
sion of FOSL1 in a panel of 9 HNSCC cell lines. As expected,
FOSLL1 is also significantly increased in (7 of 9) HNSCC cell lines
compared with normal human oral keratinocyte cells (NHOKs) (Fig-
ure 1D). To further validate these findings, a HNSCC tissue microar-
ray (TMA) was employed to analyze the expression of FOSLI in
HNSCC tissues (10 NATs and 65 HNSCC). The results shown in Fig-
ures 1F and S1A confirmed that the expression of FOSL1 protein was
also dramatically increased in HNSCC compared with NATs. More
importantly, FOSL1 protein expression was positively associated
with tumor size (T), clinical stage (C), and LN metastasis in HNSCC
(Figures 1G-1I). Collectively, our data suggest that FOSL1 is mark-
edly upregulated and is associated with malignant progression of
HNSCC.

Next, to investigate the potential biological process in which FOSLI is
involved during the progression of HNSCC, weighted gene correla-
tion network analysis (WGCNA) was performed to explore the key
gene modules related to FOSL1 expression. HNSCC samples from
TCGA were clustered with respect to FOSL1 expression level (Fig-
ure S1B), and a soft threshold of f = 6 was selected to obtain the
neighboring and topology (Figure S1C). The topological overlap of
the gene networks was visualized via a heatmap (Figure S1D), and
the clustering tree was divided into 17 modules by dynamic shearing
(Figures S1E and SIF). Then, we found that the greenyellow and

Figure 1. Upregulation of FOSL1 is correlated with malignant progression of HNSCC

(A) Analysis of AP1 family member expression in 44 normal and 524 HNSCC samples based on the TCGA database from TIMER2.0 (http://timer.cistrome.org/). (B) Kaplan-
Meier curves for survival of patients with HNSCC grouped by the expression of FOSL1 from the TCGA database. Differences between the two groups were compared with a
log-rank test. (C) Analysis of FOSL1 expression using the data sets with 22 normal and 53 HNSCC samples based on the method from our previous study. LN—, negative
lymph node metastasis; LN+, positive lymph node metastasis. **p < 0.001 by Student’s t test. (D) gRT-PCR analysis of FOSL1 expression in a panel of 9 HNSCC cell lines
compared with NHOK. (E) Representative images of FOSL1 IHC staining of NATs and HNSCC samples from TMA. (F) Analysis of FOSL1 expression in 10 NATs and 64
HNSCC samples from TMA. (G-l) HNSCC samples were grouped by T stage (G), clinical stage (H), and lymph node metastasis (l). ***p < 0.001 by Student’s t test. (J and K)

GO analysis for genes in greenyellow (J) and magenta (K) modules.
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magenta modules were most significantly associated with FOSL1
expression (Figure S1G). Gene Ontology (GO) analysis revealed
that enrichments of genes in both modules were significantly associ-
ated with keratinocyte differentiation in the biological process (BP)
classification and intermediate filament cytoskeleton in the cellular
component classification (Figures 1] and 1K). Accumulating evidence
suggests that cancer cells with high metastatic potentials display a de-
differentiated status, including tumor budding cells”* ** and cancer
cells located at the invasive tumor front.**”** Importantly, epithe-
lial-mesenchymal transition (EMT), a well-known program required
for metastasis, is actually a complex de-differentiation process.”>°
Moreover, it has been confirmed that rearrangement of the cytoskel-
eton is required in migration and invasion of cancer cells, which are
the key steps of cancer metastasis and phenotype changes from
EMT.””*? All these findings emphasize that the key biological func-
tion of FOSL1 is its involvement in the metastasis cascade in HNSCC.
Taken together, our results suggest that FOSL1 is markedly upregu-
lated and is clearly associated with metastasis of HNSCC.

FOSL1 promotes HNSCC metastasis and tumorigenicity of
HNSCC

To validate the functional role of FOSL1 in promoting the metastasis
phenotype of HNSCC cells in vitro, we generated two lentivirus-based
short hairpin RNAs (shRNAs; shl and sh2) to target two different
FOSL1 sequences. Both FOSL1-shl and FOSL1-sh2 were able to
knock down FOSL1 in HNSCC cell lines UM-SCC1 and FaDu (Fig-
ure S2A). As shown in Figures 2A and 2B, depletion of FOSLLI signif-
icantly inhibited the migration and invasion of UM-SCC1 and FaDu
cells. To rule out the possibility that the inhibition of migration was
mediated by suppression of cell proliferation, we treated the cells
with mitomycin C and performed similar wound healing assays. As
shown in Figure S2B, depletion of FOSLI still significantly suppressed
the migration when the proliferation was inhibited.

Since CSCs have been suggested to maintain cancer growth and pro-
mote metastasis, the expression of FOSL1 was evaluated in FAC-
Sorted ALDH™#"/CD44™¢" CSC-like cells from UM-SCC1 and
FaDu cells to clarify the critical role of FOSLI in maintaining the
CSCs of HNSCC.”® Unsurprisingly, significant upregulation of both

FOSLI and BMII expression was detected in ALDH"&"/CD44"¢"
CSC-like cells compared with ALDH'Y/CD44"" non-CSCs (Fig-
ure 2C), suggesting that FOSL1 may play an important role in CSC
regulation in HNSCC. Supporting this, a reduction of ALDH"&"/
CD44"" CSC population was observed in UM-SCC1 and FaDu cells
transfected with FOSL1 small interfering RNA (siRNA) (Figure 2D;
Figures S2C and S2D), indicating that the self-renewal capacity of
CSCs was impaired by depletion of FOSLI.

To further address whether FOSL1 promotes self-renewal ability in
HNSCC in vitro, we performed the widely used in vitro tumor sphere
formation assay but used limiting dilution to ensure the accuracy of
measurement. Four doses (1,000, 500, 50, and 10) of the control,
FOSL1-sh1, and FOSL1-sh2 UM-SCCI cells were seeded in 96-well
plates. Notably, a significant decrease in the sphere re-initiating cell
frequency was detected in the UM-SCC1/FOSLI1-shl cells as
compared to controls (Figure 2E; Figure S2E). Similar results were
also observed in FaDu cells (Figure 2E; Figure S2E). For further
confirmation, ALDH"8"/CD44M8" CSCs were isolated from both
UM-SCCI1 and FaDu cells and treated with FOSL1 siRNA. As shown
in Figures 2F and 2G, tumor sphere formation was completely
abolished by depletion of FOSLI, indicating its pivotal role in main-
taining CSC-like self-renewal in HNSCC. In addition, knockdown of
FOSL1 dramatically reduced the tumor sphere formation ability of
ALDH"#"/CD44"8" CSCs isolated from one case of HNSCC PDX
originating from the oral cavity (Figure 2H). These results suggested
that FOSLI plays a key role in the cancer-initiating capacity of
HNSCC.

To determine whether FOSL1 promotes tumorigenesis of HNSCC
cells in vivo, a limiting-dilution assay was also performed and four
doses (10°% 5 x 10°, 5 x 10% and 5 x 10%) of UM-SCC1/FOSLI1-
shl cells and their corresponding control cells were subcutaneously
inoculated in nude mice. UM-SCC1/FOSLI1-sh1 cells displayed lower
tumorigenicity (Figure 2I) and tumor re-initiating cell frequency
compared with control cells (Figure 2J). Of particular note, the
UM-SCC1/FOSL1-shl cells could not form visible tumors when
5 x 10 cells were injected, suggesting that FOSL1 promotes the
CSC population in HNSCC cells. To investigate the pivotal role of

Figure 2. FOSL1 promotes HNSCC migration, invasive growth, and tumorigenicity of HNSCC

(A) Depletion of FOSL1-inhibited cell motility of UM-SCC1 and FaDu cells as shown by wound healing assays. **p < 0.01 by one-way ANOVA. Scale bar, 200 um. (B)
Depletion of FOSL1-inhibited cell migration and invasion of UM-SCC1 and FaDu cells. **p < 0.01 by one-way ANOVA. (C) gRT-PCR showed that FOSL1 and BMI1
expression was increased in ALDH"S"/CD44"9" cancer stem cells (CSCs) from HNSCC compared with ALDH°Y/CD44'°" non-CSCs. **p < 0.01 by Student’s t test. (D)
ALDH"9"/CD44M" CSC population was decreased in UM-SCC1 and FaDu cells treated with FOSL1 siRNA. **p < 0.01 by Student’s t test. (E) CSC frequency of FOSL1-sh1,
FOSL1-sh2, or Scr-sh transduced HNSCC cells was measured by limiting dilution assay in vitro. Frequency and probability estimates were computed with ELDA software. (F
and G) Depletion of FOSL1 by siRNA eliminated tumor sphere formation ability of ALDH™S"/CD44M9" CSCs from UM-SCC1 (F) and FaDu (G) cells. **p < 0.01 by Student’s t
test. Scale bar, 100 um. (H) Depletion of FOSL1 by siRNA eliminated tumor sphere formation ability of tumor cells isolated from HNSCC PDX. The knockdown efficiency of
FOSL1 was determined by gRT-PCR. **p < 0.01 by Student’s t test. Scale bar, 100 pm. () In vivo limiting dilution analysis of UM-SCC1/FOSL1-sh-1 and UM-SCC1/Scr-sh
cells. (J) CSC frequency of UM-SCC1/FOSL1-sh1 and UM-SCC1/Scr-sh cells was measured by limiting dilution assay in vivo. Frequency and probability estimates were
computed with ELDA software. (K) HNSCC orthotopic xenograft inoculated with the UM-SCC1/FOSL1-sh1 or UM-SCC1/Scr-sh cells (n = 6 each group). White areas of the
tongues represent the xenograft tumors. (L) Representative images of histopathological analysis of the tumor. Scale bar, 2 mm. (M) Tumor volume was suppressed in mice
bearing UM-SCC1/FOSL1-sh-1 cells compared with UM-SCC1/Scr-sh cells control cells. n = 6, “p < 0.05 by Student’s t test. (N) H&E and immunostaining of metastatic cells
in cervical lymph nodes using anti-pan-cytokeratin (Pan-CK). Scale bar, 200 um. (O) The percentage of lymph nodes with metastatic tumor cells was analyzed by Fisher’s
exact test. “*p < 0.001. Values are mean + SD for triplicate samples from a representative experiment, unless otherwise indicated.

Molecular Therapy Vol. 29 No 8 August 2021 2587


http://www.moleculartherapy.org

2588

UM-SCC1
NC FOSL1 siRNA

RNA-seq

edgeR

Molecular Therapy

Invasion of tumor cell lines

Cell movement of tumor cell lines
Migration of tumor cell lines
Invasion of breast cancer cell lines
Cell movement of carcinoma cell...
Cell proliferation of carcinoma cell...
Cell proliferation of breast cancer...
Colony formation of tumor cell lines
Non-hematological solid tumor
Malignant solid tumor

Migration
Invasion

Proliferation

I Cancer
Epithelial neoplasm
Head and neck tumor
Head and neck cancer B
Self-renewal of cells Stemness
Differentiation of tumor cell lines Differentiation

Differentiation of embryonic cells

[estA] —i— "
45 -4 -35 -3 25 -2 -15 -1
Activation Z-sore

IPA |

Role of JAK family kinases in IL-6-type...
Mouse Embryonic Stem Cell Pluripotency
Role of NANOG in Mammalian...
PEDF Signaling
Human Embryonic Stem Cell Pluripotency
Colorectal Cancer Metastasis Signaling
TGF-B Signaling
Molecular Mechanisms of Cancer
IL-6 Signaling
Cell Cycle: G1/S Checkpoint Regulation
Phospholipase C Signaling
ERKS5 Signaling
Regulation of the EMT Pathway
p38 MAPK Signaling
HMGB1 Signaling
STAT3 Pathway
ERK/MAPK Signaling
Role of Tissue Factor in Cancer

-05 0

D ; EMT Hallmark
oooij A

“0 02 Nominal p<0.0
_0 06‘; ES=-0.11 \I\\NMA
-0.08{

-0.107

TR

FOSL1-si

Enrichment Score

con-si

Cancer Progenitor Cells

%%ﬁﬁmn
§§§ ES=-0.12 W /
MMWWWWWWWW

FOSL1-si

Enrichment Score

control-si

Cumulative Enrichment Score

2 3 4
-log(p-value)
E EMT Hallmark

ES:0.411
Nomalize ES: 1.834
p value: 0.0048

FDR: 0.0029

R

Enrichment Score m

Enri

2

o

Ranked List Metric
Ranked List Metric

Genes Upregulated by EMT

JLLACELE U0 Ly

mmm— Signature Genes

Tumor Invasiveness
:S: 0.363

Nomalize ES: 1.693
p value: 0.0060
FDR: 0.0195

JUI Y

£8:0.497
Nomalize ES: 1.850
p value: 0.0057

FOR: 0.0191

Enrichment Score @

Ranked List Metric

5000 10500 15300
Ranked in Ordered Dataset

I

Embryonic, Neural and Hematopoietic

ells Signature S 04%
Nomalize ES: 1.982

p value: 0.0043
FOR: 0.0187

A 110

2

Enrichment Score
Enrichment Score

0

Ranked List Metric
Ranked List Metric

2

““Ranked in Ordered Dataset

Human Mammary Stem Cells Signature

§ T S

0 1050 55
Ranked in Ordered Dataset

Mammary Cancer Stem Cells Signature

ES: 0.398
Nomalize ES: 1.900
p value: 0.0072

FDR: 0.0212

ES:0.504
Nomalize ES: 2.102
p value: 0.0036

FDR: 0.0185

Enrichment Score

M loawnao

Ranked List Metric

%0 0500 %0
Ranked in Ordered Dataset

Molecular Therapy Vol. 29 No 8 August 2021

5000 10000 15000
Ranked in Ordered Dataset

15000

5000 10000
Ranked in Ordered Dataset

(legend on next page)



www.moleculartherapy.org

FOSLLI in promoting metastasis in vivo, a HNSCC orthotropic xeno-
graft model was established with UM-SCC1/FOSL1-shl cells and
their corresponding control cells (UM-SCCl/scrambled shRNA
[Scr-sh]). As shown in Figures 2K-2M, mice bearing UM-SCC1/
FOSL1-sh1 cells displayed smaller tumors with lower tumor volume
than the mice bearing control cells. Moreover, histological analysis re-
vealed that the LN metastasis was also significantly suppressed by
depletion of FOSL1 (Figures 2N and 20). In addition, we also
confirmed that depletion of FOSLI also significantly suppressed
tumorigenicity, in vivo growth, and the metastatic ability of FaDu cells
(Figures S2G-S2M). Overall, these findings confirmed that FOSL1
serves as a key oncogene that promotes the tumorigenesis and metas-
tasis of HNSCC in vivo.

FOSL1 promotes epithelial-mesenchymal transition and
maintains stemness in HNSCC

To understand the molecular mechanisms of FOSL1 in promoting
HNSCC tumorigenesis and metastasis, RNA sequencing (RNA-seq)
was conducted by using HNSCC cells transfected with FOSL1 and
control siRNA, followed by Ingenuity Pathway Analysis (IPA) and
gene set enrichment analysis (GSEA) (Figure 3A). As shown in Fig-
ure 3B, IPA revealed that cell migration, invasion, proliferation,
and differentiation were all significantly inactivated by depletion of
FOSLI in UM-SCCI cells. In agreement with these functional alter-
ations, several key signaling pathways were significantly changed after
FOSL1 knockdown, including the EMT pathway, metastasis, stem-
ness, and cell cycle regulation signaling (Figure 3C). These results
indicate that FOSL1 plays an essential role in maintaining cancer
stemness and EMT in HNSCC. To further confirm these observa-
tions, GSEA was employed to analyze the RNA-seq profiles and indi-
cated that depletion of FOSLI significantly suppresses the EMT signa-
ture and cancer stemness signature gene expression (Figure 3D).
Similar results were observed in FaDu cells (Figures S3A-S3D).

It is well known that EMT promotes CSC phenotype in many tumor
entities.’"*? To further confirm that FOSL1 regulates EMT, we exam-
ined the effect of FOSL1 knockdown on the expression of EMT
markers E-cadherin (CDH1) and N-cadherin (CHD2) in both UM-
SCCI and FaDu cells. As shown in Figure S2A, the expression of
epithelial marker CDHI1 was not very dramatically upregulated by
FOSL1 depletion. In comparison, the mesenchymal marker CDH2
expression was significantly reduced. Additionally, knockdown of
FOSL1 did not cause significant changes in the morphology of the
two cells (Figure S3E). This suggests that FOSL1 may mainly regulate
partial EMT.”” It was recently recognized that the human carcinomas
usually undergo partial EMT, rather than complete EMT, possessing a
higher metastatic risk.”®> The critical role of partial EMT in domi-

nating HNSCC metastasis has already been confirmed by the sin-
gle-cell RNA-seq analysis of HNSCC patient tissues.”* More impor-
tantly, we also performed GSEA with the TCGA HNSCC data set.
As shown in Figures 3E-3], we found that the FOSLI level was posi-
tively correlated with EMT and CSC signature genes, supporting the
notion that FOSL1 has a crucial role in metastasis and stemness of
HNSCC. Taken together, these data indicate that FOSL1 promotes
EMT signaling and maintains CSCs in HNSCC.

FOSL1 associates with Mediators to establish super-enhancers
To elucidate the molecular mechanism by which FOSL1 maintains
CSCs and metastatic ability of HNSCC, we performed chromatin
immunoprecipitation sequencing (ChIP-seq) and examined the
genome-wide occupancy of FOSL1 in UM-SCC1 cells following
FOSLI depletion. As expected, a dramatic decrease of FOSLI occu-
pancy was observed at 5 kb from the transcription start site (TSS),
the promoter regions, in FOSL1-depleted UM-SCCI cells (Figure 4A).
We identified 28,349 FOSL1-occupied regions (peaks) on chromatin
in control UM-SCC1 cells genome-wide. Transcription factor DNA
motif analysis also confirmed that AP1 family member binding motifs
are significantly enriched in FOSL1 peak regions, and FOSL1 motif is
identified at the top of the list (Figure 4B). Interestingly, the majority
of these regions were found =5 kb away from the TSS,
particularly £50-500 kb away from the TSS (Figure 4C). Globally,
analysis of the distribution of FOSL1-occupied regions relative to an-
notated TSSs revealed that most FOSLI peaks were intragenic and in-
tergenic sites located distally from the promoter (Figure 4D). This
suggests that instead of promoter regions, FOSL1 may predominantly
associate with the enhancer regions in HNSCC cells.

Recent evidence suggests that master TFs recruit Mediators to estab-
lish SEs at the key cell identity genes that determine cell type and
identities.”” Based on our results, we hypothesize that FOSL1 may
exert its function in promoting metastasis and stemness in HNSCC
by establishing SEs with Mediators. To test this hypothesis, we also
performed the ChIP-seq of Mediator complex subunit MED1 and
characterized the SEs in UM-SCCI cells after FOSL1 depletion in par-
allel. As shown in Figure 4E, a dramatic reduction of MED1 enrich-
ment on chromatin was also observed in the FOSL1-depleted UM-
SCC1 cells. When defined by the ChIP signal of MEDI1, 732 SEs
were identified in control cells and only 265 were identified in
FOSLI1-knockdown cells (Figure 4F). Among the 732 SEs identified
in control cells, 561 of them were lost in FOSL1-depleted cells (Fig-
ure 4G). A genome-wide analysis confirmed that a considerable num-
ber of the FOSL1 peaks (18.6%) were distributed to the SE regions
(Figure 4H). The analysis also indicated that the ratio of SEs
(100%) that contain FOSL1 peaks is significantly higher than

Figure 3. FOSL1 promotes EMT and cancer stemness in HNSCC

(A) Schematic illustrating the experimental approach for RNA-seq and subsequent data analysis in UM-SCC1 cells. (B) IPA showed that FOSL1 target genes are associated
with proliferation, migration, invasion, and stemness. (C) IPA demonstrated that FOSL1 target genes are enriched in metastasis- and stemness-associated signaling. (D)
GSEA indicated that the depletion of FOSL1 inhibits the EMT and cancer progenitor cell signature genes. p < 0.001. (E-J) GSEA indicated that the abundance of FOSL1 is
positively correlated with EMT (E), EMT upregulated genes (F), tumor invasiveness (G), embryonic, neural, and hematopoietic stem cells (H), human mammary stem cells (1),
and mammary cancer stem cells signature (J) gene expression in HNSCC samples from the TCGA database.
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promoter (25.1%) and the enhancer regions (57.0%) (Figure 4H). To
further validate our hypothesis, we characterized both FOSL1 and
MEDI chromatin localization with ChIP-seq. Among the 28,349
FOSL1-occupied region and 66,748 MEDl-occupied region sites,
22,942 sites were shared by both FOSL1 and MEDI. Among the
732 SEs identified based on MEDI enrichment, 100% contained po-
tential binding sites for FOSL1 (Figure 4I). An endogenous nuclear IP
analysis in UM-SCCI also confirmed the interaction between FOSL1
and MED1 in the nucleus (Figure S4A). Taken together, our data sug-
gest that FOSLL is significantly enriched at SEs and selectively co-lo-
calizes with MEDI1 to establish SEs in SCC cells.

An emerging paradigm in cancer biology relates to the concept of “tran-
scriptional addiction: to support their uncontrolled proliferation or
other needs, tumor cells require high levels of uninterrupted transcrip-
tion of a large set of genes to sustain their malignant phenotypes.”>*°
These key oncogenes are usually driven by SEs, and they are vulnerable
to SE disruption. Therefore, we asked whether SE-associated tran-
scripts are more disproportionately relying on FOSLI than typical en-
hancers (TEs). An analysis of transcriptional profiles indicated that
SE-associated transcripts were significantly more expressed than TE-
associated transcripts (Figure 4]). In addition, the abundance of SE-
associated transcripts was downregulated to a significantly higher de-
gree upon depletion of FOSL1 compared with those associated with
TEs (Figure 4K), thus indicating that SE-associated genes are, in partic-
ular, transcriptionally addicted to FOSLI.

In order to identify key target genes that promote EMT and cancer
stemness controlled by FOSL1-SEs, the EMT and stemness genes
identified by RNA-seq and IPA in both UM-SCC1 cells and FaDu
cells were merged with 2,074 SE-associated genes, resulting in only
one target gene, SNAI2 (Figure 4L). SNAI2, a critical EMT transcrip-
tional factor, has been demonstrated to maintain stemness and pro-
mote invasive growth in a wide range of malignancies, including
HNSCC.”* Of note, a recent single-cell sequencing analysis of
HNSCC tissues also highlighted its decisive role in maintaining the
partial EMT program to dominate the malignant progression and
metastasis of HNSCC.™* The evidence suggests that SNAI2 may
play a key role in mediating the functions of FOSL1-SEs in HNSCC.
To test this hypothesis, we constructed stable SNAI2-overexpressing
UM-SCCI cells and control cells and depleted FOSLI expression by
siRNA (Figure S4B). We found that overexpression of SNAI2 restored
the migration and invasion ability reduced by FOSL1 depletion (Fig-

ures S4C and $4D). In addition, the tumor sphere formation ability
was also rescued by overexpression of SNAI2 (Figure S4E). Thus,
these results indicate that SNAI2 is a key target gene of FOSL1-SE
and it may play an essential role in exerting the functional character-
istics of FOSL1-SEs in HNSCC.

In addition to SNAI2, we also identified a cohort of cancer stemness
genes associated with FOSL1-SEs, such as CD44, EPHA2, and FOSL1
itself (Figure 4M; Figures S5A and S5B). CD44 is a well-known CSC
marker in HNSCC,” and EPHA2 has been reported to drive self-
renewal and tumorigenicity in stem-like tumor-propagating cells
from human glioblastomas.’ Additionally, other key oncogenic
genes that promote tumor growth (SI00A1 and S100A2), survival
(MCL1 and BIRC5), and metastasis (MMP3 and MMPS8) are also
associated with FOS1-SEs (Figures S5C-S5G). The ChIP-seq profiles
showed that the signals for MED1 and FOSL1 were highly enriched at
the SEs that were significantly reduced after knockdown of FOSL1
(Figure 4M; Figures S5A-S5G). Overall, these results indicate that
the FOSL1-SE-driven transcription program plays an essential role
in maintaining cancer stemness and metastatic ability of HNSCC.

Targeting FOSL1 inhibits SE-associated gene expression and
suppresses tumor growth and metastasis in HNSCC

To further confirm the relationship of FOSL1 and SE-associated
genes, we performed quantitative real-time PCR validation and
showed that depletion of FOSL1 by shRNA significantly inhibited
the expression of SNAI2, FOSLI, and other SE-associated genes in
HNSCC cells (Figure 5A; Figure S6A). Similar results were also ob-
tained by knockdown of FOSL1 via siRNA in UM-SCC1, FaDu,
and tumor cells isolated from PDX (Figures S6B and S6C). ChIP-
quantitative real-time PCR confirmed that the enrichments of
MEDI and FOSL1 on the SE regions were also significantly decreased
after depletion of FOSL1 by both shRNA and siRNA (Figures 5B and
5C; Figures S6D-S6G).

Moreover, we also found that the AP1 inhibitor, SR11302, which has
been reported to inhibit the transcriptional activity of AP1 in vitro
and in vivo,"* significantly suppressed AP1 activity (Figure 5D)
as well as the expression of SNAI2, FOSLI, and other SE-associated
genes in both UM-SCC1 and FaDu cells (Figure 5E; Figure S6I).
Finally, ChIP-quantitative real-time PCR analysis also demonstrated
that SR11302 significantly suppresses the recruitment of FOSL1 and
MEDI to the SE regions of these genes (Figure 5F; Figure S6]). These

Figure 4. FOSL1 exerts its functions in maintaining EMT, invasion, and cancer stemness through SEs in HNSCC cells

(A) FOSL1 occupancies on genome in UM-SCC1 cells treated with FOSL1 siRNA or control siRNA. (B) Motif analysis at FOSL1-binding sites (peaks) in UM-SCC1 cells. Top 8
most enriched transcription factors are presented. (C) The distribution of FOSL1 peaks in relation to the TSS by GREAT analysis in UM-SCC1 cells. (D) Percent genomic
distribution of FOSL1 peaks in genome. (E) Depletion of FOSL1 by siRNA decreased the MED1 occupancies on genome in UM-SCC1 cells by ChiP-seq. (F) Depletion of
FOSL1 by siRNA disrupted SEs in UM-SCC1 cells based on MED1 enrichment. (G) The majority of SEs were lost by FOSL1 depletion. (H) The genome-wide distribution of
FOSL1 peaks and enrichment in promoters, enhancers, and SEs. ***p < 0.0001 by Fisher’s exact test. () FOSL1 selectively associated with MED1 to establish SEs in
HNSCC cells. (J) Genes associated with SEs display higher expression levels than genes that associated with total pool of all enhancers (All) and typical enhancers (TEs) in
UM-SCCH1 cells. The expression values (in RPKM) were determined by RNA-seq and are presented as boxplots. (K) Boxplots showing log, fold changes for transcripts
associated with total pool of all enhancers (All), TEs, and SEs after FOSL1 depletion in UM-SCC1 cells. (L) Venn diagram shows the overlap between genes associated with
SEs and EMT and stemness genes identified by IPA after depletion of FOSL1. (M) MED1 and FOSL1 binding profiles of SE-associated genes SNAI2 and FOSL 7 in UM-SCCH

cells.
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results highlight that SR11302 may target the FOSL1-SE-driven tran-
scription program and such an approach may have therapeutic poten-
tials in HNSCC treatment.

To forward these findings toward a clinical intervention strategy, a
HNSCC PDX orthotopic preclinical model was established, and the
PDX-bearing mice were then treated with either SR11302 or control
vehicle. As shown in Figure 5G, administration of SR11302 signifi-
cantly inhibited the HNSCC PDX growth. Both tumor weight and tu-
mor volume were significantly suppressed by the administration of
SR11302 (Figures 5H and 5I). To evaluate the effect of SR11302 on
suppressing HNSCC cervical LN metastasis, neck dissection was per-
formed to harvest all the cervical LN, including the submandibular
LNs, superficial cervical LNs, facial LNs, and internal jugular LNs.
As shown in Figures 5J-5L, the number of LN metastases was signif-
icantly reduced by SR11302 treatment. Consistently, histological
analysis also indicated that expression of SNAI2 and FOSLI was
dramatically inhibited in the mice treated with SR11302 compared
with those in the control group (Figure 5M). Toxicology studies
were performed using wild-type mice treated with SR11302. Histo-
pathological analysis revealed that no tissue damage occurred in ma-
jor organs (including the heart, spleen, lung, brain, kidney, and liver)
after SR11302 administration (Figure S7A). In addition, the evalua-
tion of blood routine and blood biochemical indicators also suggested
that SR11302 is well tolerated by mice (Figures S7B and S7C).

In agreement with these results, a positive correlation of FOSLI and
SNAI2 expression was also observed in HNSCC patients from
TCGA data sets (Figure 5N). To further investigate the clinical trans-
lational significance of FOSL1 and its controlled SE-associated genes,
immunohistochemistry (IHC) staining was used to assess FOSLI and
SNAI2 expression in a cohort of HNSCC tissue samples. As shown in
Figures 6A-6C, FOSL1 and SNAI2 expression was positively associ-
ated with advanced T stage, clinical stage, and cervical LN metastasis.
A significant correlation of FOSLI and SNAI2 was also observed at
protein levels in HNSCC (Figure 6D). Importantly, high expressions
of FOSL1 and SNAI2 indicated a poor survival in HNSCC (Figures 6E
and 6F). Of note, patients with both low FOSLI and SNAI2 levels indi-
cated the most favorable prognosis (Figure 6G). In summary, these
findings strongly suggest that targeting FOSL1 may serve as a novel
therapeutic approach in HNSCC by suppressing the SE-dependent
transcriptional program.

DISCUSSION

Our study uncovered a novel SE-driven transcription mechanism
with clinical relevance involving the master regulator FOSL1 associ-
ating with Mediators to establish SEs and thereby promoting tumor
initiation and metastasis of HNSCC. Deregulation of transcription
is one of the major factors in the propagation of human cancers.*’
This deregulation is often a consequence of mutated and/or overex-
pressed TFs or epigenetic regulators.*®™** This results in cancer cells
that may be addicted to certain TFs in order to sustain the high
expression of select oncogenes and maintain the malignant pheno-
type.>”*>**** We have made an advance in understanding the molec-
ular mechanisms underlying transcriptional addiction in HNSCC
cells by identifying FOSLI as a relevant player in this phenomenon.
The underlying molecular event is mediated by the FOSL1-SE-driven
transcription program.

The transcriptional activity of the AP1 functions in a tissue-specific or
cancer type-specific fashion.*” By analyzing multiple HNSCC patient
cohorts and TCGA database, we found that FOSL1 is the only AP1
family member that is significantly upregulated in HNSCC tissues
and is also correlated with the malignant progression and metastasis
of this cancer. Using in vitro and in vivo models, we further validated
its function in promoting tumorigenicity and metastatic ability in
HNSCC. In order to investigate the molecular mechanisms underly-
ing these events, we conducted unbiased IPA and GSEA of the RNA-
seq and TCGA database and thereby determined that the EMT tran-
scription program and cancer stemness genes are the key mecha-
nisms/targets in mediating tumorigenicity and metastatic function
of FOSL1 in HNSCC. Next, ChIP-seq was performed to identify the
comprehensive mechanisms as well as target genes that control these
functions. Unexpectedly, we discovered that instead of promoter re-
gions, FOSL1 was mainly associated with enhancers, especially with
SEs. In addition, our data suggested that FOSL1 may exert its function
predominantly through establishing SEs at a cohort of cancer stem-
ness and pro-metastatic genes with preferential association with Me-
diators. Finally, by overlapping IPA and ChIP, we identified the EMT
TF SNAI2 as the key target gene of FOSLI-SEs that control cancer
stemness and metastasis.

Emerging evidence from both experimental and clinical studies indi-

cates that EMT promotes tumor initiation, invasion, and

Figure 5. Targeting FOSL1 suppresses tumorigenesis and metastasis of HNSCC

(A) Depletion of FOSL1 by shRNAs significantly inhibited SNA/2 expression in UM-SCCH1 cells. **p < 0.01 by Student’s t test. (B and C) ChIP-quantitative real-time PCR
showed that depletion of FOSL1 by shRNAs significantly reduced the recruitment of MED1 (B) and FOSL1 (C) on the SE regions of SNA/I2 and FOSL 1. (D) SR11302 inhibited
AP-1 luciferase activity in UM-SCC1 and FaDu cells. (E) SR11302 inhibited SNAI2 expression levels in UM-SCC1 and FaDu cells. (F) ChiP-quantitative real-time PCR showed
that depletion of FOSL1 significantly reduced the recruitment of MED1 and FOSL1 on the SE regions of SNA/2 in UM-SCC1 cells. (G) Administration of SR11302 inhibited the
HNSCC PDX growth in vivo. Image of orthotopic PDX treated with SR11302 or control vehicles. (H and I) Quantification of tumor volume (H) and tongue weight with tumor (1)
from orthotopic PDX treated with SR11302 or control vehicles. n = 5, *p < 0.05 by Student’s t test. (J) Representative image of cervical lymph node from mice bearing
orthotopic PDX treated with SR11302 or control vehicles. (K) Immunostaining of metastatic cells in cervical lymph nodes using Pan-CK. Scale bar, 200 um. (L) The per-
centage of lymph nodes with metastatic tumor cells was analyzed by Fisher’s exact test. ***p < 0.001. (M) Administration of SR11302 inhibited FOSL 7 and SNAI2 expression
in HNSCC orthotopic PDX. Immunostaining of HNSCC orthotopic PDX using FOSL1 and SNAI2 antibodies. Scale bar top, 25 pm; scale bar bottom, 50 um. (N) The
abundance of FOSL 1 is positively correlated with SNAI2 expression in HNSCC samples based on TCGA database from starBase. Values are mean + SD for triplicate samples
from a representative experiment, unless otherwise indicated. *p < 0.05 and **p < 0.01 by Student’s t test.
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metastasis.’>*> EMT has also been implicated as a critical regulator of
CSC phenotype, which includes cancer stemness and metastasis.”’
Multiple molecular signaling, such as the TGF-B, Notch, Wnt, and
HGF pathways, can regulate the EMT.” These signaling pathways
often exert their effects on EMT by regulating the expression of key
EMT TFs, such as ZEB1/2, TWIST1/2, SNAIL, and SNAI2 "'
EMT TFs are usually tissue or cancer type specific. Thus, identifying
and understanding the cancer type-specific EMT regulatory mecha-
nism may provide more effective strategies for specific cancer types.
SNAI2 is conserved across species and has been demonstrated to
play a critical role in maintaining cancer stemness and promoting
metastasis in several types of malignancies, especially breast cancer.
For example, it has been reported that SNAI2 is a master regulator
that promotes tumorigenic and metastatic abilities of the mammary
CSCs.” In lung carcinoma, SNAI2 is also required for SOX9 stabili-
zation and functions to promote CSCs and metastasis.”> In HNSCC,
SNAI2 has been implicated in sustaining tumor-initiating capacities
and metastasis abilities.”'>*>* Of particular note, a recent analysis
of single-cell sequencing of HNSCC patient tissues revealed that a
partial EMT program dominantly governs the metastasis of HNSCC,
and remarkably SNAI2 is the only EMT transcriptional factor that
was identified to control such an event in HNSCC.**

Despite these critical findings, the molecular mechanisms and the
transcriptional factors that directly control SNAI2 expression and
promote EMT-governed cancer stemness and metastasis are still
not well documented, especially in HNSCC. In addition, an effective
method for targeting SNAI2 has not been developed at present. Here,
we identified that FOSL1 establishes SE at SNAI2 and directly controls
its expression. Targeting FOSL1-SEs profoundly suppressed SNAI2
expression both in vitro and in vivo. Notably, the suppressed malig-
nant phenotypes, such as the tumor-initiating capacities and invasive
growth abilities, in FOSL1-depleted HNSCC cells can be reversed by
SNAI2 overexpression. Importantly, a positive correlation between
FOSLI and SNAI2 was also observed in two independent HNSCC pa-
tient cohorts. Considering the heterogeneity of the cancer, it is not
surprising that some HNSCC patients have high FOSLI expression
but not SNAI2 (Figure 6G). Such a phenomenon may be contributed
to other factors that can also regulate SNAI2. For examples, CD271,
nuclear factor-kB (NF-kB), and miR-204-5p have been reported to
directly or indirectly regulate SNAI2 levels in HNSCC.”*>° However,
the statistical analyses of two independent patient cohorts both iden-
tified a significantly positive correlation between FOSLI and SNAI2
expression in HNSCC (Figures 5N and 6D), suggesting that this cor-
relation is very robust and convincing. Finally, the evidence that high
expression levels of FOSLI and SNAI2 are associated with short over-

all disease-free survival also emphasizes the critical role of the FOSL1-
SE/SNAI2 axis in promoting malignant progression of HNSCC.
Taken together, these findings suggest that SNAI2 is the decisive
player in exerting the functional characteristics of FOSL1-SEs, and
such a FOSL1-SE/SNAI2 axis may serve as the master regulatory ma-
chinery in promoting HNSCC malignant progression. In addition,
our study may also provide a unique strategy for targeting SNAI2
in HNSCC.

Besides SNAI2, other key oncogenic genes that promote tumor inva-
sion (MMP3 and MMPI2), stemness (CD44 and EPHA2), growth
(SI00A1 and S100A2), and survival (MCL1 and BIRC5) have also
been identified to be directly controlled by FOSLI1-SEs (Figures
S5A-S5G). Targeting FOSL1-SEs can also significantly suppress
expression of these genes, such as MCL1 and MMP3 in HNSCC (Fig-
ure S6H). A positive correlation of FOSLI and these SE-target gene
expressions was also observed in HNSCC patients from TCGA data
sets (Figure S6K). Thus, these key oncogenes may also have contribu-
tions to the cancer stemness and metastasis functions of FOSL1-SEs.
These findings further strengthen the key role of the FOSL1-SE-
driven transcription program in maintaining the malignant pheno-
type of HNSCC. AP1 activity is transcriptionally induced by itself.””
Likewise, we also found that FOSL1 is directly controlled by
FOSL1-SEs. In addition, AP1 members including FOSL1 are well
known to be activated by the mitogen-activated protein kinase
(MAPK)/extracellular signal-regulated kinase (ERK) pathway, which
is also a downstream cascade of CD44.”* " This suggests that the
FOSL1-SE-driven transcription program is sustained by autofeedback
loops in which FOSL1 serves as the key hub driver in the center of this
signaling network (Figure 6H). Collectively, our discovery indicates
that FOSL1 is a master regulator that associates with Mediators to
create the FOSLI1-SE-driven transcription program through a
signaling network to drive the malignant progression of HNSCC.

CSCs are responsible for tumor initiation, metastasis, and drug resis-
tance.”' " Targeting CSCs represents a more effective strategy than
conventional therapy in cancer treatment. New evidence suggests
that SEs may play a critical role in controlling the characteristics of
CSCs.”* Of note, a recent report suggests that CSC-specific SEs pro-
mote polyunsaturated fatty acid synthesis to support epidermal
growth factor (EGF) receptor (EGFR) signaling to sustain glioma
CSCs.” This highlights that SEs may define the functional properties
of CSCs and targeting SEs may significantly reduce these properties,
thereby effectively eliminating CSCs. In agreement with the above-
mentioned findings, our studies strongly suggest that the FOSLI-
SE-driven transcription program may be required for maintaining

Figure 6. The abundance of FOSL1 correlates with poor prognosis in HNSCC

(A) Representative images of IHC analysis of FOSL1 and SNAI2 expression in HNSCC samples. (B and C) Analysis of FOSL1 (B) and SNAI2 (C) expression in 67 HNSCC
samples. HNSCC samples were grouped by T stage (T1,2 and T3,4), lymph node metastasis (LN— and LN+), and clinical stage (C1,2 and C3,4). Data represent mean + SD.
**p <0.01 and **p < 0.001 by Student’s t test. (D) The abundance of FOSL 1 is positively correlated with SNAI2 expression in HNSCC samples. (E and F) Kaplan-Meier curves
and log-rank test were used for survival analysis of patients with HNSCC grouped by the expression of FOSL1 (E) or SNAI2 (F). (G) Kaplan-Meier curves for survival of patients
with HNSCC grouped by the high or low expression of FOSL7 combined with SNAI2. (H) Proposed model for FOSL1-SE transcriptional program in HNSCC progression.
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the CSC-like properties, such as self-renewal ability, tumorigenic po-
tential, and metastatic ability, in HNSCC. Indeed, the evidence ob-
tained here and previously shows that FOSLI is upregulated in
HNSCC CSCs compared with non-CSCs, regardless of species.”’
These results strongly imply the critical role of FOSL1-SEs in defining
the functional properties of CSCs in HNSCC. Thus, the FOSL-SE-
driven transcription program may serve as a novel and effective ther-
apeutic target for the elimination of CSCs and may be adopted for
clinical intervention. However, a question remains of whether the
FOSL1-SEs we identified are actually present in CSCs, since these
SEs were characterized using the whole population of HNSCC cells.
Thus, future studies will be focused on characterization of CSC-spe-
cific SEs and validation of their decisive roles in maintaining the func-
tional properties of CSCs in HNSCC.

In conclusion, we have discovered that FOSL1 is a master regulator in
HNSCC and it exerts its function in promoting tumorigenicity and
metastasis predominantly via establishing SEs at key oncogenes, espe-
cially SNAI2. We also demonstrated that targeting the FOSL1-SE-
driven transcription program may represent an attractive strategy
for therapeutic interventions. Collectively, our findings provide not
only new insights into the key regulatory mechanisms of cancer stem-
ness and metastasis but also a novel and effective therapeutic
approach for eradication of HNSCC, which is still a life-threatening
disease without an effective targeted therapeutic strategy at present.

MATERIALS AND METHODS

Cell culture and siRNA transfection

The human HNSCC cell lines SCC9, UM-SCC15, SCC25, CAL27,
NHOK, and FaDu used in the present study were obtained from
ATCC (Rockville, MD, USA). UM-SCCI1 cells were obtained from
the University of Michigan. 1386LN, UM1, and UM2 cells were pro-
vided by Dr. Xiaofeng Zhou (University of Illinois at Chicago, IL,
USA). UM-SCC1, CAL27, and FaDu were cultivated in Dulbecco’s
modified Eagle’s medium (DMEM). The SCC9, UM-SCCI15,
SCC25, UM1, UM2, and 1386LN cells were maintained in DMEM-
F12 medium. All the cells were incubated at constant temperature
(37°C) in a humidified atmosphere containing 5% CO,. The
DMEM and DMEM-F12 medium were supplemented with 10% fetal
bovine serum (FBS, Thermo Fisher) and 1% penicillin-streptomycin
before application to the cell lines. The PlasmoTest mycoplasma
contamination detection kit (InvivoGen) was utilized to monitor
the potential mycoplasma contamination of the cell lines. PLKO.1
lentivectors that express FOSL1-shRNA or Scr-shRNA and packaging
vectors were obtained from Horizon. For viral particle productions,
lentivirus was obtained by co-transfection of PLKO.1 vectors with
packaging plasmids into 293T cells. To establish the FOSL1 knock-
down stable cell lines, UM-SCC1 or FaDu cells were incubated with
viral particles for 12 h. Two days post virus infection, the cells were
selected with puromycin (1 mg/L) for 4 days. The siRNA oligonucle-
otide sequences were FOSLI (si-l: 5-GCUCAUCGCAAGA
GUAGCA-3' and si-2: 5-GAGCUGCAGUGGAUGGUAC-3'). For
siRNA transfection, HNSCC cells were plated at 40%-50% confluence
and incubated overnight. The cells were then transfected with various
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amounts of siRNA with Lipofectamine RNAiMAX (Life Technolo-
gies) according to the manufacturer’s instructions.

Patients and specimens

Two patient cohorts were used in this study, including the HNSCC
tissue array and the SYSU HNSCC patient cohort. The HNSCC tissue
array (HOraC080PGO1) was purchased from Shanghai Outdo
Biotech Co. The SYSU HNSCC patient cohort was harvested from
67 patients pathologically diagnosed with HNSCC in the Hospital
of Stomatology, Guanghua School of Stomatology, Sun Yat-sen Uni-
versity. The study protocol was submitted and approved by the
Ethical Committee of the hospital. None of the patients received
chemotherapy or radiotherapy other than a radical surgery. All of
the included cases with specific clinicopathological data were then
subjected to TNM stage analysis referring to the UICC classification
system. The survival time was defined as the period from the surgery
date to the final follow-up date. The normal control tissue was ob-
tained as far as possible from the bump. All of the harvested speci-
mens were cared for and manipulated according to the Declaration
of Helsinki.

Animal studies

As experimental animals, both male and female mice were used in this
study. Four- to six-week old nude mice were purchased from Taconic
(Taconic #NCR-NU) and housed in pathogen-free conditions. All an-
imal experiments were strictly carried out following the protocol
approved by the Institutional Animal Care and Use Committee (IA-
CUC) at the Virginia Commonwealth University. For subcutaneous
xenograft model, UM-SCCI1 cells stably expressing FOSL1-shRNA
or control Scr-shRNA were mixed with Matrigel and subcutaneously
injected into the flank regions of the nude mice. The length and width
of the tumor were routinely monitored and measured with a caliper
every 3 days before the end point. The tumor volume was then calcu-
lated by the following formula: TV = (TL/TW2)/2 (where TV is tumor
volume, TL is tumor length, and TW is tumor width). The tumors
were removed after the mice were sacrificed. The weight of the tumors
was recorded before histological examination. The frequency of
HNSCC CSCs was calculated with ELDA software (http://bioinf.
wehi.edu.au/software/elda/index.html) provided by the Walter and
Eliza Hall Institute.®® For the HNSCC orthotopic xenograft model,
the indicated cells were injected into the tongue of nude mice. The tu-
mor volume was then calculated, and the LNs were harvested and as-
sessed. The use of human HNSCC PDX samples for this study was
approved by the VCU Institutional Review Board. The human
HNSCC PDX samples were obtained from the NCI Patient-Derived
Models Repository (patient ID: 394591; specimen ID: 219-R). The
HNSCC PDXs were maintained in NOD-SCID mice. For SR11302
administration, the HNSCC orthotopic xenograft model was estab-
lished through inoculation of 10° tumor cells isolated from HNSCC
PDX tumors (obtained from NOD-SCID mice) into the tongue of
nude mice. Two weeks after inoculation with PDX tumor cells, the tu-
mor-bearing mice were randomly divided into two groups. The treat-
ment group was intraperitoneally injected with SR11302 10 mg/kg
daily, and the control group was injected with only vehicle for
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14 days. The mice were sacrificed at the end point, and tumors were
dissected and weighed. The LNs were harvested and assessed in the
orthotopic xenograft model. Toxicology studies were performed
with C57BL/6 wild-type mice. The treatment group was intraperito-
neally injected with SR11302 10 mg/kg daily, and the control group
was injected with only vehicle for 14 days. The mice were sacrificed
at the end point. Blood was collected for blood routine and biochem-
ical index analysis. The major organs were also collected for IHC
analysis.

qRT-PCR and RNA-seq

Total RNA was isolated from cells with the NucleoSpin RNA II
RNA purification kit (Machery-Nagel; #740955.20). RNA concen-
trations were measured with NanoDrop One (Fisher Scientific).
For qRT-PCR, cDNA was synthesized from 800 ng of total RNA
with random primers and M-MuLV Reverse Transcriptase (New
England Biolabs; #M0253L). Quantification of mRNA was deter-
mined with a SYBRGreen supermix (Bio-Rad; #1708880) on a
CFX Connect Real-Time PCR Detection System (Bio-Rad). GAPDH
levels were used as a loading control for real-time PCR. The primer
sequences used for qRT-PCR are as listed in Table S1. For RNA-seq,
library preparation and sequencing were performed via the GENE-
WIZ RNA-seq service (GENEWIZ, South Plainfield, NJ, USA). The
sequencing reads were first mapped to the hgl9 UCSC transcript set
with Bowtie 2 version 2.1.0, and the gene expression level was esti-
mated with RSEM v1.2.15. Differentially expressed genes were iden-
tified with the edgeR program. Genes showing altered expression
with p < 0.05 and >1.5-fold changes were considered differentially
expressed. GSEA and the statistical analyses were performed with
GSEA software (https://www.broadinstitute.org/GSEA) and a two-
tailed t test, respectively.

ChlIP-quantitative real-time PCR, ChIP-seq, and SE analysis

For each ChIP reaction mixture, ~10° cells were used. HNSCC cells
were treated with 10 mM dimethyl 3,3'-dithiobispropionimidate-
HCI (DTBP) (Thermo Fisher, #20665) in PBS at room temperature
for 10 min and then fixed with 1% formaldehyde at 37°C for
10 min. Total cell lysates were sonicated to generate 200- to 400-bp
DNA fragments. Chromatin complexes were immunoprecipitated
with the following antibodies: anti-MED1 (Bethyl, #A300-793A),
anti-FOSLI1 (Cell Signaling, #5281). The precipitated DNA samples
were measured by quantitative real-time PCR. Data are expressed
as the percentage of input DNA. The primer sequences used for
ChIP-quantitative real-time PCR are listed in Table S2.

ChIP-seq libraries were generated with the NEBNext Ultra II DNA
Library Prep Kit (NEB, #E7103S) according to the manufacturer’s
instructions. The workflow involved purification of ChIP DNA,
end repair, A-tailing, adaptor ligation, and PCR amplification ac-
cording to the manufacturer’s instruction. NEB adaptors were
used for multiplexing samples (NEB, NEBNext Multiplex Oligos
for Illumina, #E73358S). The library samples were sequenced on Illu-
mina HiSeq 3000 for a single read 50 run. Demultiplexing was per-
formed with the Illumina Bcl2fastq2 v 2.17 program. Trimmomatic

was used to remove adaptors and to trim quality bases. We also
eliminated leading, trailing ambiguous, and low-quality bases after
adaptor clipping. Quality assessment confirmed that the ChIP-seq
libraries meet the requirements of ENCODE standards. Bowtie
was used to align the reads to the GRCh37 (hgl9) human reference
genome. Only uniquely mapped reads were used for the following
downstream peak calling analysis. We used MACS2 for peak calling
of the aligned data with default parameters (p value < 10™*). The
respective input samples were used as background. The bamCoverge
utility in deepTools was used to convert the bam to bigwig files. R
package ChIPseeker was used for the peak annotation. To assign
ChIP-seq enriched regions (peaks) to genes, we employed the cis-
regulatory elements annotation system (CEAS) to create average
profiling of all RefSeq genes and overlaps of significant peaks with
genomic annotation regions. Genes with significant peaks within 5
kb of their TSSs were considered as bound. We used HOMER to
find the most enriched motifs in a given peak set.

SEs were identified with ROSE software (https://bitbucket.org/
young_computation/rose). In brief, the MED1 peaks within 12.5 kb
of each other were stitched together as enhancer clusters. Enhancer
clusters were then ranked and plotted based on each MED1 ChIP-
seq signal. Stitched enhancer clusters that passed the inflection point
in the distribution were designated as SEs. Peaks were excluded if they
were entirely contained within +2 kb from a RefSeq TSS. Enhancers
were assigned to the RefSeq transcript whose TSS was nearest to the
center of the enhancer. The intersect utility in bedtools was used to
calculate the overlapping of the SEs with other SEs or enhancers.
The minimum overlap requirement is 1 bp. The SE- and TE-related
genes were identified with the ROSE_geneMapper command in the
ROSE software. The t test was applied to compare the fold change
of SE-associated genes and TE-associated genes.

Co-immunoprecipitation and western blotting

For nuclear IP, 1 x 10" UM-SCCI cells were used to prepare the nu-
clear extract. The nuclear extract was then incubated with antibodies
or control immunoglobulin G (IgG) at 4°C overnight, followed by in-
cubation with Dynabeads Protein G (Thermo Fisher) for 2 h. The
beads were washed with PBS + 0.1% NP-40 three times at 4°C. Pro-
teins bound to the beads were eluted with SDS loading buffer at 98°C
for 5 min and then subjected to SDS-PAGE followed by western blot-
ting analysis. For western blotting analysis, the total protein was ex-
tracted after lysis of cells with CelLytic buffer (Sigma-Aldrich,
#C3228). The protein extracts were then loaded into SDS-PAGE
with SDS loading buffer. The protein was then transferred into a pol-
yvinylidene fluoride (PVDF) membrane after separation. The mem-
branes were then immersed in 5% milk for blocking of nonspecific
binding for 1 h. The membranes were then incubated with primary
and secondary antibodies. The overnight incubation of primary anti-
body was followed by 2-h incubation of secondary antibody. The pri-
mary antibodies used in the present study were anti-FOSL1 (Cell
Signaling, #5281), anti-a-Tubulin (Sigma Aldrich; #T9026), anti-
CD44 (Cell Signaling, #3750), anti-CDHI1 (Cell Signaling, #3195),
anti-CDH2 (Cell Signaling, #13116), and anti-SNAI2 (Cell Signaling,
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#9585). The membrane was then developed for chemiluminescence,
and the images were recorded accordingly.

Wound healing assay and cell migration and invasion assay

For the wound healing assay, cells were seeded and incubated over-
night. The next day, a wound was scratched in the cell layer with a
sterile micropipette tip. Cells were then imaged daily with a micro-
scope until the wound closed in the control group. Data were collected
via Image]J analysis. Similar experiments were also performed in cells
pretreated with mitomycin C (10 pg/mL). The in vitro cell migration
and invasion were measured with the Corning BioCoat Matrigel In-
vasion Chamber (Corning; #354480) according to the manufacturer’s
instructions. In brief, cells were seeded in the upper chambers, and
culture medium with 1% FBS was added to the lower chambers. After
24 h of incubation, cells that migrated to the reverse side of inserts
were stained with the Hema 3 Staining Kit (Fisher, #123-869) and
quantified with ImageJ analysis.

Flow cytometry and tumor sphere formation assay

For flow cytometry analysis, the cell suspension of UM-SCCI or FaDu
cells was filtered through a 40-pum mesh filter. Subsequently, tumor cells
were stained with the ALDEFLUOR assay kit (STEMCELL Technolo-
gies; #01700) according to the manufacturer’s guidelines to label the
ALDH™" populations, followed by incubation of anti-CD44-APC
antibody (Miltenyi Biotec, #130-113-893). The ALDEFLUOR-stained
cells were treated with diethylaminobenzaldehyde, a specific ALDH in-
hibitor, to serve as ALDH-negative controls. For isolation of tumor cells
from PDXs, ~6-8 weeks after implantation the xenograft tumors were
isolated from mice, minced, and dissociated with the Tumor Dissocia-
tion Kit (Miltenyi Biotec, #130-095-929), and the tumor cells were sub-
sequently isolated with the Tumor Cell Isolation Kit (Miltenyi Biotec,
#130-108-339). For tumor sphere formation assays using CSCs, ALDH-
high/CD44"e" cells were sorted with a fluorescence-activated cell sorter
(FACSAria ITI, BD Immunocytometry Systems). The isolated cells were
cultured in ultra-low attachment plates at a density of 5,000 cells/well in
serum-free DMEM/F12 (Fisher Scientific, #11330-032) supplemented
with 1% B27 supplement (Fisher Scientific, #17504044), 1% N2 supple-
ment (Fisher Scientific, #17502048), penicillin-streptomycin (100 pg/
mL; Fisher Scientific, #15140122), human recombinant EGF (20 ng/
mL; R&D Systems, #236-EG-01M), and human recombinant basic
fibroblast growth factor (bFGF, 10 ng/mL; R&D Systems, #233-FB-
025/CF) in a humidified 5% CO, incubator at 37°C. Fresh medium
was replenished every 3 days. The number of the valid spheres was as-
sessed under microscopy 1 week after plating. For in vitro sphere forma-
tion assays, 1,000 UM-SCC1 cells stably expressing SNAI2 or control
cells were dissociated into single cells and seeded into 6-well plates, fol-
lowed by siRNA transfection. The number of the valid spheres was as-
sessed under microscopy 2 weeks after plating. For in vitro sphere for-
mation with limiting dilution assays, HNSCC cells were dissociated into
single cells and seeded into 96-well plates at the indicated cell doses. For
each cell dose, at least 24 wells were seeded with cells. Fresh medium was
replenished every 3 days. Two weeks later, sphere number was counted
and the frequency of sphere-forming units was calculated with ELDA
software.
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Immunohistochemistry

IHC assays were performed with the VECTASTAIN Elite ABC Kit
(Vector, #PK-6101) according to the manufacturer’s guidelines and
quantified as previously described.”>” The antibodies used in IHC
assays were anti-FOSL1 (Cell Signaling, #5281), anti-Pan-Keratin
(Cell Signaling, #4545), and anti-SNAI2 (Cell Signaling, #9585).
The THC score was calculated with the formula 1 x (percentage
of cells staining weakly) + 2 x (percentage of cells staining
moderately) + 3 x (percentage of cells staining strongly) as previ-
ously described.®”

WGCNA and GSEA based on TCGA data sets

RNA-seq and clinical data of the HNSCC from TCGA were down-
loaded with the UCSC Xena browser (https://xenabrowser.net). Pa-
tients with HNSCC who were followed up after >1 month were sub-
jected to survival analysis based on their gene expression data. The
gene expression data and survival results were used for the overall sur-
vival analysis. The top 50% of the genes with the largest variance in the
HNSCC samples (9,829 genes) were used for WGCNA. All these pro-
cesses were performed with R software (R version 3.5.3) and related R
packages. The WGCNA package was applied to construct weighted
gene correlation network analysis.”® The outlier samples were
removed by applying the goodSamplesGenes function and the hclust
function (Z.k < thresholdZ.k = 2.5). A soft threshold 3 was selected to
make the gene distribution conform to the scale-free network. After
the B value was determined, the correlation matrix was transformed
into an adjacency matrix with the adjacency function. Then, the
TOMsimilarity function was used to convert the adjacency matrix
into a topological overlap matrix, from which the corresponding
dissimilarity was calculated. The dynamic cut tree method was used
to perform hierarchical clustering according to the dissimilarity be-
tween genes to obtain a clustering tree, where different branches repre-
sent different gene modules (the module’s minimum gene number is
30). The module eigengene represented the expression data of the
genes contained in a module, and the gene modules could be clustered
again by using the moduleEigengenes function. Then, the mergeClo-
seModules function was used to merge the gene modules whose
dissimilarity is <0.2. The expression levels of each module eigengene
were calculated to identify the modules that were significantly related
to the expression of FOSL1. Finally, GO analysis was performed for the
genes in the key modules.

GSEA was conducted between the high FOSLI expression and low
FOSLI expression groups by using R package “clusterProfiler.” The
association of FOSL1 expression with oncogenetic biological function
was performed with the Hallmark gene sets and curated gene sets
(https://www.gsea-msigdb.org/gsea/index.jsp). A p value of <0.05
and a false discovery rate (FDR) of <0.05 for a gene set were consid-
ered statistically significant.

Statistical analysis

The results were presented as the mean + SD from replicated exper-
iments unless otherwise indicated. Two-tailed Student’s t test was per-
formed between two groups, and a difference was considered
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statistically significant with p <0.05 with Prism 6 (GraphPad Soft-
ware). Unpaired 2-tailed Student’s t test was used to compare the
means of 2 groups. Fisher’s exact test was used to compare the differ-
ence between two categorical variables with Prism 6.

Data availability
The accession numbers for the RNA-seq and ChIP-seq data reported
in this paper are NCBI GEO: GSE151128 and GSE151132.
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