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Abstract

Squamous cell carcinoma (SCC) is defined as a category of aggressive malignancies arising from the squamous epithelium
of various organs. Resistance to chemotherapies is a common feature of SCCs, which leads to a poor prognosis among SCC
patients. Recently, studies have illustrated the essential tumor suppressive role of ARIDI1A in several cancer types, but its
role in SCCs remains unclear. Cancer stemness has been recognized as a main reason for tumorigenesis and is commonly
correlated with chemoresistance, yet the relationship between ARID1A and cancer stemness remains unknown. In this study,
we showed that Aridla conditional knockout mice had a high incidence of SCCs occurring in the tongue and esophagus.
ARIDIA depletion promoted tumor initiation and cancer stemness in human SCC cells. Mechanistic studies revealed that
ARIDI1A blocked the interaction between cyclin-dependent kinases (CDKs) and retinoblastoma protein (Rb), reducing the
phosphorylation of Rb. Dephosphorylated Rb suppressed E2F1 activity and then suppressed cancer stemness by inactivating
c-Myc. Furthermore, we showed that ARID1A depletion significantly increased the chemoresistance of SCC and that a CDK
inhibitor exhibited a favorable effect on rescuing the chemoresistance caused by ARID1A loss. Collectively, our study
showed that ARID1A inhibits the cancer stemness of SCCs by competing with CDKs to bind with Rb to inhibit the E2F1/c-
Myc pathway.

Introduction

Squamous cell carcinoma (SCC) includes a collection of
tumors originating from diverse anatomical locations and is
one of the most common solid cancers in humans [1]. SCCs
These authors contributed equally: Qingyu Luo, Xiaowei Wu usually express squamous differentiation markers, share
common genetic mutations, and are classified according to
their origins [2]. The most frequently observed locations of
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patients with ESCC is less than 15% [7]. SCC patients suffer
from a poor prognosis mostly due to resistance to che-
motherapies and relapse [8—10], yet the specific mechanism
remains not fully understood. For these reasons, there is a clear
need to better understand the molecular events that contribute
to the poor prognosis of SCC patients and to develop more
promising strategies for addressing chemoresistance.

ARIDIA plays an essential tumor suppressive role in
various cancer types, such as ovarian cancer [11, 12], gastric
cancer [13, 14], and colorectal cancer [15, 16]. Moreover,
studies of synthetic targeting strategies for ARID1A loss
have developed rapidly and revealed several promising
clinical applications [17-19]. Nevertheless, existing studies
of ARID1A have focused on its functions and mechanisms
in adenocarcinomas, yet the role of ARIDIA in SCC
initiation and progression remains completely unknown.
More importantly, if ARID1A, a well-known tumor sup-
pressor, also exerts an essential function in SCCs, unco-
vering its functions and mechanism will be of great
significance for identifying potential strategies to overcome
the chemoresistance and poor prognosis of SCC patients.

Here, we revealed for the first time that ARIDIA
prevents SCC initiation and progression in both murine and
human contexts. We further showed that ARIDIA loss
contributes to tumorigenesis and chemoresistance via
promoting cancer stemness. Mechanistically, ARIDIA
prevents the interaction between cyclin-dependent kinases
(CDKs) and retinoblastoma protein (Rb), resulting in the
dephosphorylation of Rb, and then prevents E2F1 from
transcriptionally activating c-Myc. Moreover, we showed
that a CDK inhibitor (CDKi) could resensitize ARID1A-
depleted SCC cells to cisplatin (DDP) treatment, thus
showing the promising potential of a CDK:i for treating SCC
patients with low ARID1A expression.

Materials and methods
Cell lines and cell culture

Human ESCC cell lines [20] were provided by Dr Yutaka
Shimada (Kyoto University, Japan). NE-2 and NE-3 cells
[21] were gifts from Dr Enmin Li (Medical College of
Shantou University, China). The Het-1A and 293T cell lines
were purchased from the American Type Culture Collection
(ATCC, VA, USA). A431, NCI-H1703 and CAL-27 cells
were purchased from the National Infrastructure of Cell
Line Resource (Beijing, China). All SCC cells were cul-
tured in RPMI-1640 medium supplemented with 10% FBS,
except for A431 and CAL-27 cells, which were cultured in
DMEM supplemented with 10% FBS. 293T cells were
cultured in DMEM supplemented with 10% FBS. Het-1A
cells were cultured in a BEBM Kit (CC-3170, Lonza), and
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culture dishes were pretreated with an Enhanced Cell
Adhesion Kit-3 (ECAK-3) (C028, Beijing Xigong Biolo-
gical Technology Co., Ltd, Beijing, China) for 1h. NE-2
and NE-3 cells were cultured in a 1:1 mixture of defined
K-SFM (10744-019, Gibco, MA, USA) and EpiLife med-
ium (MEP1500CA, Gibco). All cells were maintained in a
humidified cell incubator with 5% CO, at 37 °C and rou-
tinely authenticated using short tandem repeat (STR) DNA
fingerprinting. Cells were tested by a MycoBlue Myco-
plasma Detector (Vazyme Biotech, Nanjing, China) to
exclude Mycoplasma contamination before experiments.

Antibodies and reagents

Antibodies against the following proteins were used for
western blotting: ARID1A (1:1000, Cell Signaling Technol-
ogy; 12354), ABCG2 (1:1000, Cell Signaling Technology;
42078), Nanog (1:2000, Cell Signaling Technology; 4903),
Sox2 (1:1000, Cell Signaling Technology; 14962), Keratin 4
(1:5000, Abcam; ab51599), Keratin 13 (1:200,000, Abcam,;
ab92551), phospho-Rb (1:1000, Cell Signaling Technology;
8516), Rb (1:1000, Cell Signaling Technology; 9309), c-Myc
(1:1000, Cell Signaling Technology; 5605), E-Cadherin
(1:1000, Cell Signaling Technology; 3195), N-Cadherin
(1:1000, Cell Signaling Technology; 13116), ZEB1 (1:1000,
Cell Signaling Technology; 3396), and f-actin (1:5000,
Sigma; A5316). The following antibodies were used for
chromatin immunoprecipitation (ChIP): E2F1 (1:100, Cell
Signaling Technology; 3742) and normal rabbit IgG (Cell
Signaling Technology; 2729). The following antibodies were
used for immunohistochemistry (IHC): ARID1A (1:500,
Sigma; HPA005456), Sox2 (1:200, Cell Signaling Technol-
ogy; 14962), Ki-67 (1:400, Cell Signaling Technology;
12202), phospho-Rb (1:400, Cell Signaling Technology;
8516), and c-Myc (1:200, Abcam; ab32072). Palbociclib
(HY-50767) and anti-Myc magnetic beads (HY-K0206) were
purchased from MedChemExpress (NJ, USA).

gRT-PCR and ChIP-qPCR

Total RNA was isolated from cells using TRIzol reagent
(Thermo Scientific, MA, USA). qPCR analysis was per-
formed on a StepOnePlus Real-Time PCR system (Applied
Biosystems, CA, USA). ChIP analysis was performed using
a ChIP Kit (Cell Signaling Technology, MA, USA) as pre-
viously described [22]. All relative expression levels of the
target genes were normalized to the housekeeping gene
GAPDH. The GAPDH primers were as follows: forward,
5’-CCGGGAAACTGTGGCGTGATGG-3'; reverse, 5'-AG
GTGGAGGAGTGGGTGTCGCTGTT-3'. The ARIDIA
primers were as follows: forward, 5'-CGGCCAATGGATG
GCACATA-3'; reverse, 5'-TCGGCCAAACTGGAATGGA
A-3'. The c-Myc primers were as follows: forward, 5'-AGG
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GAGATCCGGAGCGAATA-3’; reverse, 5'-GTCCTTGCT
CGGGTGTTGTA-3'. The CDH1 primers were as follows:
forward, 5'-TGGATGTGAATGAAGCCCCC-3’; reverse,

|

Ki-67

5'-AGTGGAAATGGCACCAGTGT-3'. The CDH2 pri-
mers were as follows: forward, 5'-GGCTTCTGGTGAAAT
CGCAT-3’; reverse, 5'-CTGCCACTTGCCACTTTTCC-3".
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<« Fig. 1 Aridla knockout promotes the initiation of tongue and

esophageal squamous cell carcinoma in mice. a Schematics showing
the schedule of 4NQO treatment. b Overall survival of mice treated with
4NQO (WT wild-type, n = 17; HZ heterozygous, n = 23; KO knockout,
n =23). Representative images (¢) and numbers (d) of tongue tumors
in 4NQO-induced mice. Representative images (e) and incidence (f)
of esophageal tumors in 4NQO-induced mice. g, h Representative
images and H-scores of IHC staining for ARID1A, Ki-67, and Sox2
expression in the mouse esophageal epithelium. Scale bars, 100 um. Data
are shown as the mean =+ s.e.m.; two-tailed  tests; *P < 0.05, **P <0.01,
*##kP < 0.001.

The ZEBI1 primers were as follows: forward, 5'-GATGACC
TGCCAACAGACCA-3’; reverse, 5'-GTGTCATCCTCCC
AGCAGTT-3'. The ZEB2 primers were as follows: forward,
5'-CACGATCCAGACCGCAATTA-3"; reverse, 5'-TCAC
TGCGCTGAAGGTACTC-3'. The c-Myc-P1 primers for
ChIP-qPCR were as follows: forward, 5'-AGAATAACAA
GGAGGTGGCTGGAAAC-3'; reverse, 5'-CTACTGGCAG
CAGAGATCATCGC-3'. The c-Myc-P2 primers for ChIP-
gPCR were as follows: forward, 5'-GGAACAGGCAGA
CACATCTCAGG-3’; reverse, 5'-GCACAGCTATCTGGA
TTGGATACCTT-3'.

Immunoprecipitation and western blotting

Immunoprecipitation and western blotting were performed
as previously described [23].

Patient samples and IHC

Paraffin-embedded SCC tissue blocks were collected from
81 patients during their initial treatment at Zhejiang Cancer
Hospital. Written informed consent was obtained from all
patients. IHC was performed as previously described [22].
IHC staining was calculated as an H-score, as follows:
H-score = Ypi xi, where pi represents the percentage of
positive cells (0-100%) and i represents the staining
intensity (0: negative; 1: weak; 2: medium; and 3: strong).
THC staining was scored by two independent observers.

ED-L2-Cre/ARIDTA'**°*P mice and 4-nitroquinoline
1-oxide (4NQO) treatment

All animal studies were approved by the Animal Care and
Use Committee of the Chinese Academy of Medical Sciences
Cancer Hospital. ED-L2-Cre mice were generated as pre-
viously described [24]. Aridla™"'?"* mice were purchased
from The Jackson Laboratory (stock #027717, ME, USA).
The mutant mice were homozygous for floxed Aridla and
hemizygous for the Cre transgene, and littermate Aridla'®
%P mice lacking the Cre transgene served as controls. All
mice used for this study were on a C57BL/6J Gpt genetic
background. Mice were administered 4NQO (Sigma-Aldrich,
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MO, USA) (100 pg/ml) in drinking water from the age of
6 weeks. After 4NQO treatment for 16 weeks, mice were
supplied drinking water without 4NQO until sacrifice.

Xenograft transplantation experiments

All animal protocols were approved by the Animal Care and
Use Committee of the Chinese Academy of Medical Sci-
ences Cancer Hospital. For the tumor formation assay, 1 x
10° Het-1A or NE-3 cells premixed with Matrigel Matrix
(Corning, NY, USA) at a ratio of 1:1 were injected
subcutaneously into 6-week-old male NCG mice (Gem-
Pharmatech Co., Ltd, Nanjing, China). For subcutaneous
xenografting, 1-4 x 10° ESCC cells were injected sub-
cutaneously into 6-week-old male BALB/c nude mice. DDP
(6 mg/kg) was administered three times a week until sacri-
fice. All mice were randomly allocated to different groups
before further treatment. Tumor size was calculated as
0.52 x length x width?.

Virus production and cell infection

Lentivirus was produced using 293T cells with the second-
generation packaging system psPAX2 (#12260, Addgene,
MA, USA) and the pMD2.G plasmid (#12259, Addgene).
Transfections were performed using Hieff Trans Liposomal
Transfection Reagent (40802, Yeasen, Shanghai, China)
according to the manufacturer’s protocol. Cells were
infected with lentivirus supplemented with 8 ug/ml poly-
brene (Sigma-Aldrich) twice within 48 h and then selected
with 1 ug/ml puromycin (Sangon Biotech, Shanghai, China)
or 200 pg/ml G418 (MedChemExpress) for 10 days. The
short hairpin RNA (shRNA) sequences targeting ARIDIA
were as follows: shl, 5-GCCTGATCTATCTGGTTCA
AT-3’, and sh2, 5'-GCATCCTTCCATGAACCAATC-3".
The shRNA sequences targeting c-Myc were as follows:
shl, 5-GGAAACGACGAGAACAGTTGA-3’, and sh2,
5'-CCTGAGACAGATCAGCAACAA-3'. The following
nontargeting shRNA sequence was used as the negative
control: 5'-AGTCTTAATCGCGTATAAGGC-3'.

CCK-8 cell proliferation assays

CCK-8 reagent (Dojindo, Tokyo, Japan) was added to the
cell culture medium at a ratio of 1:10 preuse, and the
absorbance was measured at 450 nm to assess cell viability
after incubation at 37 °C for 1 h.

Plate clonality and soft agar colony formation
assays

For the plate clonality assays, cells were plated into six-
well plates at a density of 1500 cells per well and
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Fig. 2 ARID1A depletion promotes tumorigenesis in human
squamous cell carcinoma cells. a, b Tumor formation rates of Het-1A
and NE-3 cells expressing control (shCtrl) or ARIDIA shRNAs
(shARI#1, shARI#2) (n = 10 per group). ¢, d Tumor formation rates of
KYSE410 and A431 cells expressing control (shCtrl) or ARIDIA
shRNA (shARI#1) (n=35 per group). e Representative images and
numbers of colonies formed by KYSE410 cells expressing control

incubated for 2 weeks. The colonies were then stained
with 0.4% crystal violet dissolved in methyl alcohol for
30 min. For the soft agar colony formation assays, the
wells were precoated with 0.5% noble agar (Sigma-
Aldrich), and 1000 cells were mixed with 0.35% noble
agar and then plated into the wells. Colonies were counted
and imaged after 3 weeks.

Spheroid formation assays

A total of 1000 cells were cultured in suspension in a six-
well plate with an ultralow attachment surface (Corning).

(shCtrl) or ARIDIA shRNAs (shARI#1, shARI#2). f Representative
images and numbers of plate colonies formed by KYSE150 cells
expressing the empty vector (Vehicle) or ARIDIA. Representative
images and numbers of soft agar colonies formed by KYSE150 (g) or
KYSE450 (h) cells expressing the empty vector (Vehicle) or ARID1A.
Data are shown as the mean + s.e.m.; n = 3 independent experiments,
two-tailed ¢ tests; **P <0.01, ***P <0.001.

Serum-free DMEM/F12 medium supplemented with insulin
(4 pg/ml, Sigma-Aldrich), B27 (1:50, Invitrogen), human
recombinant EGF (20 ng/ml, Sigma-Aldrich), and human
recombinant basic FGF (10 ng/ml, Invitrogen) was used to
induce spheroid formation. Cells were replenished with
200 pl of supplemented medium every other day, and the
number of spheroids formed was counted after 2 weeks.

Flow cytometry

Cell apoptosis was detected by staining with annexin
V-FITC/propidium iodide (PI) using an apoptosis detection
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Fig. 3 ARIDIA depletion A
promotes cancer stemness. PN
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kit (Dojindo, Tokyo, Japan) according to the manufacturer’s
protocol.

RNA sequencing and gene set enrichment analysis
(GSEA)

Three pairs of samples were generated from three biologi-
cally independent experiments. RNA-seq libraries were
prepared using the NEBNext” Ultra RNA Library Prep Kit
for Illumina (New England Biolabs, MA, USA) and vali-
dated using the 2100 Bioanalyzer (Agilent Technologies).
Libraries were sequenced on a NovaSeq 6000 sequencer
(Illumina, CA, USA). Clean reads were aligned to the
human genome (hg37) using HISAT?2 (version 2.0.5) after
removing low-quality reads. The differential expression of
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ARID1A between ARID1A-depleted and control cells was
computed using the fragments per kilobase of transcript per
million mapped reads calculated by featureCounts (version
1.5.0-p1). Pathway analyses of differentially expressed
genes were performed using GSEA as previously described
[25]. The enrichment of differentially expressed genes in
ARID1A-depleted and control A431 cells was carried out
using MSigDB hallmark gene sets. The RNA-seq data can
be accessed in the Gene Expression Omnibus database
under accession number GSE131132.

Statistics

All mice or samples were included in our analysis. Pilot
experiments and previous published results were used to
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estimate the proper sample size. The exact n numbers used in
the study are indicated in the respective figure legends. The
investigators were blinded to group allocation during data
collection and analysis. For all statistical analyses, differences

ARID1A

c-Myc

CDH1

with P<0.05 were considered statistically significant, and
data from at least three biologically independent experiments
with similar results are shown. Data analysis was performed
using GraphPad Prism software (version 8.0).
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<« Fig. 4 ARID1A depletion promotes EMT by activating c-Myc.

a GSEA of the top enriched pathways in ARID1A-depleted A431 cells
compared with control cells based on the RNA sequencing data (cells
from n=3 independently grown cultures). b, ¢ qRT-PCR and
immunoblotting analysis of the expression of the indicated genes in
A431 cells expressing control (shCtrl) or ARIDIA shRNAs
(shARI#1, shARI#2). d, e qRT-PCR and immunoblotting analysis of
the expression of the indicated genes in KYSE150 cells expressing
the empty vector (Vehicle) or ARIDIA. f, g qRT-PCR analysis of the
expression of the indicated genes in KYSE150 cells expressing the
empty vector (Vehicle) or ARID1A or ARID1A with ectopic c-Myc,
and A431 cells expressing control (shCtrl), ARIDIA shRNAs
(shARI#1, shARI#2), or ARIDIA shRNAs together with c-Myc
shRNAs (shARI#1&shc-Myc#1, shARI#1&shc-Myc#2). h, i Immu-
noblotting analysis of the expression of the indicated genes in
A431 cells expressing control (shCtrl) or ARID1A shRNAs (shARI#1,
shARI#2) or ARIDIA shRNAs together with c-Myc shRNAs
(shARI#1&shc-Myc#1, shARI#1&shc-Myc#2), and KYSE150 cells
expressing the empty vector (Vehicle) or ARID1A or ARIDIA with
ectopic c-Myc. Data are shown as the mean +s.e.m.; n =3 indepen-
dent experiments, two-tailed ¢ tests; **P <0.01, ***P <0.001.

Results
Arid1a knockout promotes SCC initiation in mice

To explore the role of ARIDIA in SCC initiation, we first
crossed ED-L2-Cre mice [24] with Aridla™'#™* mice
[26]. The specific expression of Cre recombinase enabled
the deletion of ARID1A expression within the epithelia of
the tongue, esophagus, and forestomach in the generated
ED-L2-Cre/Arid1a"®"? mice. Then, we utilized an oral-
esophageal carcinogen, 4NQO [27], to mimic environ-
mental factors that cause the development of SCC (Fig. 1a).
Until 28 weeks of age, both the homozygous and hetero-
zygous knockout mice exhibited significantly poorer prog-
noses than the wild-type mice (Fig. 1b), illustrating that the
decrease in ARID1A expression, instead of a complete
inactivating mutation, is sufficient to promote SCC initia-
tion and contributes to a poor prognosis. To further study
the pro-tumorigenesis function of ARID1A loss, mice were
collected at 24, 28, and 32 weeks old to evaluate the tumor
initiation status (Fig. la). The number of tongue tumors
increased obviously from 24-week-old mice to 28-week-old
mice, while there was no significant increase after 28 weeks
of age, indicating that 28 weeks is likely the most effective
time point for 4NQO-induced SCCs (Fig. 1c, d). Consistent
with the survival outcomes, the number of tumors on the
tongues of both homozygous and heterozygous knockout
mice was significantly higher than those of wild-type mice
at all three time points examined (Fig. 1c, d). Moreover, at
32 weeks, 4NQO-induced wild-type mice had a tumor
incidence of 42.9%, while the incidence of esophageal
tumors in both homozygous and heterozygous knockout
mice reached 100% (Fig. le, f). No spontaneous tumor-
igenesis was found in Aridla knockout mice till 32 weeks,
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indicating the loss of ARID1A alone might be insufficient
for the development of SCC.

The ablation of ARIDIA expression in knockout mice
was confirmed by IHC experiments (Fig. 1g, h). Moreover,
there was stronger Ki-67 staining in the esophageal epi-
theliums of knockout mice than in wild-type mice (Fig. 1g,
h), supporting our former results that ARIDIA loss pro-
motes the malignant transformation of squamous epithelial
cells. Interestingly, we observed that though ARIDIA
expression was relatively high in the normal esophageal
epithelium, it was frequently absent in the basal layer of the
esophagus (Fig. 1g). Cells in the basal layer have stem cell
features and are responsible for epithelial differentiation and
development [28]. Thus, we hypothesized that ARIDIA
depletion might promote SCC initiation by increasing
cancer stemness. To confirm our speculation, IHC staining
was performed to detect the expression of Sox2, a well-
recognized stemness marker of SCCs [29]. The epithelial
cells in wild-type mice showed negative Sox2 expression,
while the epithelial cells in ARID1A knockout mice showed
elevated Sox2 expression (Fig. 1g, h).

ARID1A depletion promotes SCC initiation by
increasing cancer stemness

To study the role of ARID1A in SCC initiation in human
cells, we knocked down ARIDIA expression using two
independent shRNAs in two immortalized human esopha-
geal epithelial cell lines, Het-1A and NE-3 (Supplementary
Fig. la). Then, we xenografted control and ARIDI1A-
depleted Het-1A and NE-3 cells into NCG mice. Both
immortalized human esophageal epithelial cells gained
potent tumor formation ability after ARIDIA depletion
(Fig. 2a, b). To further validate the role of ARIDIA in the
tumorigenic potential of SCC cells, a limiting dilution
analysis was performed using KYSE410 cells expressing
control or ARID1A shRNAs. ARID1A-depleted KYSE410
cells reached a tumor formation rate of 100% (5/5), even at
a transplantation number of 3 x 10° cells per mouse, while
control KYSE410 cells reached a tumor formation rate of
only 20% (1/5) at the same dilution rate (Fig. 2c and Sup-
plementary Fig. 1b). Using another SCC cell line, A431, we
also validated significantly increased tumorigenic potential
after ARID1A depletion (Fig. 2d and Supplementary
Fig. 1b). Consistent with these results, ARID1A-depleted
KYSE410 cells displayed increased colony formation abil-
ity compared with control cells On the other hand, the
overexpression of ARIDIA in KYSE150 and KYSE450
cells nearly abolished their colony formation abilities in
both colony formation and soft agar assays (Fig. 2f~h and
Supplementary Fig. 1c).

To validate whether ARID1A depletion promotes SCC
initiation by increasing cancer stemness, we first performed



ARID1A prevents squamous cell carcinoma initiation and chemoresistance by antagonizing...

A 20 B Name Predicted sequence Score
E2F1  TTTGCTGCCAAA  8.02522
15 E2F1  TGTGGCGCCGGT  7.64724
210 E2F1  ACCGGCGCCACA  7.47893
E2F1  CGAGGCGCCCTG  7.17753
1+TT AAA E2F1  TTTGGCAGCAAA 692855
ool eV ¥ I Ly E2F1  GTGGGCGCGCAG 69188
SR AR EREE AL E2F1  ATAAGCGCCCCT  6.80046
C TSS
Ghromosome 8 127,734,069 127,736,069

E2F1 binding sites
(ENCODE)

(127,733,934-127,734,433)

1
(127,736,016-127,736,328)
(127,735,203-127,735,702)

CHIP-gPCR primer > —>
c-Myc-P1 c-Myc-P2
D c-Myc-P2 E c-Myc-P1 c-Myc-P2
0.25- *shCltrl 0.104 2~ 0.08- *Vehicle
T = ShARI#1 I i «ARID1A
0204 "= +shARI#2 0.06
& 0.15 2 .
= = 0.05- 0.04-
g 0.10- 2
= .
0.05 ﬁ I 0.02 i
0.00- 0.00- 0.00- |
E2F1  IgG E2F1  IgG E2F1 IgG E2F1 IgG
F G H Myc-Rb - +
N
C}\\ ?g;&t ?ggiét V5-ARID1A  + +  (kDa)
 F F kpa) V5
ARID1A | g - ARID1A _]gg IP: Myc
i Myc =
pRb m pRb
- .
Rb Rb 170
. . Mye o "0 nput
B-actin | EE—— B-actin 40
B-actin | ——
I V5-ARIDIA - - + 4+ J V5-ARIDIA - -  + +
Myc-CDK4 - = Myc-CDK6 - + -
His-Rb + + - +  (kDa) His-Rb  + + & + (kDa)
. 130 . 130
His = - His oD =
IP: Myc 40 |IP-Mye
Myc| s - M| - ..
His | ——— ' > His | e — —— ' >0
40
Myc —— S .o |Input Myc — Input
V5 =5 e V5 - -‘
170 170

immunoblotting to assess the expression of stemness and
differentiation markers in SCC cell lines. ARIDIA deple-
tion increased the expression of stemness markers such as

ABCG?2, Nanog, and Sox2 and decreased the expression of
differentiation markers such as Keratin 4 and Keratin 13,
and the ectopic expression of ARIDIA resulted in the
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<« Fig. 5 ARIDIA prevents Rb phosphorylation to suppress c-Myc

transcription. a Prediction of the sequence logo of E2F1 by the
JASPAR database. b The binding sites of E2F1 on the c-Myc promoter
region were predicted by JASPAR. ¢ Schematics showing three
regions of E2F1 enriched at the c-Myc promoter region by the
ENCODE database. d ChIP analysis of A431 cells expressing control
(shCtrl) or ARID1A shRNAs (shARI#1, shARI#2) using antibodies
against E2F1 for the indicated gene promoters. e ChIP analysis of
KYSE150 cells expressing the empty vector (Vehicle) or ARIDIA
using antibodies against E2F1 for the indicated gene promoters.
f, g Immunoblotting analysis of the indicated proteins in A431 cells
expressing control (shCtrl) or ARID1A shRNAs (shARI#1, shARI#2)
and KYSE150 cells expressing the empty vector (Vehicle) or
ARID1A. h—j Immunoblotting analysis of the indicated proteins in
coimmunoprecipitation assays performed using anti-Myc magnetic
beads in 293T cells expressing the indicated plasmids. Data are shown
as the mean + s.e.m.; n = 3 independent experiments, two-tailed ¢ tests;
**P<0.01, ***P<0.001.

opposite effects (Fig. 3a, b). To further confirm the effect of
ARIDIA on cancer stemness in SCC, spheroid formation
assays were performed. ARID1A depletion in KYSE410
and A431 cells enhanced spheroid formation ability
(Fig. 3c—f). Consistent with these findings, the ectopic
expression of ARID1A suppressed the spheroid formation
ability of both KYSE150 and KYSE450 cells (Fig. 3g-j).
These evidences illustrate that ARID1A depletion promotes
SCC initiation by increasing cancer stemness.

ARID1A depletion activates c-Myc to promote
epithelial-to-mesenchymal transition (EMT)

To study the specific mechanism by which ARIDIA loss
promotes SCC tumorigenesis, RNA sequencing was per-
formed using A431 cells expressing control or ARIDIA
shRNAs. GSEA was performed to enrich functionally
related pathways, and EMT and c-Myc targets were among
the top enriched pathways (Fig. 4a). Interestingly, c-Myc is
a well-known oncogene that drives cancer stemness and
tumorigenesis by inducing EMT [30, 31]. We speculated
that ARID1A depletion might promote the cancer stemness
and tumor initiation of SCC cells by activating c-Myc
expression. To validate our speculation, we first knocked
down ARIDIA expression in A431 cells and performed
immunoblotting and qRT-PCR to examine the expression
level of c-Myc. ARIDI1A depletion increased c-Myc
expression at both the mRNA and protein levels (Fig. 4b,
¢), supporting the oncogenic functions following ARID1A
depletion. Consistent with these results, the overexpression
of ARIDI1A in KYSE150 cells inhibited c-Myc mRNA and
protein expression (Fig. 4d, e).

We next sought to validate whether ARID1A depletion
promotes EMT via c-Myc activation. We first over-
expressed ARID1A with or without ectopically expressed c-
Myc protein in KYSE150 cells. qRT-PCR analysis showed
increased CDHI1 expression as well as decreased CDH2,

SPRINGER NATURE

ZEB1, and ZEB2 expression after ARID1A overexpression,
which was rescued upon c-Myc overexpression (Fig. 4f).
Consistent with these findings, ARIDIA knockdown by
two independent shRNAs in A431 cells increased the
expression of the mesenchymal markers CDH2, ZEB1, and
ZEB?2 and decreased CDH1 expression by activating c-Myc
expression, which could be reversed by knocking down
c-Myc (Fig. 4g). Immunoblotting assays further confirmed
that ARIDIA depletion increased CDH2 and ZEBI1
expression but decreased CDHI expression by activating
c-Myc Moreover, the ectopic expression of c-Myc abol-
ished mesenchymal-to-epithelial transition (MET) caused
by ARIDIA overexpression (Fig. 41). These results validate
that c-Myc is the downstream target of ARIDIA that
mediates EMT by ARID1A loss.

ARID1A suppresses c-Myc transcription by
preventing Rb phosphorylation

To specify the regulatory mechanism of ARIDIA in c-Myc
transcription, we first analyzed the RNA sequencing data to
investigate whether some transcriptional events were
involved in the differentially expressed genes following
ARID1A depletion. Surprisingly, we noticed that E2F tar-
gets were one of the most enriched pathways in our RNA
sequencing data (Fig. 4a). Next, we predicted the sequence
logo of E2F1 using the JASPAR database [32] (Fig. 5a),
and further analysis showed that E2F1 could bind to several
sequences in the c-Myc promoter region (2 kb upstream of
the transcriptional start site) (Fig. 5b). Further analysis
using the ENCODE database in the UCSC Genome
Browser revealed three regions that showed E2F1 enrich-
ment at the c-Myc promoter region (Fig. 5c). These results
suggest that ARIDIA might regulate c-Myc expression by
affecting the transcriptional activity of E2F1. We next
validated whether E2F1 indeed acts as a transcription factor
of c-Myc in SCC cells. We first designed two pairs of ChIP-
gPCR primers based on the regions provided by the
ENCODE database (Fig. 5¢), and ChIP assays were per-
formed using an anti-E2F1 antibody in A431 cells expres-
sing control or ARIDI1A shRNAs. The results showed that
the c-Myc promoter region was significantly immunopre-
cipitated compared with the IgG group (Fig. 5d). Moreover,
the association between E2F1 and the c-Myc promoter
region increased significantly in ARID1A-depleted cells
compared with control cells (Fig. 5d). On the other hand,
ARID1A overexpression in KYSE150 cells decreased the
association between E2F1 and the c-Myc promoter region
(Fig. Se).

The CDK/Rb pathway plays an essential role in reg-
ulating the transcriptional activity of E2F1, in which
phosphorylated Rb (pRb) loses its suppression on E2F1 and
leads to the activation of E2F]1 targets [33, 34]. To explore
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Myc expression in the indicated cell lines. b, ¢ Representative images
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the relationship between ARID1A and E2F1, we first
detected the phosphorylation of Rb upon ARID1A deple-
tion or overexpression. Immunoblotting indicated that
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ARIDI1A depletion increased Rb phosphorylation levels,
while ARID1A overexpression decreased Rb phosphoryla-
tion levels (Fig. 5f, g). We next investigated whether
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Fig. 7 ARID1A depletion causes chemoresistance and can be res-
cued by a CDKi. a In vitro growth of KYSE150 and KYSE450 cells
expressing the empty vector (Vehicle) or ARID1A. b Relative viability
of KYSE150 and KYSE450 cells expressing the empty vector
(Vehicle) or ARID1A following treatment with DDP. ¢ In vitro growth
of KYSE410 and A431 cells expressing control (shCtrl) or ARID1A
shRNAs (shARI#1, shARI#2). d Relative viability of KYSE410 and
A431 cells expressing control (shCtrl) or ARIDIA shRNAs (shARI#1,
shARI#2) following treatment with DDP. e Apoptotic fractions of
KYSE150 and KYSE450 cells expressing the empty vector (Vehicle)
or ARID1A following treatment with DDP in a flow cytometry ana-
lysis. f Apoptotic fractions of KYSE410 and A431 cells expressing
control (shCtrl) or ARIDIA shRNAs (shARI#1, shARI#2) following
treatment with DDP in a flow cytometry analysis. Images and weights
of tumors derived from KYSE450 (g) and KYSEI150 (h) cells
expressing the empty vector (Vehicle) or ARID1A following treatment
with saline or DDP (n = 10 per group). CI cooperative index. i Images
and weights of tumors derived from NCI-H1703 cells expressing
control (shCtrl) or ARIDIA shRNAs (shARI#1, shARI#2) (n =5 per
group). CI cooperative index. Data are shown as the mean +s.e.m.,
except for a—d, which are shown as the mean + s.d.; n = 3 independent
experiments, two-tailed 7 tests; *P <0.05, **P<0.01, ***P <0.001
and ns no statistical significance.

ARIDIA suppressed the phosphorylation of Rb by affecting
CDKs. Coimmunoprecipitation assays showed that
ARIDIA could interact with Rb (Fig. 5h). Moreover,
ARID1A overexpression interfered with the association
between CDK4/6 and Rb (Fig. 5i, j). To further specify the
interaction between ARIDIA and Rb, we constructed
truncated mutants of both ARID1A and Rb (Supplementary
Fig. 2a, b). The A3 and A4 truncations are responsible for
the interaction of ARIDIA with Rb (Supplementary
Fig. 2¢). Moreover, ARID1A binds to the all three segments
of Rb, including the C terminus (Supplementary Fig. 2d),
which is the same interactive region of Rb with CDK4/6
[35, 36]. These results indicated that ARID1A prevented the
association between CDKs and Rb, resulting in decreased
pRb, and then suppressed E2F1 to transcriptionally inacti-
vate c-Myc expression.

ARID1A expression is negatively correlated with pRb
and c-Myc expression

To validate the relevance and clinical significance of the
ARID1A/pRb/c-Myc axis in SCC, we first performed
immunoblotting to detect the expression levels of ARIDIA,
pRb, and c-Myc in three human immortalized epithelial cell
lines and several SCC cell lines. The results showed that
ARID1A expression was negatively correlated with pRb
and c-Myc expression, and pRb expression was positively
correlated with c-Myc expression (Fig. 6a). Further THC
analysis of 81 SCC samples also showed ubiquitously low-
pRb/c-Myc expression in samples with high-ARID1A
expression (Fig. 6b) but high-pRb/c-Myc expression in
samples with low ARID1A expression (Fig. 6c¢). Statistical

analysis of the H-score revealed a significant correlation
among ARID1A/pRb, ARID1A/c-Myc, and pRb/c-Myc
(Fig. 6d—f). Moreover, low-ARIDIA expression and high-
pRb/c-Myc expression correlated with poor prognosis in
SCC patients (Fig. 6g-i), supporting the clinical sig-
nificance of the ARIDIA/pRb/c-Myc axis in SCC.

ARID1A depletion promotes chemoresistance in SCC
and could be sensitized by CDKi

Resistance to chemotherapy is one of the main reasons for
the poor prognosis of SCC patients. EMT has been recog-
nized as a contributor to chemoresistance in recent years
[37]; thus, we strongly speculate that low-ARIDIA
expression might also lead to chemoresistance in SCC. To
validate our speculation, we first overexpressed ARID1A in
KYSE150 and KYSE450 cells and performed CCK-8 cell
viability assays. ARIDIA overexpression significantly
inhibited SCC cell proliferation and sensitized SCC cells to
DDP treatment (Fig. 7a, b). On the other hand, the depletion
of ARIDIA in KYSE410 and A431 cells promoted the
proliferation rate and increased their resistance to DDP
treatment (Fig. 7c, d). To further validate the role of
ARIDIA in the chemoresistance of SCC cells, flow cyto-
metry was performed using the annexin V-FITC/PI double-
staining method. ARID1A overexpression sensitized both
KYSE150 and KYSE450 cells to DDP treatment, and
ARIDIA depletion in KYSE410 and A431 cells reduced
their apoptosis fraction under DDP treatment (Fig. 7e, f and
Supplementary Fig. 3). To study the role of ARIDIA in
chemoresistance in vivo, we xenografted control and
ARID1A-overexpressing KYSE450 and KYSE150 cells
subcutaneously into nude mice and administered either
saline or DDP 1 week later. At the time of sacrifice, the
tumors generated from ARID1A-overexpressing SCC cells
weighed significantly less than tumors generated from
control cells (Fig. 7g, h). Moreover, under the same treat-
ment dose of DDP, the ARID1A-overexpressing groups
showed a favorable decrease in tumor weight compared
with the control groups, with a cooperative index (CI) of
0.46 in KYSE450 xenografts and 0.55 in KYSE150 xeno-
grafts (Fig. 7g, h). Consistent with these findings, ARID1A
depletion in NCI-H1703 cells increased the resistance of
xenografts to DDP treatment in vivo (Fig. 7i).

CDKis have been well studied in the treatment of various
cancer types [38—40], especially breast cancer, and palbo-
ciclib is the first specific CDKi that has been approved for
the treatment of estrogen receptor-positive breast cancers
[41-43]. However, the indication of CDKi application for
the treatment of SCCs remains unclear. Since the loss of
ARIDIA promoted the phosphorylation of Rb by CDKs,
we next studied whether CDKis exert more potent effects
on SCC cells with low-ARID1A expression. We knocked
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Fig. 8 CDKi sensitizes ARID1A-depleted SCC cells to DDP.
a—c Relative viability of A431, KYSE410, and NCI-H1703 cells
expressing control (shCtrl) or ARID1A shRNAs (shARI#1, shARI#2)
following treatment with DDP together with or without palbociclib (1
uM). d—f Apoptotic fractions of A431, KYSE410, and NCI-H1703
cells expressing control (shCtrl) or ARIDIA shRNAs (shARI#I,
shARI#2) following treatment with DDP (0.5 pg/ml for A431 and
NCI-H1703 cells; 2 pg/ml for KYSE410 cells) together with or with-
out palbociclib (1 pM) in a flow cytometry analysis. g Immunoblotting
analysis of the indicated proteins in KYSE410 cells expressing control
(shCtrl) or ARID1A shRNAs (shARI#1, shARI#2) following treat-
ment with or without palbociclib (1 uM). h A schematic model

down ARIDIA in A431, KYSE410, and NCI-H1703 cells
and then treated these cells with DDP together with or
without palbociclib. CCK-8 cell viability assays showed
that ARID1A depletion increased the resistance of all three
SCC cell lines to DDP treatment, while the application of
palbociclib  significantly sensitized ARIDIA-depleted
SCC cells to DDP (Fig. 8a—). Flow cytometry assays
showed that ARID1A depletion led to a decreased cell
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showing that ARIDIA depletion promotes tumorigenesis and che-
moresistance by increasing cancer stemness in SCC. ARIDIA
associates with Rb to prevent the association and phosphorylation of
Rb by CDKs, while ARID1A loss promotes the phosphorylation of
Rb. Phosphorylated Rb loses its ability to suppress E2F1 transcrip-
tional activity and then leads to the activation of c-Myc by the E2F1
transcription factor. Eventually, elevated c-Myc increases cancer
stemness and contributes to tumor initiation and chemoresistance. The
application of CDKi could resensitize SCC cells to DDP treatment by
suppressing the pRb/E2F1/c-Myc pathway. In a—c, data are shown as
the mean =s.d.; in d—f, data are shown as the mean +s.e.m.; n =3
independent experiments, two-tailed ¢ tests; *P <0.05, **P < 0.01.

apoptosis fraction compared with control cells under DDP
treatment, and palbociclib treatment promoted the apoptosis
of ARIDI1A-depleted SCC cells (Fig. 8d—f and Supple-
mentary Fig. 4). Moreover, immunoblotting analysis
showed decreased pRb and c-Myc expression levels after
palbociclib treatment, further supporting our speculation
(Fig. 8g). In summary, our results show that ARIDIA loss
promotes tumorigenesis and chemoresistance in SCCs via
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increasing the phosphorylation level of Rb by CDKs and
thus provide a promising strategy for applying CDKis for
the treatment of SCC patients with low-ARID1A expression
(Fig. 8h).

Discussion

ARIDIA has become a well-known tumor suppressor in
recent years, but its role in SCC is still ambiguous. Scien-
tists have focused on ARID1A in adenocarcinomas such as
ovarian cancer and gastric cancer because ARIDIA shows
quite high mutation rates in these cancer types. However,
since mutation is only one of the causes contributing to
tumor suppressor inactivation, it is still of significance to
reveal the role of ARIDIA in cancer types with low
mutation rates, particularly SCCs. Here, we illustrate for the
first time that ARID1A plays an essential tumor suppressor
role in SCC. Using a conditional knockout mouse model,
we showed that mice with Aridla ablation developed more
severe SCC in the tongue and esophagus than wild-type
mice. To further validate whether ARID1A also acts as a
tumor suppressor in human SCCs, we performed both
in vitro and in vivo studies and showed that ARIDI1A
depletion promoted tumorigenesis in both human immor-
talized epithelial cells and SCC cells. Interestingly, the loss
of ARIDIA expression in the basal layer of the esophagus
suggests that ARIDIA depletion might contribute to
tumorigenesis by increasing cancer stemness. Immuno-
blotting and functional studies also confirmed that ARID1A
loss increased the cancer stemness and chemoresistance of
SCC cells by promoting EMT.

Though many studies have revealed the tumor suppres-
sive role of ARID1A in various cancer types, the mechan-
ism by which ARIDI1A functions remains controversial. In
other words, the tumor suppressor role of ARID1A might
vary among different cancer types or even different contexts
of one cancer type. Interestingly, a previous study also
showed that ARID1A might exert an oncogenic function in
liver cancer [44]. This evidence forced us to investigate the
specific mechanism underlying the tumor suppressor role of
ARIDIA in SCC. Using RNA sequencing and GSEA, we
identified c-Myc targets as the most enriched pathway in
ARID1A-depleted SCC cells compared with control cells.
Strikingly, a very recent study also suggested that ARID1A
affects c-Myc expression, though the underlying mod-
ulatory mechanism remains unknown [45]. In subsequent
studies, we showed that ARID1A competitively interacts
with Rb and thus prevents the phosphorylation of Rb by
CDKs. Dephosphorylated Rb then exerts its function to
inhibit E2F1 activity. Most interestingly, we found that
E2F1 acts as a transcription factor to activate c-Myc

expression, in which context elevated c-Myc expression
contributes to the oncogenic role of ARIDI1A loss in SCC.
Our results elucidate the previously unknown link between
ARID1A and c-Myc and reveal the essential role of the
ARID1A/pRb/c-Myc axis in SCC. Due to the role of
ARIDIA in SWI/SNF complex-mediated chromatin remo-
deling, previous studies mainly focused on the direct role of
ARIDIA in transcriptional regulation [16, 46, 47]. In con-
trast, our study revealed a novel mechanism of the tumor
suppressive role of ARIDIA by which ARID1A functions
as a blocker to interfere with the interaction between CDKs
and Rb.

EMT was previously recognized as an important event in
the metastasis of cancer cells [48, 49], while studies in
recent years have shown its important role in chemoresis-
tance [50, 51]. In this study, we showed that ARID1A loss
could lead to the chemoresistance of SCC via cancer
stemness caused by EMT, and the results strongly suggest
that therapeutic agents that can selectively target low
ARID1A-expressing SCC cells might be able to target
cancer stem cells. CDKis are well-developed inhibitors that
exert excellent effects against several cancer types. To date,
several CDKis such as palbociclib have already been
approved for clinical application in breast cancer, promoting
studies to specify the favorable subtypes of their application
in breast cancer [52, 53]; however, the indications of
CDK:is in SCCs remain undefined. In our study, palbociclib
treatment rescued the increased phosphorylation level of Rb
caused by ARIDI1A loss and then inhibited c-Myc expres-
sion. Functionally, palbociclib treatment resensitized
ARID1A-depleted SCC cells to DDP treatment. Our study
outlines a promising strategy of CDKi application for
treating SCC patients with low-ARID1A expression, and
further development of diagnostic methods based on
ARIDI1A expression level will improve the outcomes of this
strategy.
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