Received: 30 October 2021 Revised: 10 June 2022 Accepted: 3 July 2022

DOI: 10.1002/ctm?2.986
CLINICAL AND TRANSLATIONAL MEDICINE

OpenAccess'
RESEARCH ARTICLE - WILEY

S100A14: A novel negative regulator of cancer stemness and
immune evasion by inhibiting STAT3-mediated
programmed death-ligand 1 expression in colorectal cancer

Hye-Young Min"? | Jaebeom Cho'? | Jeong YeonSim' | Hye-Jin Boo"? |

Ji-Sun Lee! | Seon-Boon Lee® | Young-Jin Lee®* | SungJooKim* | Kyu-PyoKim® |
In-Ja Park® | Seung-Mo Hong* | Xue-LiZhang’ | Zhi-Gang Zhang’ © |

Rang-Woon Park® | Ho-Young Lee'?

ICreative Research Initiative Center for

Graphical Abstract
Concurrent Control of Emphysema and p
Lung Cancer, College of Pharmacy, Seoul N HighSA14 \ ii) Low SA14 |
. . . . Activati pression cps* Activati Gene expression cDs*
National Umversny, SeouL RePUth of Cytokine prg:::::g: e Tcells Cytokine pr:t‘;::ti:: o Tcells
Proliferation Proliferation >
Korea Differentiation s - Differentiation
Survival » » Survival —
2College of Pharmacy and Research sate PD-1 & CD8" T cells 4 CD8" T cells §
R K X & Antitumor immunity # Antitumor immunity
Institute of Pharmaceutical Sciences, & Ghemotherapy
. . 1 =
Seoul National University, Seoul, — EEp— PD-L1
) ; fch,;AoGrsE 8 , Cancer cells o0 Cancer cells
Republic of Korea “%ira T
. , + W A
3Department of Biochemistry and Cell LB & TAT3 z
Biology, School of Medicine, Cell & Matrix ; l
Research Institute, Kyungpook National MERus S
University, Daegu, Republic of Korea ) s cas] @ t
. b
4Depal‘tment of PathOlOgy, Asan Medical Chemosensitivity4 CSC phenotypesy Immune evasion§ Ch itivity § CSC ph ypes 4 Immune evasion 4

Center, University of Ulsan College of
Medicine, Seoul, Republic of Korea

5Department of Oncology, Asan Medical * S100A14 expression is downregulated in PD-L1M&" colorectal cancer cells,
Center, University of Ulsan College of

enabling them to have CSC-like phenotypes and immune-suppressive capaci-
Medicine, Seoul, Republic of Korea

ties.
®Department of Surgery, Asan Medical L ) . ) . )
Center, University of Ulsan College of * S100A14 inhibits PD-L1 expression by directly interacting with STAT3 and
Medicine, Seoul, Republic of Korea inducing its proteasomal degradation.
"State Key Laboratory of Oncogenes and * SI00A14 is a potential marker for predicting prognosis and the antitumor

Related Genes, Shanghai Cancer Institute,
Ren Ji Hospital, School of Medicine,
Shanghai Jiao Tong University, Shanghai,
P.R. China

response to PD-L1 blockade and chemotherapy in colorectal cancer.

Correspondence

Ho-Young Lee, Creative Research Ini-
tiative Center for Concurrent Control of
Emphysema and Lung Cancer, College
of Pharmacy, Seoul National University,
Seoul 08826, Republic of Korea.

Email: hyleel35@snu.ac.kr

Clin. Transl. Med. 2022;12:e986. wileyonlinelibrary.com/journal/ctm2
https://doi.org/10.1002/ctm2.986


https://orcid.org/0000-0001-8965-223X
https://orcid.org/0000-0001-7556-9312
mailto:hylee135@snu.ac.kr
https://wileyonlinelibrary.com/journal/ctm2
https://doi.org/10.1002/ctm2.986

Received: 30 October 2021

Revised: 10 June 2022

Accepted: 3 July 2022

DOI: 10.1002/ctm2.986

RESEARCH ARTICLE

CLINICAL AND TRANSLATIONAL MEDICINE

' il WILEY

S100A14: A novel negative regulator of cancer stemness and
immune evasion by inhibiting STAT3-mediated
programmed death-ligand 1 expression in colorectal cancer

Hye-Young Min"? | Jaebeom Cho'?

Ji-Sun Lee! | Seon-Boon Lee?

| Jeong Yeon Sim' | Hye-Jin Boo'? |
| Young-Jin Lee* | SungJooKim* | Kyu-Pyo Kim’

In-Ja Park® | Seung-Mo Hong*® | Xue-LiZhang’ | Zhi-Gang Zhang’ ® |

Rang-Woon Park®

| Ho-Young Lee'?

ICreative Research Initiative Center for Concurrent Control of Emphysema and Lung Cancer, College of Pharmacy, Seoul National University, Seoul,

Republic of Korea

2College of Pharmacy and Research Institute of Pharmaceutical Sciences, Seoul National University, Seoul, Republic of Korea

3Department of Biochemistry and Cell Biology, School of Medicine, Cell & Matrix Research Institute, Kyungpook National University, Daegu,

Republic of Korea

4Department of Pathology, Asan Medical Center, University of Ulsan College of Medicine, Seoul, Republic of Korea

SDepartment of Oncology, Asan Medical Center, University of Ulsan College of Medicine, Seoul, Republic of Korea

6Department of Surgery, Asan Medical Center, University of Ulsan College of Medicine, Seoul, Republic of Korea

7State Key Laboratory of Oncogenes and Related Genes, Shanghai Cancer Institute, Ren Ji Hospital, School of Medicine, Shanghai Jiao Tong

University, Shanghai, P.R. China

Correspondence

Ho-Young Lee, Creative Research
Initiative Center for Concurrent Control
of Emphysema and Lung Cancer, College
of Pharmacy, Seoul National University,
Seoul 08826, Republic of Korea.

Email: hyleel35@snu.ac.kr

Hye-Young Min, Jaebeom Cho, Jeong
Yeon Sim, Hye-Jin Boo contributed
equally to this work.

Funding information

National Research Foundation of Korea
(NRF); Ministry of Science and ICT
(MSIT), Republic of Korea, Grant/Award
Number: NRF-2016R1A3B1908631;
Ministry of Education, Republic of Korea,
Grant/Award Number:
NRF-2019R111A1A01063536

Abstract

Background: Programmed death-ligand 1 (PD-L1) has functional roles in cancer
stem-like cell (CSC) phenotypes and chemoresistance besides immune eva-
sion. Chemotherapy is a common treatment choice for colorectal cancer (CRC)
patients; however, chemoresistance limits its effectiveness of treatment.
Methods: We examined the role of SI00A14 (SAl4) in CRC by adopting
PD-L1"gh subpopulations within CRC cell lines and patient tumours, by estab-
lishing PD-L1Mg" chemoresistant CRC sublines through prolonged exposure
to 5-fluorouracil/oxaliplatin-based chemotherapy in vitro and in vivo, and by
analysing a public database.

Results: We identified a novel function of SAl4 as a regulator of immune
surveillance, major CSC phenotypes, and survival capacity under hostile
microenvironments, including those harbouring chemotherapeutics, and as a
prognostic biomarker in CRC. Mechanistically, SA14 inhibits PD-L1 expression
by directly interacting with signal transducer and activator of transcription 3
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1 | BACKGROUND

Despite significant breakthroughs in early detection and
anticancer treatment, colorectal cancer (CRC) is one of
the most lethal malignancy."” Currently, conventional
chemotherapeutic regimens like 5-fluorouracil (5-FU)
in combination with oxaliplatin (Oxa, FOLFOX) rep-
resent the standard first-line treatment for CRC, espe-
cially CRC patients with metastatic tumours.*~> However,
the response rate to the FOLFOX-based chemotherapies
in CRC is only 10%-15%.° Recently, the programmed
cell death protein 1 (PD-1)-targeting immune checkpoint
inhibitors (ICIs; e.g., nivolumab and pembrolizumab) have
shown significant efficacy among some patients with
CRC.>>7% Pembrolizumab was licensed by the US Food
and Drug Administration for the treatment of individ-
uals with microsatellite instability (MSH)Me"/deficient
mismatch repair (AMMR) CRC who progressed after 5-
FU- or Oxa-based chemotherapy.®® Several clinical trials
have been underway to assess the efficacy of combining
ICIs with chemotherapy.”'” However, only a minority of
patients with MSH"&"/dMMR CRC exhibited promising
response to ICIs.” Therefore, understanding the mech-
anism underlying programmed death-ligand 1 (PD-LI)
expression and identification of markers enabling better
prediction of the benefit from targeting the PD-L1/PD-1
axis could provide innovative treatment regimens for CRC
patients.

While chemotherapy is known to target rapidly pro-
liferating cancer cells,'' several chemotherapeutic agents,
including 5-FU and Oxa, are known to activate the
immune system by depleting myeloid-derived suppres-
sor cells, by inducing immunogenic cell death-associated
release of damage-associated molecular pattern molecules,
and/or by regulating PD-L1.1%-!>13 PD-L1 is one of two PD-

(STAT3) and inducing its proteasome-mediated degradation. While gain-of-SA14
causes loss of PD-L1 expression and tumourigenic potential and sensitisation
to chemotherapy-induced apoptosis in chemoresistant CRC cells, loss-of-SA14
causes increases in PD-L1 expression, tumourigenic potential, and chemoresis-
tance in vitro and in vivo. We further show that a combinatorial treatment with
chemotherapy and recombinant SA14 protein effectively induces apoptosis in
PD-L1"&" chemoresistant CRC cells.

Conclusions: Our results suggest that SA14-based therapy is an effective strategy
to prevent tumour progression and that SA14 is a predictive biomarker for anti-
PD-L1 immunotherapy and chemotherapy in combination.

cancer stem-like cells, colorectal cancer, PD-L1, STAT3, S100A14

1 receptor ligands and belongs to the B7 family of T-cell
coregulatory molecules.'* The binding of PD-L1 to PD-1
prevents the proliferation and activation of T cells, thereby
inducing T-cell apoptosis and immune evasion."”* PD-L1
has also been proposed to have tumour-intrinsic roles in
the survival and progression of cancer cells by stimulat-
ing their epithelial-mesenchymal transition (EMT) and
cancer stem-like cell (CSC) properties.'*!> Certain types
of cancer cells were found to become resistant to 5-FU
or Oxa through increased PD-L1 expression.'®!” Studies
have shown that PD-L1 is regulated genetically, transcrip-
tionally and posttranslationally.'® However, the molecular
processes behind PD-L1 expression regulation in chemore-
sistant cancer cells remain unclear.

The S100 protein family is the largest subgroup of
calcium-binding EF-hand-type low-molecular-weight
proteins'®?® and exerts several intracellular functions
responsible for cell proliferation, apoptosis and motility,
all of which are implicated in tumour development and
progression.”! S100s bind to a number of proteins on the
cell surface, including receptor for advanced glycation
end products (RAGESs), toll-like receptor 4, human epi-
dermal growth factor receptor 2 (HER2) and heparan
sulphate proteoglycan, and regulate various signal trans-
duction pathways, such as phosphoinositide 3-kinase/Akt,
mitogen-activated protein kinases and Cdc42/Rac.?>**
S100A14 (hereafter SA14) was recently identified as an
S100 member protein.”> Studies have shown elevated
expression in breast and uterine cancers but decreased
expression in colon, kidney and rectal cancers.” Elevated
SAl4 expression is related to poor clinical outcomes in
individuals with ovarian, breast and cervical cancer,?
while decreased expression was associated with poor prog-
nosis and disease progression in patients with colorectal,
small intestine, gastric and oesophageal cancers.’®%8
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SA14 has also shown cancer type-dependent differential
action.”> For instance, SAl4 inhibits proliferation and
invasion of oral squamous carcinoma.””*’ In contrast,
SAl4 stimulates proliferation of breast cancer cells by
interacting with HER2,* induces gemcitabine resistance
in pancreatic cancer cells,”” and engenders motility and
invasion of breast cancer cells.*> SA14 has also been
involved in the differentiation of oesophageal and gastric
cancers*** and regulation of immunosurveillance.*®
However, the role of SA14 in CRC is mostly unclear.

In this study, we aimed to examine the association of
PD-L1 with acquiring CSC phenotypes and chemoresis-
tance, explore the mechanisms by which PD-L1 expression
isregulated, and identify biomarkers that predict the effec-
tiveness of ICI-based therapeutic regimens in CRC. Here,
we demonstrate a novel role of SA14 that acts as a regulator
of stemness and immune evasive capacity through disrup-
tion of signal transducer and activator of transcription 3
(STAT3)-mediated PD-L1 expression.

2 | METHODS

2.1 | Reagents

Table S1 contains detailed information on the primary
and secondary antibodies (Abs) utilised, such as catalogue
number, supplier and dilution ratio (or concentration) for
each application. A mammalian expression vector car-
rying SAl4 was purchased from Origene (catalogue no.
RG202590; Rockville, MA, USA). A mammalian expression
vector carrying the constitutively active STAT3 mutant
(STAT3 Y705D) was provided as described in a previous
report.’’

2.2 | Cell culture

Human CRC cells (SW480, HT-29, HCT-15 and HCT116)
were kindly provided by Dr. Sang Kook Lee (Seoul National
University, Seoul, Republic of Korea). CT26 cells were
purchased from the Korean Cell Line Bank (Seoul, Repub-
lic of Korea). These cells were grown in Roswell Park
Memorial Institute (RPMI) 1640 supplemented with 10%
foetal bovine serum (FBS) and 1x antibiotic-antimycotic
solution (antibiotics, Welgene, Kyeongsan-si, Republic of
Korea). Chemoresistant sublines were produced by over 6
months of continuous treatment with the chemotherapeu-
tic agent. Authentication and verification of human cancer
cell lines were performed in 2013, 2016 and 2020 using
the AmplFLSTR identifier PCR Amplification Kit (Applied
Biosystems, Foster, CA, USA; catalogue no. 4322288). This
study utilised mycoplasma-free cells maintained for less
than 3 months.

CLINICAL AND TRANSLATIONAL MEDICINE

2.3 | Animal experiments

We carried out all animal studies in accordance with pro-
tocols approved by the Institutional Animal Care and Use
Committee of Seoul National University (approval nos.
SNU-201026-5-1 and SNU-211214-3). Tumour xenograft
models were established by subcutaneously inoculating 5-
FU-resistant HCT116 (HCT/FuR) cells that had been stably
transfected with empty vector (EV) or SA14-overexpressing
vector (HCT/FuR-EV and HCT/FuR-SA14 cells, respec-
tively; 4 x 10° cells) into the right flanks of nonobese dia-
betic/severe combined immunodeficiency (NOD/SCID)
mice (4-6 weeks old) (Animal Resources Center, Can-
ning Vale, Western Australia, Australia). Tumour size was
measured using a caliper for 4 weeks, three times each
week.

For xenograft tumours from parental HCT116 (HCT/P)
cells transduced with control shRNA (HCT/P-shCon) or
shS100A14 (HCT/P-shSAl4), 3 x 10° cells were subcu-
taneously inoculated into the right flanks of nude mice
(8 weeks old). When tumour volumes reached 50 mm?, a
combination of chemotherapeutic agents [5-FU (50 mg/kg,
dissolved in 10% dimethyl sulphoxide in phosphate-
buffered saline, PBS) and Oxa (6 mg/kg, dissolved in
0.9% NaCl)] was given intraperitoneally once a week for
3 weeks.

For the allograft experiment, CT26-EV and CT26-SA14
cells (1.5 x 10° cells/spot, diluted in PBS) were inocu-
lated subcutaneously into the right flanks of 8-week-old
female Balb/c mice. When the tumour volume reached
50-100 mm?®, the mice were grouped at random and
intraperitoneally treated with either vehicle, anti-PD-L1
antibody (Ab) (BioXCell, Lebanon, NH, USA; 100 ug per
mouse), or a combination of chemotherapeutic agents
(50 mg/kg 5-FU and 6 mg/kg Oxa, solvated as described
above). Chemotherapeutic agents were administered once
a week, and anti-PD-L1 Ab was administered twice per
week. The growth of the tumour was assessed as described
in our previous report.*

2.4 | Analysis of public datasets

A detailed procedure for the analysis of publicly acces-
sible datasets was performed as stated in our previous
report®. The SA14Me" and SA14'°Y groups were deter-
mined using the median value of the data in each dataset.
The highest and lowest 25th percentiles were used to
define the SA14"g" and SA14'°% groups for Kaplan-Meier
survival analysis. To determine significance, the log-rank
test was performed. The probes utilised for acquiring
gene expression levels for each dataset are shown in
Table S2.
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2.5 | Immunohistochemistry and
immunofluorescence

Immunohistochemistry (IHC) and immunofluorescence
analyses were carried out as previously reported.*®

2.6 | Flow cytometry
2.6.1 | Flow cytometric analysis for

determining PD-L1 levels on the cell membrane
in CRC cells

A total of 1 X 10° cells were treated on ice for 15 min with
FcR blocking reagent (Miltenyl Biotec, Bergisch Gladbach,
Germany) diluted in fluorescence-activated cell sorting
(FACS) buffer (PBS containing 1% bovine serum albu-
min (BSA), 2 mM ethylenediaminetetraacetic acid (EDTA)
and 0.05% sodium azide, 1:50 ratio). Cells were treated
on ice for 1 h with mouse immunoglobulin G (IgG) iso-
type control or anti-PD-L1 primary Abs diluted in FACS
buffer (BioLegend, San Diego, CA, USA, 1:100 ratio). After
washing twice with FACS buffer, the cells were stained on
ice for 30 min with secondary Abs conjugated to Alexa
Fluor 633 (Thermo Fisher Scientific, Waltham, MA, USA,
1:200 ratio). Cells were examined using a FACSCalibur
flow cytometer after being washed twice with FACS buffer
(BD Biosciences, San Jose, CA, USA). FlowJo software (BD
Biosciences) was used to determine the degree of PD-L1
positivity.

2.6.2 | Isolation of the PD-L1"&" and PD-L1"°%
populations

A Tumour Dissociation Kit (Miltenyl Biotec) was used to
separate primary CRC tumour cells from patient-derived
xenograft tumours in accordance with the manufacturer’s
instructions. Cells were stimulated with interferon-gamma
(IFN-y, 10 ng/ml) for 24 h before staining if needed.
Primary CRC cells or CRC cell lines were stained with anti-
PD-L1 Abs diluted in FACS buffer (1:100 ratio), washed
twice with FACS buffer, and then stained with phyco-
erythrin (PE)-conjugated secondary Abs (Thermo Fisher
Scientific, 1:200 ratio). After being washed twice with
FACS buffer, a FACS Aria III flow cytometer (BD Bio-
sciences) was used to sort the labelled cells for subsequent
in vitro investigations.

2.6.3 | Isolation of the CD133"8hCD44high and
CD133°¥CD44°% populations

CRC cells and primary CRC tumour cells were stained
with fluorescein 5-isothiocyanate (FITC)-conjugated anti-

CD44 and PE-conjugated anti-CD133 Abs diluted in FACS
buffer (1:100 ratio) and then sorted with a FACS Aria
III flow cytometer after being washed twice with FACS
buffer.

2.6.4 | Analysis of activated CD8" T
lymphocytes using flow cytometry

A CD8' T-cell isolation kit (Miltenyl Biotec) was used
to separate splenic CD8% T cells from the newly iso-
lated spleen of 8-week-old male Balb/c mice. CD8* T
cells were stimulated for 3 days in RPMI 1640 medium
(containing 50 uM -mercaptoethanol, antibiotics and 10%
FBS) with anti-CD3 and anti-CD28 Abs. CT26-EV and
CT26-SA14 cells (1 x 10* cells/well) were plated in 96-
well plates and incubated for 1 day. After incubation,
the cells were cocultured with activated T cells at 2:1
ratio for 12 h (T cells:tumour cells). Before harvest, cells
were cultured for 6 h in the presence of brefeldin A (5
ug/ml, BioLegend). Following coculture with cancer cells,
collected T lymphocytes were fixed and permeabilised
according to the manufacturer’s instructions using the
Cytofix/Cytoperm fixation/permeabilisation solution kit
(BD Bioscience). Thereafter, the cells were stained for
30 min on ice with a FACS buffer-diluted PE-conjugated
anti-IFN-y Ab (BioLegend) (1:100 ratio). Next, the cells
were washed twice with FACS buffer and flow cytometri-
cally examined using a FACSCalibur flow cytometer. The
IFN-y+CD8™ T-cell level was calculated using the FlowJo
program.

2.6.5 | Analysis of tumour-infiltrating CD8*
T lymphocytes using flow cytometry

CT26 allograft tumours were extracted from killed
mice and digested using the Tumour Dissociation Kit
(Miltenyl Biotec) as directed by the manufacturer.
To prevent nonspecific Ab binding to FcR-expressing
tumour-infiltrated immune cells such as B cells and
macrophages, single-cell suspensions from tumours
were incubated on ice for 10 min with TruStain fcX
(BioLegend) diluted in a FACS buffer (BioLegend, 1:50
ratio) before being stained with PerCP/Cy5.5-conjugated
anti-CD3e (BioGems, Westlake Village, CA, USA, 1:200
ratio) and allophycocyanin-conjugated anti-CD8 Abs
(BioGems, 1:200 ratio) on ice for 30 min. Cells were
examined using a FACSCalibur flow cytometer after
being washed twice with FACS buffer. The CD8" T-cell
count in the tumour was assessed using the FlowJo
program.
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2.7 | Cell viability, sphere formation,
anchorage-dependent colony formation
and anchorage-independent colony
formation assays

Assays for testing cell viability, sphere formation,
anchorage-dependent (AD) colony formation and
anchorage-independent (AID) colony formation were
carried out as previously reported.*®

2.8 | Staining with Hoechst 33342
Following drug treatment, the cells were treated with
Hoechst 33342 (20 uM, Thermo Fisher Scientific) for
30 min. A fluorescent microscope was used to examine
the cells. Cells with fragmented, deteriorated or condensed
nuclei were counted and designated apoptotic.

2.9 |
PCR

Western blot analysis and real-time

Western blot (WB) and real-time PCR analyses were car-
ried out as previously reported.® The sequences of the
primers utilised in the PCR experiments are listed in
Table S3.

2.10 | Cloning, expression and
purification of recombinant proteins

The glutathione-S-transferase (GST) and GST-tagged full-
length STAT3 plasmid constructs were created by cloning
them into the BamHI/Xhol site of pGEX-4T-2 (GE Health-
care Life Sciences, Chicago, IL, USA). For the His-tagged
bacterial SA14 protein, the SA14 coding sequence was sub-
cloned into the pET28a vector by using EcoRI/Sall restric-
tion enzymes. Clones encoding GST alone or GST-STAT3
were expressed in Escherichia coli BL21 by overnight cul-
ture at 25°C in Luria-Bertani (LB) medium supplemented
with 1 mM isopropyl-B-D-1-thiogalactopyranoside (IPTG)
and purified using Glutathione Sepharose 4B (GE Health-
care). His-tagged SA14 protein was expression in E. coli
BL21 by 6 h of incubation at 30°C in LB medium. After
bacterial cell lysis, histidine-tagged protein was captured
by nickel-nitrilotriacetic acid (Ni-NTA) beads.

2.11 | Transfection

The JetPrime transfection reagent (Polyplus-Transfection
SA, Tllkirch, France) was used for transient transfec-
tion of cells with expression vectors. Lentiviral particles

3

expressing either control shRNAs (shCon; pLKO.1) or
S100A14 (SA14) shRNAs were transduced into HCT/P cells
to establish stable cell lines devoid of SAl4 expression
(Sigma-Aldrich, St. Louis, MO, USA). The target sequence
for silencing SAI4 is as follows: GAGACCCTCATCAA-
GAACTTT. Three weeks of culture in medium containing
1-2 pg/ml puromycin was used to select cells that had
been transduced stably. To produce stable cell lines over-
expressing SAI4, HCT/FuR, HCT/OxaR and CT26 cells
were transfected for 48 h with pCMV6 (EV) or pCMV6-
Myc-DDK-SA14 vectors using JetPRIME. 3 to 4 weeks were
spent selecting transfected cells with 0.5-2 ug/ml G418.

2.12 | CRISPR/Cas9-based CD274
silencing

The guide RNA sequences were selected using
the CHOPCHOP database.”” The target sequences
for guide RNA are as follows—mouse Cd274: 5'-
GTATGGCAGCAACGTCACGA-3’; human  CD274:
5'-TACCGCTGCATGATCAGCTA-3'. Guide RNA
sequences were cloned into the pCAG-SpCas9-GFP-
U6-gRNA vector. Cells were plated into six-well plates
and subsequently transfected with pCAG-SpCas9-green
fluorescent protein (GFP) (as the negative control), pCAG-
SpCas9-GFP-sgCd274, or pCAG-SpCas9-GFP-sgCD274
clones. After a 2-day transfection, GFP-positive cells were
isolated by flow cytometry. We confirmed the silencing
of CD274 expression in the GFP-positive pools by WB
analysis.

213 | Pulldown and
immunoprecipitation assays

The immunoprecipitation (IP) analysis and the produc-
tion and purification of hexahistidine (6xHis, His)-tagged
recombinant S100A14 (His-SA14) or GST-tagged STAT3
(GST-STAT3) proteins were carried out as previously
reported.3840-41

2.14 | Limiting dilution assay

The limiting dilution assay was carried out as stated in a
previous report.*’

2.15 | Transcription factor reporter array

To identify the signalling pathways activated in chemore-
sistant cells, HCT/P and chemoresistant (HCT/FuR and
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HCT/OxaR) cells were analysed by using the Cignal 45-
Pathway Reporter Array (Qiagen, Germantown, MD, USA)
according to the manufacturer’s instructions.

2.16 | Evaluation of CD8" T-cell tumour
cell killing activity

A CD8" T-cell isolation kit was used to separate splenic
CD8* T cells from freshly isolated spleens of 8-week-old
male Balb/c mice (Miltenyl Biotec). Isolated CD8™ T cells
were activated by culturing in RPM 1640 medium (contain-
ing 10% FBS, antibiotics and 50 uM -mercaptoethanol) for
3 days with anti-CD3 and anti-CD28 Abs. CT26-EV and
CT26-SA14 cells (1 x 10* cells/well) were plated in 96-well
plates and incubated for 1 day. Following incubation, the
cells were cocultured for 12 h with activated T cells [at 2:1
(T cells:tumour cells) ratio]. As detailed below, the crystal
violet test was used to evaluate cell viability. When nec-
essary, cultured cancer cells were pretreated for 12 h with
FU/Oxa (1 uM 5-FU and 2 uM Oxa in combination) and
anti-PD-L1 Abs (10 ug), either alone or in combination,
before being cocultured with activated T cells [at 2:1 (T
cells:tumour cells) ratio]. The crystal violet test was used to
determine the viability of tumour cells after they had been
fixed in 100% methanol for 30 min at room temperature.
Thereafter, fixed cells were stained for 1 h at room tem-
perature with a 0.02% crystal violet solution before being
rinsed several times with deionised water. At 570 nm, the
absorbance of each well was measured after stained cells
were dissolved in a 10% acetic acid solution.

2.17 | Toxicity test

Serum was taken from mice after cardiac puncture as
stated in a previous report®’ to detect hepatic or renal tox-
icities following treatment with either chemotherapy (a
combination of 5-FU and Oxa) or anti-PD-L1 immunother-
apy. Measurements of serum levels of aspartate amino-
transferase (AST), alanine aminotransferase (ALT), crea-
tinine and blood urea nitrogen (BUN) were made using
a Fuji DRI-Chem 3500s veterinary hematology analyser
(Fuji, Tokyo, Japan).

2.18 | Cytokine/chemokine array

The Proteome Profiler Mouse Cytokine Array Kit (R&D
Systems, Minneapolis, MN, USA) was used to measure
the amounts of cytokines and chemokines in the mouse
serum, as directed by the manufacturer.

2.19 | Patients and specimens

All investigations using patient-derived tissues were per-
formed in accordance with protocols approved by the
institutional review boards of Asan Medical Center and
Shanghai Cancer Institute. Ninety-four surgically resected
colorectal tumours were collected from 22 institutes in
Korea for IHC examination of the SA14 level in CRC tis-
sues. Areas of benign epithelium, dysplasia inside polyps
and colon cancer were found in each of the haema-
toxylin and eosin-stained sections. Reviewing the patients’
medical records yielded the following information: each
patient’s age, the presence of additional tumours and
the outcomes of the most recent follow-up examination.
The pathological features that were analysed were growth
patterns, tumour location, tumour size, histological sub-
type, differentiation status, depth of invasion, lymph node
metastases and the existence of lymphatic invasion. In
addition, tumours from CRC patients (n = 18) at Shang-
hai Cancer Institute were utilised and evaluated for IHC
examination of SA14 and STAT3 levels in normal (para-
cancerous) and CRC tumour tissues.

2.20 | Tissue microarray

From morphologically typical regions of formalin-fixed,
paraffin-embedded blocks, 2-mm-diameter tissue cores
were extracted. Selected were regions where tumour cells
occupied greater than 75% of cells with substantial his-
tological differentiation and were not accompanied by
tumour necrosis. The tissue array blocks had two or three
cores from each tumour tissue and one core from the
associated lymph node metastasis.

2.21 | Statistics

The data are shown as means =+ standard deviations. All in
vitro studies were carried out at least three times indepen-
dently, and a representative result is provided. GraphPad
Prism (version 9, GraphPad Software Inc., La Jolla, CA,
USA) was used to compute and analyse the data. The two-
tailed Student’s t-test, Mann-Whitney test and one-way
analysis of variance were used to establish statistical sig-
nificance. To confirm that two test groups had the same
variance, an F-test for equality of variances was conducted.
To ensure that more than three experimental groups had
the same variance, the Brown-Forsythe test was used.
The Shapiro-Wilk test was used to examine whether the
data from in vitro or in vivo were normally distributed. p-
Values less than .05 were deemed statistically significant.
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The )? and Fisher exact tests were used to compare any
relationships between immunohistochemical markers and
clinicopathological parameters.

3 | RESULTS
3.1 | PD-L1induces CSC properties in
CRC cells, causing chemoresistance

We explored the involvement of PD-L1 in acquiring CSC-
like properties and chemoresistance, especially resistance
to FOLFOX-based chemotherapy, in CRC cells. First, the
level of PD-L1 expression in a selection of CRC cell lines
(HCT16, HT-29, HCT-15 and SW480) was assessed by flow
cytometry and WB analyses. Except for SW480 cells, the
PD-L1 levels on the cell membrane were not much dif-
ferent in HCT116, HT-29 and HCT-15 cells (Figure S1A).
However, WB analysis showed that HCT116 and HT-29
cells exhibited markedly reduced PD-L1 levels compared
to HCT-15 and SW480 cells (Figure S1B). These findings
implied broad distributions of PD-L1 in the membrane,
cytoplasm and nucleus, as previously reported.*” We then
chose human HCTI16 and HT-29 as PD-L1°% expressors
and HCT-15 and SW480 as PD-L1"&" expressors. We inves-
tigated the relationship between PD-L1 expression and
the response to combinatorial treatment with 5-FU and
Oxa (FU/Oxa). We also included a murine colon cancer
cell line (CT26) harboring a prominent level of PD-L1
expression.*>** In vitro responsiveness to FU/Oxa, mea-
sured by 3-[4,5-dimethylthiazol-2-yl]-2,5 diphenyl tetra-
zolium bromide (Figure 1A) and AID colony formation
(Figure 1B) assays, revealed that PD-L1V expressors
(HCT116 and HT-29) exhibited relatively greater FU/Oxa
sensitivity than PD-L1"€" expressors (HCT-15, SW480 and
CT26).

We hypothesised that a rare chemoresistant PD-L1"igh
subpopulation may exist in CRC cells and that repeated
exposure to chemotherapy may enrich the PD-L1Mgh sub-
population, causing acquired chemoresistance. Hence, we
next analysed FACS-sorted PD-L1"€" and PD-L1°% sub-
populations from CRC cells (Figure SIC). As expected,
the PD-L1Me" subpopulation of CT26 cells showed sig-
nificantly greater resistance to T-cell-mediated cytotox-
icity than the corresponding PD-L1°Y subpopulation
(Figure S1D). Notably, the PD-L1'°% subpopulation in
SW480 cells (an intrinsic PD-L1"&" expressor) showed
markedly greater mRNA expression of CD274, which
encodes the PD-LI protein, than did the PD-L1"&" sub-
populations in HCTI16 cells (an intrinsic PD-L1°" expres-
sor) (Figure SIE). Moreover, the PD-L1°V and PD-L1"gh
subpopulations in SW480 cells showed similar respon-
siveness to FU/Oxa treatment and sphere-forming ability

CLINICAL AND TRANSLATIONAL MEDICINE

(Figure S1F). Hence, we assessed PD-L1°V and PD-L1high
subpopulations in the two PD-L1°V expressors (HCT116
and HT-29) for CSC-like properties. The PD-L1"2" subpop-
ulations showed greater resistance to 5-FU/Oxa-mediated
effects on cell viability (Figure 1C) and AID colony forma-
tion (Figure 1D) and induction of apoptosis (Figure 1E)
compared to their corresponding PD-L1°Y populations.
These PD-L1"&" subpopulations also showed significantly
greater sphere-forming capacity (Figure 1F) and expres-
sion of CSC marker genes, including POU5FI (which
encodes Oct4), NANOG, SOX2, and MYC*-* (Figure 1G),
than did their corresponding PD-L1°¥ subpopulations.
Because IFN-y stimulation induces functional PD-L1 in
tumour cells,” we further analysed FACS-sorted PD-
L1'°% and PD-L1"&" populations after stimulation with
IFN-y and found consistent results that PD-L1"g" sub-
populations in HCT116, HT-29 and CT26 cells exhibited
significantly reduced sensitivity to 5-FU/Oxa treatment
and greater capacities for sphere formation compared with
PD-L1Me" subpopulations in their corresponding parental
cells (Figure S1G,H).

We next analysed PD-L1 levels in a putative CSC sub-
population within CRC cells by adapting the use of Abs
against the well-established CSC markers CD133 and
CD44 (Figure 1H).*> As shown by immunofluorescence
(Figure 11, left) and real-time PCR (Figure 1I, right)
analyses, the CD133MghCD44Migh subpopulation within
the three CRC cell lines exhibited significantly greater
expression of PD-L1 protein and CD274 (which encodes
PD-L1) mRNA levels compared with their corresponding
CD133'°VCD44!°% population. Moreover, treatment of the
CD133MighCD44bigh subpopulation with a neutralising Ab
against PD-L1 significantly attenuated the sphere-forming
capacity (Figure 1J). We then analysed the SW480 sub-
line, in which PD-L1 expression was silenced using the
CRISPR/Cas9 system. We discovered that knocking down
PD-L1 resulted in downregulated expression of CSC mark-
ers, decreased sphere formation and markedly increased
apoptotic activities in response to 5-FU/Oxa treatment,
implying the involvement of PD-L1 in chemoresistance
and CSC properties in CRC cells (Figure S2A-D).

To investigate the clinical significance of these find-
ings, we examined PD-L1 expression in CRC CSCs within
patient-derived tumours. The CD133M8"CD44beh subpop-
ulation within two different patient-derived CRC tissues
showed significantly greater expression of PD-L1 pro-
tein and CD274 mRNA levels than the control popula-
tion (Figure 1K). Analyses of a publicly available gene
expression omnibus (GEO) dataset (GSE24551) from CRC
patients indicated positive relationships between CD274
expression and CSC-related genes, including POUS5FI,
NANOG, SOX2 and MYC (Figure 1L). In line with the
association of EMT with acquiring CSC-like phenotypes,*®
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positive correlations between CD274 expression and EMT-
related genes, including VIM (which encodes vimentin),
SNAI2 (which encodes Slug) and CDH2 (which encodes
N-cadherin), were also observed (Figure 1L). Thus, PD-
L1 expression may contribute not only to immune evasive
phenotypes but also to the development of CSC-like
characteristics, causing chemoresistance in CRC cells.

3.2 | CRC sublines carrying resistance to
5-FU or Oxa display upregulation of PD-L1
expression and CSC-like properties

To obtain PD-L1M8M CRC cells with chemoresistance,
HCTI116 and HT-29 cells were repeatedly exposed to 5-FU
or Oxa for more than 6 months. Compared to their parental
HCTI16 and HT-29 cells (HCT/P and HT/P, hereafter),
the surviving sublines after prolonged exposure to 5-FU
(HCT/FuR and HT/FuR, hereafter) or Oxa (HCT/OxaR
and HT/OxaR, hereafter) demonstrated greatly increased
viability (Figure 2A) and AD (Figure 2B) and AID
(Figure 2C) colony-forming capacities and reduced apop-
totic activities (Figure 2D) in response to 5-FU or
Oxa. Importantly, these chemoresistant sublines consis-
tently exhibited upregulation of sphere-forming capaci-
ties (Figure 2E) and CD274 expression (Figure 2F) and
PD-L1 expression without overt changes in PD-L2 expres-
sion (Figure 2G) in comparison with their parental cells.
Increases in mRNA (Figure 2H) and protein (Figure 2I)
expression of CSC-regulating pluripotent transcription fac-
tors, including Oct4, Nanog, Sox2 and Myc,46 were also
observed in these chemoresistant sublines compared with
their parental cells. The in vivo limiting dilution assay
confirmed the greater tumourigenic potential of these
chemoresistant sublines compared with their parental

3

cells (Figure 2J). Importantly, treatment of chemoresistant
CRC sublines with a neutralising Ab against PD-L1 sig-
nificantly attenuated sphere-forming capacity (Figure 2K)
and CSC marker expression (Figure 2L). We then anal-
ysed HCT/FuR cells that had PD-L1 expression knocked
down utilising the CRISPR/Cas9 system. We found that
silencing CD274 expression resulted in decreases in the
expression of CSC markers, sphere-forming ability and
colony formation in the presence of 5-FU and sensitised
cells to 5-FU-induced apoptosis, implying the involve-
ment of PD-L1 in chemoresistance and CSC properties in
CRC cells (Figure S2E-H). These results indicate that PD-
L1 expression granted chemoresistant CRC sublines CSC
phenotypes, contributing to tumour development.

3.3 | Loss of SA14 is implicated in
chemoresistance and development of
CSC-like features in PD-L1"8" CRC cells and
worse clinical outcomes in CRC patients

To examine the mechanism governing the control of PD-L1
expression, CSC-associated phenotypes and chemoresis-
tance in CRC cells, we analysed publicly available datasets
for the gene expression profiles of HCT116 sublines that
showed resistance to 5-FU (GSE56322) or Oxa (GSE77932).
Among a number of genes that were either upregulated
(fold >2) or downregulated (fold <0.5), four genes (SAl4,
CSTA, RPSAY1 and RPSAY2) were commonly downregu-
lated in the two chemoresistant HCT116 subpopulations
(Figure 3A). Among these genes, SAI4 was consistently
downregulated in the four chemoresistant sublines estab-
lished in our study in comparison to their parental cells
(Figure 3B). We validated the downregulation of SA14
protein in the chemoresistant sublines in comparison to

FIGURE 1

Programmed death-ligand 1 (PD-L1) is associated with acquiring cancer stem cell (CSC) properties and chemoresistance in

colorectal carcinoma (CRC) cells. (A and B) 3-[4,5-Dimethylthiazol-2-yl]-2,5 diphenyl tetrazolium bromide (MTT) (A) and
anchorage-independent (AID) colony formation (B) assays showing the effects of combination treatment with 5-fluorouracil (5-FU, 0.2 uM)
and oxaliplatin (Oxa, 4 uM) on the viability (A) and colony formation under AID culture conditions (B) of CRC cell lines. (C-G) Effects of a
5-FU/Oxa combination on cell viability (C), AID colony formation (D) and apoptosis (E) and changes in sphere formation (F) and the

expression of putative CSC-associated markers (G) in intrinsic PD-L1"&" CRC subpopulations by comparison with those in PD-L1°" CRC

subpopulations determined by MTT assay (C), AID colony formation assay (D), Hoechst 33342 staining for determining chromatin

condensation (E) sphere formation assay (F), and real-time PCR (G). (H) Gating strategy for the isolation of putative CSC and non-CSC
populations in CRC cell lines and primary CRC cells derived from patient-derived xenograft (PDX) tumours. (I and K) Changes in the level of
PD-L1 expression in CD133"g"CD44"ieh putative CSC subpopulations of the cell line (I) and primary CRC cells derived from PDX tumours (K)
by comparison with those in CD133!°VCD44'°% CRC subpopulations determined by immunofluorescence analysis and real-time PCR. Scale
bars: 20 um. (J) Regulation of sphere formation ability of the CD133"€"CD44"¢" subpopulation of HCT116 and HT-29 cells by treatment with
anti-PD-L1 antibody (10 ug/ml). (L) Analysis of a gene expression omnibus (GEO) dataset (GSE24551) to determine the correlation between
PD-L1 and CSC- or epithelial-mesenchymal transition (EMT)-associated markers. The significance of the correlation was determined by the
Spearman rank correlation test (n = 160). The bars represent the mean + standard deviation (SD); *p < .05, **p < .01 and ***p < .001, as

determined by a two-tailed Student’s t-test by comparison with the indicated control (Con) (A, B, F, G, I, K) or one-way analysis of variance

(ANOVA) with Tukey’s post hoc test (C-E, J)
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that in their parental cells (Figure 3C). We determined
whether other chemotherapeutic agents may also reg-
ulate SA14 expression. Analysis of a publicly available
dataset revealed downregulation of SAl4 expression in
irinotecan-resistant LoVo cells (Figure S3A). We further
analysed SA14 expression in HT-29 and HCTI16 cells
that survived treatment with trifluridine for 7 days and
found consistently reduced SA14 expression in the surviv-
ing subpopulations (Figure S3B). These findings suggest
chemotherapy-mediated SA14 downregulation in CRC
cells.

We confirmed markedly reduced SAI4 expression lev-
els in PD-L1Me" subpopulations within HCT116, HT-29 and
CT26 cells compared with their corresponding PD-L1°%
control subpopulations (Figure 3D). CD133MighCD44high
potential CSC subpopulations within HCT116, HT-29 and
CT26 cells (Figure 3E) and two CRC patient tumours
(Figure 3F) also showed reduced levels of SA14 expression
compared with their corresponding control subpopula-
tions. Gene set enrichment analysis using a GEO dataset
(GSEI143985) found that gene sets linked with stem cells
were significantly enriched in SA14'°% populations, with a
false discovery rate of less than 0.25 (Figure 3G). Inverse
correlations between SAI4 and CD274, POU5FI, or MYC
mRNA expression were also confirmed by scrutinising a
publicly available dataset GSE92921 (Figure 3H).

We then performed IHC analysis of SA14 expression in
CRC patient tissues (n = 94). SA14 expression was promi-
nent on the cellular membrane of colon cells (Figure 3I-a).
The intensity of the staining was moderate to intense,
and it was uniformly distributed. Table S4 summarises
the associations between SAl14 expression and clinico-
pathological characteristics. We have correlated the loss
(Figure 31-b) of SA14 expression level with several clinico-
pathological characteristics. Among 94 patients with colon
cancer, loss of SA14 expression was seen more often in dis-
tal (jejunum or ileum) malignancies (43 of 66, 65.2%) than
in proximal (duodenum) tumours (p = .038). Cases with
lymphovascular invasion (26 of 34, 76.5%) had a greater
decrease in SA14 expression than those without lympho-

3

vascular invasion (29 of 60, 48.3%; p = .007). In addition,
patients with lymph node metastasis (36 of 52, 69.2%) or
distant metastasis (31 of 42, 73.8%) had a greater loss of
SA14 expression than those without lymph node metas-
tasis (19 of 42, 45.2%; p = .016) or distant metastasis (24
of 52, 46.2%; p = .006), respectively. There was no sig-
nificant relationship between SAl4 expression loss and
other clinicopathological variables, such as age, tumour
size, differentiation, depth of invasion or perineural inva-
sion status. Analysis of two independent GEO datasets also
revealed that SAI4 mRNA was mostly downregulated in
tissue from CRC patients compared with their counter-
parts with normal tissue (Figure 3J). Next, we evaluated
how SA14 expression affected the clinical outcomes of CRC
patients. Survival analysis using a GEO dataset indicated
that patients with CRC with low SA14 expression displayed
significantly decreased overall survival rates (Figure 3K).
Therefore, in CRC cells, SA14 expression appeared to have
an inverse correlation with PD-L1 expression, particu-
larly in those with CSC phenotypes, and acted as a poor
prognostic marker in CRC patients.

3.4 | SAl4 regulates PD-L1 expression,
chemoresistance and CSC phenotypes in
CRC cells

To obtain clear evidence supporting the involvement of
SA14 in PD-L1 expression and its function in regulat-
ing immune evasion and CSC phenotypes, we estab-
lished HCT/FuR, HCT/OxaR and CT26 cells, in which
SAl14 overexpression was stably enforced by transfec-
tion (HCT/FuR-SA14, HCT/OxaR-SAl4 and CT26-SAl4
cells), and HCT/P cells, in which shRNA-mediated silenc-
ing of SAl4 expression was induced (HCT/P-shSAl4)
(Figure 4A). We confirmed that CT26-SA14 cells were more
sensitive to CD8" T-cell-mediated cytotoxicity than CT26-
EV cells (Figure 4B, left). We further determined the level
of IFN-y positivity, a marker for activated T cells,*” in CD8*
T cells cocultured with either CT26-EV or CT26-SA14 cells.

FIGURE 2

Cancer stem cell (CSC)-like phenotypes and programmed death-ligand 1 (PD-L1) expression are upregulated in

chemoresistant colorectal carcinoma (CRC) cells. (A-D) Establishment of chemoresistant CRC sublines. Determination of the reduced effects
of chemotherapeutic agents [5-fluorouracil (5-FU) or oxaliplatin (Oxa)] on the inhibition of cell viability and colony formation and induction
of apoptosis in chemoresistant CRC sublines compared with those in corresponding parental cells by 3-[4,5-dimethylthiazol-2-y1]-2,5 diphenyl
tetrazolium bromide (MTT) assay (A), anchorage-dependent (AD) colony formation assay (B), anchorage-independent (AID) colony
formation assay (C) and Western blot analysis (D). (E and J) Evaluation of increases in the CSC population in chemoresistant CRC cells by
sphere formation assay (E) and limiting dilution assay (J). Extreme limiting dilution analysis (ELDA) evaluation of the tumour-initiating cell
frequency (J). (F-I) Determination of the regulation of the mRNA and protein expression of PD-L1 (F and G) and CSC-associated markers (H
and I) by real-time PCR (F and H) and Western blot analysis (G and I). (K and L) Evaluation of the modulation of sphere formation (K) and
the expression of stemness markers (L) by blockade of PD-L1 with the PD-L1 neutralising antibody by sphere formation assay (K) and Western
blot analysis (L). The bars represent the mean + standard deviation (SD); *p < .05, **p < .01 and ***p < .001, as determined by a two-tailed
Student’s t-test by comparison with the indicated control (A-C, F, H) or one-way analysis of variance (ANOVA) with Dunnett’s post hoc test
(E, J, K). Cl-Cas3: cleaved caspase-3; CI-PARP: cleaved poly-(ADP-ribose) polymerase; HCT: HCT116; HT: HT-29
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Flow cytometric analysis revealed that CD8* T cells cocul-
tured with CT26-SA14 cells displayed increased IFN-y pos-
itivity compared with those cocultured with CT26-EV cells
(Figure 4B, right). The established cell lines with enforced
overexpression of SA14 revealed obvious decreases in pro-
tein (Figure 4A) and mRNA (Figure S3C) expression levels
of PD-L1 and CSC-associated markers and reduced capac-
ities for sphere formation (Figure 4C, top) compared with
their corresponding control cells transfected with EV. Con-
versely, the established cell line with downregulation of
SA1l4 revealed obviously increased expression of PD-L1 and
CSC-associated markers (Figures 4A and S3C, bottom) and
an enhanced capacity for sphere formation (Figure 4C,
bottom) in comparison with the corresponding parental
cells transfected with shCon. We additionally assessed
the effects of SA14 on the expression level of a sub-
set of immune checkpoint-related genes, including CD80,
CD86, CD276, LGALS3, CD112 and CDI55.* The level
of these genes expression was inconsistently changed by
SA14 modulation (Figure S3D). We further confirmed that
HCT/FuR-SA14, HCT/OxaR-SAl4 and CT26-SAl4 cells
had reduced capacities for colony formation under AD
and AID culture conditions (Figure 4D) compared to their
corresponding control cells. The SAl4-overexpressing cells
also showed significantly increased responses to 5-FU and
Oxa treatment, as shown by decreases in AD (Figure 4E)
and AID (Figure 4F) colony formation and increases
in apoptotic cell death (i.e., caspase-3 and poly-(ADP-
ribose) polymerase cleavages) (Figure 4G). Conversely,
HCT/P-shSA14 cells exhibited substantial reversion of
the aforementioned phenotypes compared to the control
(Figure 4D-G).

We next determined the tumourigenic potential of these
generated cell populations. A limiting dilution assay in
vivo revealed that the tumourigenic potential of HCT/FuR-
SA14, HCT/OxaR-SA14 and CT26-SA14 cells was markedly
reduced in comparison to that of their corresponding con-
trol cells, while HCT/P-shSA14 cells displayed a significant
increase in tumourigenic potential compared to HCT/P-
shCon cells (Figure 4H). Once developed, HCT/FuR-SA14
xenograft and CT26-SA14 allograft tumours grew substan-
tially slower than their control tumours, while HCT/P-
shSA14 xenografts showed significantly faster growth than
HCT/P-shCon xenografts (Figure 4I). Notably, CT26-SA14
allograft tumours had more tumour-infiltrating CD8* T
cells than CT26-EV tumours (Figure S3E). Moreover, dur-
ing treatment with chemotherapy (5-FU and Oxa in com-
bination, 5-FU/Oxa), HCT/P-shSA14 xenograft tumours
revealed substantially faster growth than HCT/P-shCon
xenograft tumours (Figure 47). These data suggest that
SA14 regulates immune evasive capacities, CSC properties
and chemoresistance in CRC cells by suppressing PD-L1
expression.

3.5 | STATS3 expression is elevated in
PD-L1"8" chemoresistant CRCs and acts as
a downstream effector for SA14-mediated
transcriptional regulation of PD-L1 and
CSC markers

To investigate the mechanisms that are implicated in PD-
L1 expression controlled by SA14 in CRC cells, we screened
the activity of several transcription factors in HCT/FuR

FIGURE 3

Reduction in the S100A14 (SA14) expression level is correlated with the expression of stemness markers and programmed

death-ligand 1 (PD-L1) in colorectal carcinoma (CRC) cells and poor clinical outcomes in patients with CRC. (A) Heatmaps showing
differentially expressed genes in the chemoresistant populations compared with those in corresponding parental cell populations in two
publicly available datasets. (B) Real-time PCR analysis for the modulation of the expression of commonly downregulated genes in two
analysed datasets [SI00A14 (SA14), CSTA, RPS4Y1 and RPS4Y2] in the established chemoresistant sublines. (C) Determination of the
regulation of the protein of SA14 in the established chemoresistant sublines compared with those in the corresponding parental cells by

Western blot analysis. (D) Determination of the regulation of the mRNA expression of SA14 in the PD-L1"&" population of CRC cells

compared with that in the PD-L1'°V population of CRC cells by real-time PCR. (E and F) Immunofluorescence staining and real-time PCR
analysis for the modulation of SA14 levels in the putative cancer stem cell (CSC) population (CD133"g"CD44heh) of CRC cell lines (E) and in
the putative CSC population (CD133"8"CD44h¢") of two patient-derived xenograft (PDX)-derived primary CRC cells (F) compared with those
in the corresponding non-CSC population (CD133!°YCD44!°%). Scale bars: 20 um. (G) Gene set enrichment analysis (GSEA) of a GSE143985
dataset showing the enrichment of CSC-associated gene sets in the SA14'°Y populations compared with those in the SA14"&" populations. (H)
Spearman correlation coefficient showing the relationship between SA14 expression and the expression of PD-L1 and stemness markers
(POUS5FI and MYC) in tumours derived from patients with CRC, determined by analysis of a GSE92921 dataset (n = 59). (I) Representative
images of SA14 expression in normal colonic mucosa and cancers. (a) A representative image showing normal colonic surface epithelia show
strong SA14 expression (20X magnification); (b) a representative image showing a case with SA14 expression loss (20x magnification). (J and
K) Analysis of gene expression omnibus (GEO) datasets to determine the regulation of SA14 expression in CRC tumours by comparison with
normal CRC tissues (J), metastasised tumours by comparison with primary tumours (J), and survival of patients with CRC (K). The bars
represent the mean + standard deviation (SD); *p < .05, **p < .01 and ***p < .001, as determined by a two-tailed Student’s ¢-test (B, D, E, F),
Mann-Whitney test (F), one-way analysis of variance (ANOVA) with Dunnett’s post hoc test (J, top and middle), or Kruskal-Wallis test with
Dunn’s post hoc test (J, bottom). HCT: HCT116; HT: HT-29
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and HCT/OxaR sublines by using a commercially avail-
able transcription factor reporter array. We found that
STAT3 reporter activity was consistently upregulated in the
two sublines (Figure 5A). Notably, HCT/FuR, HCT/OxaR,
HT/FuR and HT/OxaR sublines revealed increases in
both total and activated [phosphorylated (Y705) or acety-
lated (K685)] STAT3 in comparison to their parental cells
(Figure 5B). Moreover, these total and activated STAT3
expression levels were markedly reduced in HCT/FuR-
SAl4, HCT/OxaR-SA14 and CT26-SA14 cells but upregu-
lated in HCT/P-shSA14 cells in comparison with those in
their control cells (Figure 5C).

We next examined whether inactivation of STAT3 would
reverse the genotypic and phenotypic changes in the
chemoresistant sublines. Upon treatment with the STAT3
inhibitor Stattic’® (Figure 5D) or transfection with STAT3
siRNAs (Figure 5E), the expression of PD-L1 and CSC
markers, including Oct4, Nanog, SOX2 and c-Myc, was
markedly reduced, while SA14 expression remained unaf-
fected. In contrast, overexpression of SA14 attenuated con-
stitutively active STAT3 (STAT3 Y705D)-mediated upregu-
lation of these protein expression (Figure 5F). Moreover,
pretreatment with Stattic suppressed the in vitro sphere
formation capacity (Figure 5G) and in vivo tumourigenic-
ity (Figure 5H) in HCT/FuR and HCT/OxaR cells. Based
on a previous report showing STAT3-mediated regula-
tion of S100 proteins, including SA14,” we examined
possible modulation of SA14 expression by STAT3 acti-
vation by utilising HCT116 cells, in which STAT3 was
constitutively active by transfection with constitutively
active STAT3 (STAT3 Y705D). We found that SA14 expres-
sion was minimally affected by constitutive activation of
STAT3 (Figure S4A). Hence, the effects of STAT3 on SAl4
expression appear to be cell type dependent.

We further validated the correlation between SA14 and
STAT3 expression in CRC by performing IHC analysis of
tumours from CRC patients (n = 18). We observed sig-

3

nificantly reduced SA14 and increased STAT3 expression
levels in the tumours compared to their corresponding
adjacent normal (paracancerous) tissues and a substan-
tial inverse association between the levels of SA14 and
STAT3 expression in tissues (Figure 5I). Collectively, these
findings imply that SA14 is a crucial regulator of STAT3
expression and CSC phenotypes in CRC cells.

3.6 | SA14 destabilises STAT3 protein
through direct binding and subsequently
induces proteasome-mediated degradation

We then investigated how SA14 controls STAT3 expression.
We observed that STAT3 transcription did not significantly
differ between HCT/FuR versus HCT/P cells, HCT/FuR-
SA14 versus HCT/FuR-EV and HCT/P-shSAl4 versus
HCT/P-shCon cells (Figure 6A). Notably, HCT/FuR and
HCT/OxaR cells showed increases in the half-life of STAT3
protein compared with HCT/P cells (Figure 6B). More-
over, the half-life of STAT3 was shorter in HCT/FuR-SA14
and HCT/OxaR-SA14 cells but longer in HCT/P-shSA14
cells than in their controls (Figure 6C). These results imply
posttranslational regulation of STAT3 by SAl4. Upon a
proteasome inhibitor MG132 treatment, STAT3 polyubiq-
uitination after MG132 treatment was markedly increased
in HCT/FuR and HCT/OxaR cells, in which SA14 overex-
pression was enforced (Figure 6D). Moreover, MG132 treat-
ment markedly restored STAT3 expression in HCT/FuR
and HCT/OxaR cells, as evidenced by immunoblots of the
whole-cell lysates (Figure 6D). Consistently, immunofluo-
rescence analysis showed that nuclear STAT3 levels were
markedly lower in HCT/FuR-SA14 and HCT/OxaR-SAl4
cells than in HCT/FuR and HCT/OxaR cells, respectively,
and were obviously restored by treatment with MG132
(Figure 6E). These results indicated that SA14 destabilises
STAT3 protein through proteasome-mediated degradation.

FIGURE 4

SA14 downregulation is associated with the acquisition of cancer stem cells (CSC) phenotypes, programmed death-ligand 1

(PD-L1) expression, and chemoresistance in colorectal carcinoma (CRC) cells. (A, C-J) Regulation of the expression of stemness markers and
PD-L1 (A), sphere formation (C), anchorage-dependent (AD) colony formation in the absence (D, left) or presence of 5-fluorouracil (5-FU) or

oxaliplatin (Oxa) (E), anchorage-independent (AID) colony formation in the absence (D, right) or presence of 5-FU or Oxa (F),
chemotherapy-induced apoptosis (G), tumourigenicity (H), tumour growth (HCT/FuR-EV and HCT/FuR-SA14: n = 5; CT26-EV and
CT26-SA14: n = 6; HCT/P-shCon and HCT/P-shSA14: n = 5) (I), and in vivo chemosensitivity (HCT/P-shCon, Con: n = 6; FU/Oxa: n = 6;
HCT/P-shSA14, Con: n = 5; FU/Oxa: n = 5) (J) by overexpression of SA14 in chemoresistant CRC cells or knockdown of SA14 expression in
parental CRC cells determined through Western blot analysis (A and G), sphere formation assay (C), AD colony formation assay (D and E),

soft agar colony formation assay (D and F), limiting dilution assay (H), extreme limiting dilution analysis (ELDA) evaluation for the

tumour-initiating cell frequency (H), and tumour xenograft experiment (I and J). (B) Left: Crystal violet assay showing the regulation of the

tumour cell killing activity of T cells by SA14 overexpression in CT26 cells. Right: Flow cytometric analysis showing changes in the cancer
cell-mediated regulation of T-cell activity, as indicated by interferon-gamma (IFN-y) positivity, by SA14 overexpression in CT26 cells. The bars
represent the mean + standard deviation (SD); *p < .05, **p < .01 and ***p < .001, as determined by a two-tailed Student’s ¢-test (C-F, I),
Mann-Whitney test (C), or one-way analysis of variance (ANOVA) with Tukey’s post hoc test (B and J). Cl-Cas3: cleaved caspase-3; Cl-PARP:
cleaved poly-(ADP-ribose) polymerase; Con: control; EV: empty vector; HCT: HCT116; HT: HT-29
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We then explored the capacity of SA14 to interact with
STAT3. Coimmunoprecipitation analysis using STAT3 and
SAl14 precipitates of MGI132-pretreated HCT/FuR-SA14
lysates showed a clear interaction between SAl4 and
STAT3 (Figure 6F). Consistently, pull-down analysis using
bacterial His-tagged recombinant SA14 protein (His-SA14)
(Figure 6G) and GST-tagged STAT3 protein (GST-STAT3)
(Figure 6H) demonstrated the ability of SA14 and STAT3.
We finally confirmed a direct interaction between SAl4
and STAT3 proteins by using His-SA14 and GST-STAT3
(Figure 6I). These results collectively suggest that SA14
directly interacts with STAT3 and causes its destabilisation
through proteasomal degradation.

3.7 | SAl4is a possible biomarker for
predicting the antitumour efficacy of
PD-L1-targeted immunotherapy and
chemotherapy

Extracellular S100 proteins were found to bind to RAGE or
other cellular receptors and to be internalised.’” Indeed,
treatment with recombinant SA14 protein (rbSA14) effi-
ciently increased intracellular SA14 and reduced STAT3
and PD-L1 expression (Figure S4B). To translate our find-
ings to therapeutic applications, we investigated the antitu-
mor effects of rbSA14, either alone or in combination with
either 5-FU or Oxa. Compared with single or vehicle treat-
ments, combined treatment with rbSA14 and a chemother-
apeutic agent (5-FU or Oxa) showed significantly greater
inhibitory effects on viability (Figure 7A) and AD colony
formation (Figure 7B) of HCT/FuR, HCT/OxaR and
CT26 cells. Moreover, the combined treatment markedly
induced apoptosisin HCT/FuR, HCT/OxaR and CT26 cells
(Figure 7C).

Based on the SA14-mediated regulation of PD-L1 expres-
sion, we speculated that SAl4 expression could predict

3

the antitumour effect of anti-PD-L1 Abs. Thus, we exam-
ined the therapeutic activity of an anti-PD-L1 Ab in
vitro and in vivo, either alone or in combination with
FU/Oxa, in chemoresistant CRC cells carrying enforced
SAl14 expression. Because HCT/FuR-SAl4, HCT/OxaR-
SAl14 and CT26-SA14 cells exhibited similar behaviours,
we used only CT26-EV and CT26-SA14 cells that could be
analysed in immunocompetent mice. We found that treat-
ment with anti-PD-L1 Ab alone showed minimal effects
on AD (Figure 7D) and AID (Figure 7E) colony for-
mation of both CT26-EV and CT26-SAl4 cells. FU/Oxa
treatment suppressed the colony-forming capacities of
these cells, with greater inhibitory activities in CT26-
SA14 cells than in CT26-EV cells (Figure 7D,E). Notably,
CT26-EV cells, but not CT26-SA14 cells, showed a sig-
nificantly greater reduction in colony formation capac-
ities after treatment with FU/Oxa and anti-PD-L1 Ab
in combination compared to each single drug treatment
(Figure 7D,E). Moreover, the combined treatment induced
apoptotic activities in CT26-EV cells, while treatment
with anti-PD-L1 Ab minimally enhanced FU/Oxa-induced
apoptosis in CT26-SA14 cells (Figure 7F). Similarly, T
cells showed greater cytotoxicity against CT26-SA14 cells
than CT26-EV cells (Figure 7G). CT26-EV cells revealed
an enhanced response towards T-cell-induced cytotox-
icity after prior combinatorial treatment with FU/Oxa
and anti-PD-L1 Ab, while anti-PD-L1 Ab did not further
enhance the cytotoxicity of FU/Oxa against CT26-SAl4
cells (Figure 7G). Consistently, FU/Oxa treatment sig-
nificantly reduced the volume of allograft tumours of
CT26-SA14 cells (Figure 7H). Compared with the single
treatment, combinatorial treatment with FU/Oxa and anti-
PD-L1 Ab significantly enhanced growth-inhibitory effects
only on CT26-EV allograft tumours but not CT26-SAl4
tumours. THC examination of the tumours indicated that
FU/Oxa treatment significantly elevated caspase-3 cleav-
age and granzyme B expression in CT26-SAl4 allograft

FIGURE 5 Upregulation of total and phosphorylated signal transducer and activator of transcription 3 (STAT3) levels in chemoresistant
colorectal carcinoma (CRC) cells and association of S100A14 (SA14) with the regulation of the expression and activity of STAT3 in CRC cells.
(A) Cignal 45-pathway reporter array analysis for the regulation of the activity of several transcription factors in chemoresistant CRC sublines
by comparison with that in parental cells (HCT/P). (B) Determination of the regulation of the expression and phosphorylation of STAT3 in
chemoresistant CRC cells by Western blot analysis. (C) Determination of the regulation of the expression and phosphorylation of STAT3 by
modulation of SA14 expression in parental and chemoresistant CRC cells by Western blot analysis. (D and E) Modulation of the expression of
programmed death-ligand 1 (PD-L1) and stemness markers along with total and phosphorylated forms of STAT3 by treatment with Stattic (1
uM, D) or transient transfection with STAT3 siRNAs (E) by Western blot analysis. (F) Modulation of the SA14-mediated suppression of PD-L1
and stemness marker expression by overexpression of phosphor-mimetic mutant form of STAT3 (STAT3 Y705D) by Western blot analysis. (G
and H) Regulation of sphere formation ability (G) and tumourigenicity (H) of chemoresistant CRC cells by treatment with Stattic (1 uM) for 1
day by sphere formation assay (G) and tumour xenograft experiment (H). Evaluation of tumourigenicity was performed by inoculation of a
small number of cells (50,000 cells/spot) inoculated into the right flanks of NOD/SCID mice. (I) Regulation of SA14 and STAT3 and their
Spearman correlation determined by immunohistochemistry analysis of patient-derived CRC and adjacent normal colon tissues. Scale bar:
200 um. The bars or dots represent the mean + standard deviation (SD); *p < .05, **p < .01 and ***p < .001, as determined by a two-tailed
Student’s t-test by comparison with the vehicle-treated control (G and I). Con: control; EV: empty vector; HCT: HCT116; HT: HT-29
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tumours (Figure 7I, S4C). In addition, the combination
treatment induced great increases in cleaved caspase-3 and
granzyme B compared with the other treatments in CT26-
EV allograft tumours, but these levels were not further
enhanced in CT26-SA14 allograft tumours (Figure 7I and
S4C).

In general, ICIs are known to induce adverse effects
(AEs), such as pruritus, diarrhoea, hepatitis, arthralgia,
fatigue, thyroid dysfunction, rash and fever.** In addition,
the combination of conventional therapy (chemother-
apy, targeted therapy, or their combination) with an ICI
showed increased levels of AEs and toxicity compared
with either therapy alone.’*>* Therefore, it is possible that
combining anti-PD-L1 immunotherapy with chemother-
apy might have increased AEs in CRC. Treatment with
5-FU and Oxa in combination altered the levels of sev-
eral cytokines and chemokines, which might be associated
with chemotherapy-induced AEs such as lymphotoxic-
ity, nephrotoxicity, cognitive impairment and neuropathic
pain.”>>* We then monitored the potential toxicities of the
5-FU/Oxa and anti-PD-L1 mAb combination by analysing
hepatic and renal toxicity in mice. We found no statistically
significant variation in serum levels of AST (a marker for
hepatic toxicity), ALT (a marker for hepatic toxicity), BUN
(a marker for renal toxicity) and creatinine (a marker for
renal toxicity) in the mice treated with vehicle and those
treated with 5-FU/Oxa or anti-PD-L1 Ab, either alone or in
combination. We next analysed the cytokine/chemokine
expression profile in serum from these mice using a
commercially available cytokine array. We observed that
several cytokines, including IL-4, IL-7, IL-10, CXCL2,
CCL1, CCL11, CCL12,IFN-y, G-CSF, GM-CSF and TREM-1,
displayed more than twofold increases in the FU/Oxa-
treated group compared with those in the control group.

However, most of these cytokines/chemokines were either
decreased or unchanged in mice treated with the 5-FU/Oxa
and anti-PD-L1 mAb combination compared to those
treated with 5-FU/Oxa or anti-PD-L1 mAb. Therefore, it
is likely that the 5-FU/Oxa and anti-PD-L1 mAb combina-
tion exerted no overt toxicity compared to the 5-FU/Oxa or
anti-PD-L1 mAb treatments (Figure S5A,B). Several clin-
ical trials are underway to investigate the effectiveness
of anti-PD-L1 immunotherapy in combination with stan-
dard therapeutic regimens [e.g., chemotherapy (FOLFOX
or FOLFOXIRI) plus bevacizumab] in metastatic colorec-
tal cancer.*” Hence, the AEs of combined chemotherapy
and anti-PD-L1 immunotherapy would be defined after
completion of the ongoing clinical trials. These results
collectively suggest that SA14 inhibits the acquisition of
immune-suppressive activities, CSC-like properties and
chemoresistance of CRC cells, at least in part, by sup-
pressing STAT3-mediated PD-L1 expression. In addition,
SA14 can be a potential marker for predicting the antitu-
mour response of PD-L1 blockade and chemotherapy in
CRC, and combination treatment can be a safe antitumour
therapeutic strategy.

4 | DISCUSSION

The identification and characterisation of cell populations
involved in cancer development and progression, compre-
hending their biology, and developing targeting strategies
towards such populations are logical approaches for anti-
cancer therapy. The current study sought to elucidate
the involvement of PD-L1 in the functional features of
CSCs,'* to understand the regulatory mechanism of PD-
L1 expression in CRC, and to develop an effective strategy

FIGURE 6

SA14 regulates signal transducer and activator of transcription 3 (STAT3) through direct binding. (A) Real-time PCR analysis

for the determination of regulation of STAT3 mRNA expression in HCT116 cells (HCT/P), 5-fluorouracil (5-FU)-resistant HCT116 cells

(HCT/FuR), and cells carrying modulated SA14 expression (HCT/P-shSA14 or HCT/FuR-SA14). (B and C) Changes in the protein stability of
STAT3 in parental and chemoresistant HCT116 cells (HCT/P, HCT/FuR and HCT/OxaR cells) (B) and those carrying modulated SA14
expression [HCT116 cells with knockdown of SA14 (HCT/P-shSA14), 5-FU-resistant HCT116 cells with SA14 overexpression (HCT/FuR-SA14)
and oxaliplatin (Oxa)-resistant HCT116 cells with SA14 overexpression (HCT/OxaR-SA14)] (C) after treatment with cycloheximide (CHX, 100
ug/ml) for up to 12 h by comparison with corresponding control cells through Western blot analysis. Densitometric analysis was performed
using ImageJ software. The dots represent the mean + standard deviation (SD); *p < .05 and **p < .01, as determined by a two-tailed Student’s
t-test by comparison with the vehicle-treated control (B and C). (D) Transient transfection of HCT/P, HCT/FuR and HCT/OxaR cells with
ubiquitin (Ub) or SA14 expression vectors and then treated with MG132 (10 uM) for 6 h. Immunoprecipitation of cell lysates with the
anti-STAT3 antibody, followed by Western blot analysis with the anti-Ub antibody. Western blot analysis included whole-cell lysates (WCL).
(E) Immunofluorescence analysis showing the regulation of STAT3 by SA14 overexpression in the absence or presence of MG132. Scale bars:
20 um. (F) Determination of the interaction between STAT3 and SA14 by immunoprecipitation of HCT/FuR-SA14 cell lysates using
anti-STAT3 or anti-SA14 antibodies, followed by Western blot analysis for SA14 and STAT3 expression. (G and H) Pull-down assays to
determine the interaction between SA14 and STAT3 by incubating Ni-NTA agarose-bound recombinant His-SA14 (His-SA14) (G) or
glutathione (GSH)-agarose-bound recombinant glutathione-S-transferase (GST)-STAT3 (H) proteins with WCL from HCT/FuR cells (G) or
HCTY/P cells (H). Ni-NTA agarose (G) or GSH-agarose-bound GST (H) was used to ensure specific interactions. (I) Pull-down assays to
determine the direct binding between recombinant SA14 and STAT3 proteins. Ni-NTA agarose-bound recombinant His-SA14 (His-SA14) and
purified GST-STAT3 proteins were used. Purified GST protein is the control for specific interaction. Con: control; EV: empty vector
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to target patients with PD-L1M&" CRC. We show herein
that SA14 expression is significantly downregulated in
PD-L1Mg? CRC subpopulations, enabling them to have
CSC-like phenotypes and immune-suppressive capacities.
In our model, SAl4 is internalised through ligation to
cell surface receptors, interacts with STAT3, induces its
proteasome-mediated degradation, and suppresses STAT3-
mediated CD274 expression, causing ablation of CSC-like
phenotypes and stimulation of CD8% T-cell-mediated
cytotoxicity, which ultimately restores chemosensitiv-
ity and suppresses tumour growth (Figure 7J-i). Our
results specifically emphasise that PD-L1M&" CRC subpop-
ulations achieve chemoresistance, CSC-like phenotypes
and immune evasion through loss of SAl4 expression
(Figure 7J-ii). We finally show that pharmacological abla-
tion of PD-L1 suppresses CSC-like phenotypes and the
immune-suppressive capacity of SA14°VCRC cells and
restores their chemosensitivity, ultimately suppressing
tumour growth. These results indicate that SAl4 has a
pivotal role in regulating the growth of CRC in hostile
environments.

Despite the widespread use of 5-FU and platinum com-
pounds in various types of cancer, including CRC,> %!
their clinical application is limited due to primary and
acquired chemoresistance.’> Since FOLFOX remains a
main therapeutic option for the treatment of CRC, identi-
fying and targeting the key pathways that cause chemore-
sistance is of importance. Studies have suggested that
PD-L1 is an important player not only in immune sup-
pression but also in CSC phenotypes.' In support of this
notion, we also observed that PD-L1"&" CRC subpopu-
lations exhibited functional features of CSCs, including
chemoresistance, along with immune suppression. Con-
sistently, CD133M€hCD44M8h potential CSC populations

within CRC cell lines and patient tumour tissues exhib-
ited PD-L1 expression. Moreover, the CRC sublines that
were subjected to prolonged exposure to 5-FU or Oxa for
the establishment of a preclinical model of PD-L1"¢" CRC
displayed upregulation of PD-L1 expression and CSC-like
properties, which were significantly abrogated by a PD-L1
neutralising Ab. Therefore, it is likely that PD-L1"¢" CRC
cells represent a distinct CSC subpopulation.

An important question is how PD-L1 expression is reg-
ulated in the CSC subpopulation within CRC. Inquiry
of public data and our validation studies consistently
showed downregulation of SA14 with an inverse correla-
tion with PD-L1 expression in established CRC sublines
with resistance to various chemotherapeutics, PD-L1high
or CD133MehCcD44bigh CSC populations within CRC cell
lines and patient tumour tissues. A recent study reported
loss or reduced expression of SAI4 mRNA in CRC in
association with high metastatic potential and poor prog-
nostic outcome in patients with CRC.?® Previous stud-
ies have suggested that platinum-based chemotherapy
induced DNA methylation,®® and chemotherapy-induced
DNA damage response and DNA lesions modulated gene
transcription.®* Therefore, epigenetic or transcriptional
modulation might be associated with SA14 downregula-
tion by chemotherapeutic agents. However, at this point,
it is not clear whether repeated exposure to chemother-
apy downregulated SAl14 expression, causing acquired
chemoresistance, or whether the SA14!°% subpopulation
carrying innate chemoresistance was enriched after the
exposure. Nevertheless, our findings highlight the func-
tion of SA14 as a regulator of chemoresistance and immune
surveillance and the potential utility of SA14 expression
as a valuable biomarker in clinical studies, that is, loss of
SA14 as an adverse prognostic factor in CRC patients and

FIGURE 7
Regulation of the effect of a chemotherapeutic agent [5-fluorouracil (5-FU) or oxaliplatin (Oxa); 10 uM 5-FU and 5 uM Oxa for cell viability of
HCT116 and HT-29 cells; 2 uM 5-FU and 1 uM Oxa for cell viability of CT26 cells; 5 uM 5-FU and 1 uM Oxa for colony formation of HCT116 and
HT-29 cells; 0.25 uM 5-FU and 0.5 uM Oxa for colony formation of CT26 cells; 5 uM 5-FU and 2 uM Oxa for apoptosis] on cell viability (A),
anchorage-dependent (AD) colony formation (B), and apoptosis (C) by treatment with recombinant SA14 protein (rbSA14; 1 ug/ml for cell

SA14 regulates the antitumour effect of the anti-programmed death-ligand 1 (PD-L1) antibody and chemotherapy. (A-C)

viability and apoptosis; 0.5 ug/ml for colony formation). (D-G) Regulation of the inhibitory effects of anti-PD-L1 antibody (D-F: 2 ug; G: 10
1g), either alone or in combination with 5-FU and Oxa (FU/Oxa; D and E: 0.1 uM 5-FU and 0.5 uM Oxa; F: 2 uM 5-FU and 4 uM Oxa; G: 1 uM
5-FU and 2 uM Oxa), on the AD (D) and anchorage-independent (AID) (E) colony formation, apoptosis (F) and tumour cell killing activity of
T cells (G) by SA14 overexpression in CT26 cells. (H and I) Regulation of the inhibitory effects of anti-PD-L1 antibody (aPD-L1, 100 ug, twice a
week), either alone or in combination with FU/Oxa (50 mg/kg 5-FU and 6 mg/kg Oxa in combination, once a week), on tumour growth (H)
and tumoural expression of cleaved caspase-3 and granzyme B (I) by SA14 overexpression in CT26 cells (CT26-EV, Con: n = 6, FU/Oxa: n = 6.
aPD-L1: n = 6, FU/Oxa + aPD-L1: n = 8; CT26-SA14, Con: n = 5, FU/Oxa: n = 5. «PD-L1: n = 7, FU/Oxa + aPD-L1: n = 12). (J) Schematic
diagram of the association of SA14 with chemoresistance. In chemo-naive cells, the direct association of SA14 with signal transducer and
activator of transcription 3 (STAT3) causes the proteasomal degradation of the latter. Chronic exposure to chemotherapeutic agents causes
downregulation of SA14, stabilisation and activation of STAT3, and increases in the transcription of several STAT3 target genes, including
PD-L1 and stemness markers, leading to the acquisition of cancer stem cells (CSC)-like phenotypes and chemoresistance. The bars represent
the mean =+ standard deviation (SD); *p < .05, **p < .01 and ***p < .001, determined through one-way analysis of variance (ANOVA) with
Tukey’s post hoc test (A, B, D, E, G, H, I). Cl-Cas3: cleaved caspase-3; CI-PARP: cleaved poly-(ADP-ribose) polymerase; EV: empty vector;
HCT: HCT116, HT: HT-29
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as a predictive biomarker for responsiveness to chemother-
apy and anti-PD-L1-based immunotherapy combination.
Further clinical tumour biopsy studies are warranted
to correlate SA14 expression levels and the response to
ICIs, either alone or in combination with 5-FU-based
chemotherapeutic regimens, in CRC patients.

The next important question is how SA14 regulates PD-
L1 expression. Our study identified a previously unrecog-
nised function of SA14 as a negative regulator of STAT3, an
important transcription factor for PD-L1 expression. A pre-
vious study has shown that HDACS3 is involved in STAT3
acetylation and stabilisation.>® We observed that SA14
decreased the acetylation of STAT3. Notably, SA14 directly
bound to the STAT3 protein and induced its degradation
via the ubiquitin-proteasome pathway. A previous study
demonstrated that the deubiquitinating enzyme USP28
directly interacts with STAT3 and increases its stability.®’
Thus, regulation of STAT3 acetylation and recruitment
of E3 ligase or deubiquitinating enzymes might be asso-
ciated with the regulation of STAT3 protein stability by
SAl14. STAT3 is a master player in regulating immunity
and CSC phenotypes.*® Blockade of STAT3 was found to
enhance antitumour immunity by decreasing the levels
of proinflammatory cytokines,”” and combinatorial use of
a STAT3 inhibitor potentiated the antitumour efficacy of
anti-PD-1/PD-L1 Abs.” Anti-PD-1/PD-L1 immunotherapy
has been adopted for patients with solid tumours with
high mismatch repair deficiency/MSH.”" Therefore, the
reduction in STAT3 by SA14 overexpression may also alle-
viate MSH in tumour cells and reduce the accumulation
of neoantigens, which might blunt the antitumour effect
of anti-PD-L1 immunotherapy. Several cell surface recep-
tors have been known to interact with S100 proteins.*"-?
Further mechanistic studies are necessary to elucidate
the mode of action of SA14, including the receptors that
mediate SA14 endocytosis and the mechanism underlying
SAl4-mediated destabilisation of the STAT3 protein.

Our study provides important translational implica-
tions. Given PD-L1 overexpression and its functional role
in a variety of histologically different epithelial malig-
nancies, including CRC, SAl4 may be associated with
a variety of human malignancies. We have also shown
reduced expression of SAl4 during the progression of
human colon cancer. SA14"&" CRC cells are chemosensi-
tive, and treatment with anti-PD-L1 Ab sensitises SA141°W
CRC to chemotherapy. At this point, it is not clear whether
repeated exposure to chemotherapy downregulated SA14
expression, causing acquired chemoresistance, or whether
the SA14'°Y subpopulation carrying innate chemoresis-
tance was enriched after the exposure. Nevertheless, our
findings highlight the function of SA14 as a regulator of
chemoresistance and immune surveillance and the poten-
tial of SA14 expression as valuable biomarkers for patients

with CRC, such as loss of SA14 as an unfavourable prog-
nostic factor and a predictive biomarker for responsive-
ness to chemotherapy and anti-PD-L1-based immunother-
apy combination. In a previous immunohistochemical
study evaluating SAl4 expression in colorectal tissues,
tumours with more than 30% immunoreactivity were
defined as being positive for SA14 expression.”® There-
fore, although additional extensive investigation is needed,
normal and abnormal ranges of SAl4 expression can be
determined based on the reported criteria. Further clini-
cal tumour biopsy studies are warranted to address these
points.

Although our study demonstrates the tumour-
suppressive effect of SAl4, contradictory findings on
the function of SA14 exist.”> Studies have shown different
functions of SA14 depending on its location.> Intracellular
S100 protein was found to regulate protein phosphoryla-
tion, transcription factor activity, cell proliferation and
differentiation by binding to effector proteins such as p53.
In contrast, extracellularly secreted S100 proteins modu-
late a number of signal transduction pathways, including
phosphoinositide 3-kinase/Akt, mitogen-activated protein
kinases and Cdc42/Rac, by binding to a number of cell sur-
face proteins. Therefore, the levels of SA14 exocytosis and
the expression levels of SAl4-binding proteins and their
downstream effectors might affect the functions of SA14
in different cancer types. Considering the potential role
of SAl4 in immune surveillance, the surrounding tumour
microenvironment might also contribute to the cancer
type-dependent function of SA14. Cancer cells in organs
constitutively exposed to various hazardous substances or
microbiomes, such as oral, stomach, lung and CRCs, may
have different responses to SA14 compared to cancer cells
that are not in such microenvironments. Further studies
are warranted to investigate the mechanisms responsible
for the controversial function of SA14.

5 | CONCLUSIONS

Our study identifies a previously unrecognised function
of SA14 that regulates PD-L1 expression, phenotypes of
CSC and chemoresistance in CRC. Our data might help
to design novel anti-PD-1/PD-L1-based immunotherapy in
patients with CRC. Further investigations using clinical
specimens are warranted to explore the clinical useful-
ness of SA14 as a predictive biomarker for anti-PD-1/PD-
Ll-based anticancer therapy, the detailed mechanisms
underlying the regulation of SA14 expression, the poten-
tial side effects when combining chemotherapeutic agents
with anti-PD-L1 in patients with CRC, and the efficacy of
various pharmacological approaches that modulate SA14
expression as anticancer regimens.
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