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ABSTRACT

Role of CXCLS5-CXCR2 axis in oral squamous cell carcinoma invasion

Hyungkeun Kim

Department of Applied Life Science

The Graduate School, Yonsei University

(Directed by Professor Won-Yoon Chung)

Oral squamous cell carcinoma (OSCC) is the most common malignant neoplasms
of the oral cavity. Anatomically, advanced oral cancer readily invades and destroys the
maxilla and mandibular bones. OSCC-induced invasion is correlated with poor
prognosis and still relatively unfavorable. In this study, I aimed to determine the role
of CXCL5 and CXCR2 in OSCC cell invasion and their underlying molecular
mechanisms.

Treatment with CXCLS promoted cell invasion but treatment with neutralizing

antibody against CXCLS5 inhibited cell invasion in OSCC cells. Neutralization of

1



CXCR2 with its specific antibody or shRNA-transfected CXCR2 knockdown
markedly blocked OSCC cell invasion in the absence or presence of CXCLS5. CXCR2
knockdown transformed cell morphology into cobblestone-like phenotype which is
correlated with weak invasiveness.

Gene set enrichment analysis using RNA-seq data showed interferon alpha
response- and reactive oxygen species pathway-related genes were enriched in
CXCL5-treated OSCC cells. In addition, CXCL5 treatment upregulated the
transcriptional activity of NF-xB, HIF-1a, and AP-1 and CXCL5/CXCR?2 signaling
increased the expression levels of NF-kB and [kBa and phosphorylation of NF-kB and
AKT. Treatment with NF-kB or AKT inhibitors significantly blocked OSCC cell
invasion in the absence or presence of CXCLS. Treatment with NF-kB inhibitor
blocked CXCL5-induced expression levels of NF-xB and but did not inhibit CXCL5-
induced phosphorylation of AKT. Treatment with AKT inhibitor blocked CXCLS5-
induced expression of NF-kB and IkBa and AKT phosphorylation.

In bioinformatics analysis, CXCL) is associated with more advanced stage and poor
prognosis of oral cancer and positively correlated with NFKBI and /KBA expression.

In conclusion, CXCLS5 promotes OSCC cell invasion by activating AKT/NF-xB via
CXCR2. CXCLS5, CXCR2, and their downstream molecules are helpful biomarkers

for the prediction of OSCC invasion.

Keywords: oral cancer, OSCC, invasion, CXCLS5, CXCR2, NF-kB, AKT



Role of CXCLS5-CXCR2 axis in oral squamous cell carcinoma invasion

Hyungkeun Kim

Department of Applied Life Science

The Graduate School, Yonsei University

(Directed by Professor Won-Yoon Chung)

I . Introduction

Oral cancer belongs to head and neck cancers and is considered to be one of the
most commonly occurring cancers through the world'2. Oral squamous cell carcinoma
(OSCC) constitutes 90% of all head and neck cancers®. Owing to late detection or
diagnosis at advanced stages, five-year survival rate of oral cancer patients has not
improved substantially in the past 20 years and is poor at 66% for all races* *. The
recent World Health Organization classification of head and neck tumors indicated
that conventional histological grading (well, moderate, or poorly differentiated OSCC)

and pattern of cell invasion (non-cohesive pattern of invasion, perineural and
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lymphovascular invasion, and bone invasion) in OSCC are associated with poorer
prognosis®. Especially, OSCC is anatomically related to jaw and frequently invades
the maxillary or mandibular bone®. The American Joint Committee on Cancer (AJCC)
staging system offers TNM (tumor, node, and metastasis) classification and oral cancer
invasion through bone of mandible or maxilla was classified as T4a”®. With reflection
of progressively advanced extent of disease, the bone destruction induced by
carcinoma invasion lowers cancer patients’ survival and quality of life (QOL)% °.
Therefore, more precise prediction markers for OSCC invasion are required for early

detection and appropriate treatment.

Bone is a mineralized connective tissue and exerts diverse function, such as
protecting against external damage, structural support for organs, and storage and
provision of minerals. For maintaining bone homeostasis, osteoblasts, osteoclasts,
osteocytes, and stromal cells interact with each other through cytokines and growth
factors'® ''. However, once OSCC invades the mandibular bone, bone homeostasis
becomes imbalanced and bone resorption is predominantly induced'?. OSCC cell-

secreted cytokines, including monocyte chemoattractant proteins-1'3

, parathyroid
hormone-related peptide'?, interleukin-6'3, and receptor activator of nuclear factor kB
ligand (RANKL)'® '7 induce differentiation and activation of osteoclasts from
osteoclast precursor cells, causing osteolysis. To establish diagnostic and therapeutic

strategies for OSCC bone invasion, novel molecular biomarkers detectable in saliva,

serum, and tumor tissues should be determined.



C-X-C motif chemokine 5 (CXCLS5), also known as epithelial cell-derived

neutrophil-activating peptide-78 (ENA-78), is upregulated in more than 14 different

¢18. 19 20, 21

malignant tumor types, including breas , prostate’® 2!, and lung cancer?* and
increases the proliferation, migration, and invasion of these cancer cells®. In the case
of breast cancer cells, CXCL5 promotes cell migration and invasion through
extracellular signal-regulated kinase (ERK), mitogen- and stress-activated protein
kinase 1 (MSK-1), and ETS domain-containing protein Elk-1 (Fig. 1A)'®. Furthermore,
the secretion of CXCLS5 is increased in breast cancer-associated bone marrow cells and
osteoblasts and the secreted CXCLS5 facilitates the extravasation into bone and
colonization in bone of breast cancer cells!®. In prostate tumor microenvironment,
CXCLS5 is secreted from macrophage-driven efferocytosis of prostate cancer cells via
signal transducer and activator of transcription 3 (STAT3) and nuclear factor kappa B
(NF-xB) signaling?®. Enhanced secretion level of CXCL35, in malignant prostatic
tissues, acts as a crucial chemoattractant of inflammatory myeloid cells and induces
M2 polarization which results in perpetual inflammation and immunosuppression®'.
CXCLS is secreted from macrophages in the gastric cancer microenvironment and
promotes gastric cancer cell migration via STAT3 signaling pathway (Fig. 1B)*.
CXCL5-CXC chemokine receptor 2 (CXCR?2) axis contributes to cell migration and
invasion by enhancing epithelial to mesenchymal transition (EMT) through protein

kinase B (AKT), glycogen synthase kinase-3 (GSK-3), and -catenin pathway in lung

cancer cells®® and nasopharyngeal carcinoma cells (Fig. 1C)?. In addition, CXCL5



Breast cancer .
=t ./ y

Osteoblast

EMTY o | _CXCL5
MigrationT
Invasion?

Q 0

3
!"

Breast cance"r:‘
B C
\ o)
oo »
» » D
A e O CXCL5
o
CXCR2 ...
expression — — i
(P@ G > = / Snail

- > \t\!egradatlon
- : &
@ Epithelial cell & Macrophage , CXCL1 »TNFa

\ - ]——’ l E-cad |
\amndmml coll ﬂmﬂ CXCR2 » CXCLS

EMT
et U | vim

_ Nucleus -~ g

Figure 1. Schematic representation of CXCLS signaling pathway in various

cancer cell types. CXCLS5 signaling pathway in (A) breast cancer cells'®, (B) gastric

cancer cells**, and (C) nasopharyngeal carcinoma cells?.



also recruits lots of cancer-associated inflammatory cells, cancer-associated
fibroblasts®!, and tumor-associated neutrophils into tumor microenvironment®’ and
forms a feed forward loop with increased cancer metastasis?®. In diverse cancer types,
CXCL5 has negative correlation with cancer patients” QOL! and survival®.
Furthermore, CXCLS5 is expressed by many immune cells and mediates inflammation
related-diseases, such as arthritis?®, neuroinflammation®’, and chronic obstructive
pulmonary disease®’. In bone, CXCL5 has been reported to increase RANKL
expression and secretion through ERK and p38 MAPKs in osteoblasts*?. However, the

role of CXCL5 in oral cancer invasion remains unclear.

CXCR2 is a member of G protein coupled receptor (GPCR) family and binds to
various CXC chemokines, including CXCL1, CXCL2, CXCL3, CXCL5, CXCL6,
CXCL7, and CXCLS. These chemokines with Glu-Leu-Arg (ELR) motif have been
firstly known as neutrophil chemotactic factors and potent promoters of angiogenesis.
According to analysis of immune and cancer cells, binding of CXCLs to CXCR2 has
cellular events, including inflammation and cancer migration, invasion, and
proliferation, by activating phosphoinositide 3-kinase (PI3K), p38/ERK, and Janus
kinase (JAK) pathways (Fig. 2)*. In addition, CXCR2 silencing reduces the migration
and invasion of OSCCs**. CXCLS, secreted by OSCC, binds to exclusively CXCR2 in
bone marrow stem cells (BMSCs) and facilitates recruitment of BMSCs to OSCC.
Tumor growth factor-p (TGF-B) secreted from BMSCs induces EMT and promotes

the proliferation, migration, and invasion in OSCC cells**. OSCC-derived CXCL1
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induces transition of normal fibroblasts into cancer-associated fibroblasts®>. CXCL1%,
CXCL2%, and CXCLS8% act as chemoattractant factors for osteoclast precursors and
induce differentiation and activation of osteoclasts. However, CXCL5-CXCR2

signaling in OSCC has not yet identified.

In this study, I attempted to determine the role of CXCL5-CXCR2 axis in OSCC
invasion and its downstream target molecules with potential as promising biomarkers

for OSCC invasion.



II. Materials and Methods

1. Reagents and antibodies

Dulbecco's modified Eagle's medium (DMEM), Roswell Park Memorial Institute
(RPMI) 1640, fetal bovine serum (FBS), Hank's balanced salt solution (HBSS),
phosphate-buffered saline (PBS), antibiotic-antimycotic mixture containing 100 U/ml
penicillin, 100 pg/ml streptomycin, and 0.25% trypsin-ethylenediaminetetraacetic acid
(EDTA) were purchased from Gibco BRL (Grand Island, NY, USA). Recombinant
human CXCLS5 was obtained from R&D system (Minneapolis, MN, USA). Propidium
iodide (PI), 3-(4,5-dimethylthiazol-2yl)-2,5-diphenyl tetrazolium bromide (MTT),
gelatin from porcine skin, bovine serum albumin (BSA), dimethyl sulfoxide (DMSO),
and puromycin were purchased from Sigma-Aldrich Chemical (St. Louis, MO, USA).
2’ 7’—dichlorofluorescin diacetate (DCFDA) was purchased from Thermo Fisher
Scientific (Waltham, MA, USA). Matrigel was purchased from BD Biosciences (Palo
Alto, CA, USA). The selective inhibitor of AKT1/2/3, MK-2206 2HCL and the
selective inhibitor of NF-xB, JSH-23 were purchased from Selleckchem (Houston,
USA). All reagents used in this study were of analytical grade.

The antibodies were obtained from the following sources: polyclonal anti-rabbit
antibodies against p65, phosphorylated inhibitor kappa B alpha at serine 32/36 (p-
IxBa), Lamin B1, and AKT and monoclonal anti-mouse antibodies against CXCLS,

CXCR2, glyceraldehyde 3-phosphate dehydrogenase (GAPDH), phosphorylated p65
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at serine 311 (p-p65), IxBa, and phosphorylated AKT at serine 473 (p-AKT); anti-
CXCLS5 (MAB254) and anti-CXCR2 (MAB331) antibodies (R&D system); anti-p-p65
(sc-166748) and anti-IkBa (sc-371) antibodies (Santa Cruz Biotechnology, Santa Cruz,
CA, USA); anti-p-p65 NF-xB (#3034), anti-p-IkBa (#9246), anti-AKT (#4691), and
anti-p-AKT (#9276) antibodies and horseradish peroxidase (HRP) conjugated anti-
mouse (#7076) and rabbit (#7074) secondary antibodies (Cell Signaling Technology,
Danvers, MA, USA); anti-rabbit p-actin polyclonal antibody (Sigma-Aldrich); and

allophycocyanin (APC) crosslinked goat anti-mouse IgG (Invitrogen).

2. Cell culture

Ca9-22, HSC-2, and HSC-3 OSCC cells were purchased from Japanese Collection
of Research Bioresources Cell Bank (Shinjuku, Japan). YD-10B OSCC cells were
obtained from the Department of Oral pathology, Yonsei University College of
Dentistry (Seoul, Korea). Ca9-22 and HSC-2 OSCC cells were derived from gingiva
and floor of cavity, respectively, and the primary site of YD10-B and HSC-3 OSCC
cells is tongue. The cells were grown in DMEM supplemented with 10% FBS and 1%

antibiotic-antimycotic mixture at 37°C in a humidified 5% CO..

3. Cell viability assay

OSCC cells (1 x 10° cells/well) were seeded in 96-well plates and treated with

CXCLS5 at the indicated concentrations for 24 h or 72 h. CXCR2 shRNA-transfected
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cells (1 x 10° cells/well) were incubated for 24 h. The cells were incubated with 20 pl
MTT (5 mg/ml) in PBS at 37°C for 4 h. The medium was removed, and the cells were
lysed with 200 ul DMSO for 30 min at 37°C. Absorbance was determined at 570 nm

using a microplate reader (Bio-Rad Laboratories, Hercules, CA, USA).

4. Transwell invasion assay

The invasive ability of OSCC cells was determined using a 6.5 mm transwell
chamber with an 8.0 um pore polycarbonate membrane (Corning Costar, Lowell, MA,
USA). The lower and upper surfaces of the membrane were coated with 10 pul gelatin
(1 mg/ml in distilled water) and 40 pl Matrigel (1 mg/ml in distilled water),
respectively. OSCC cells (5 x 10* cells/0.2 ml) were seeded in the upper chamber with
the complete medium containing 0.5% FBS and indicated concentrations of CXCLS5,
anti-CXCLS5, or anti-CXCR?2 in the absence or presence of MK-2206 2HCL or JSH-
23. The lower chamber was filled with 0.6 ml of the complete medium containing 10%
FBS and the indicated concentration of CXCLS5, anti-CXCLS5, or anti-CXCR?2 in the
absence or presence of MK-2206 2HCL or JSH-23. After a 24 h incubation, the cells
were fixed with 70% methanol and the membranes were stained with Mayer’s
hematoxylin (Cancer diagnostics, Durham, NC, USA). Non-invaded cells on the upper
surface of the membrane were gently removed with cotton swabs. The number of the
invaded cells was then imaged and counted using imageJ software (NIH, v1.48)*°. The

representative images at x40 magnification were acquired using Leica DMil inverted
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Microscope (Leica, Wetzlar, Germany).

5. Reverse Transcription-Polymerase Chain Reaction (RT-PCR)

Total RNA was extracted using Ambion® TRIzol reagent (Thermo Fisher Scientific)
and the quality of RNA was checked using uDrop™ Plate (Thermo Fisher Scientific).
cDNA was synthesized using 1 pg of total RNA and CellScript™ All-in-One 5X First
Strand cDNA Synthesis Master Mix (CellSafe, Yongin, Korea) in accordance with the
manufacturer’s instructions. cDNA was amplified using Tetro cDNA synthesis Kit
(Taunron, MA, USA) and the PCR products were analyzed on 1.5% agarose gel. The
following primers were used: CXCR2 forward: 5’- CTTTTCTACTAGATGCCGC-3’,
reverse: 5’- AGATGCTGAGACATATGAATTT-3’; GAPDH forward: 5 -

ACCACAGTCCATGCCATCAC-3’, reverse: 5’- TCCACCACCCTGTTGCTGTA-3’

6. RNAi-mediated gene silencing

To establish OSCC cells with stable knockdown of CXCR2 (Locus ID: 3579), the
cells were transduced with shRNA lentiviral particles (ORIGENE, Rockville, MD,
USA). One negative control sShRNA (TR30021V) and four different CXCR2 shRNAs
(TL312157VA: shRNA-1, TL312157VB: shRNA-2, TL312157VC: shRNA-3, and
TL312157VD: shRNA-4) were used. OSCC cells were seeded in 60-mm dishes and
the cells were incubated with viral supernatants in the presence of 10 pug/ml polybrene

(Santa Cruz Biotechnology) for 24 h. After the viral supernatants were removed, the

13



infected cells were cultured in fresh medium containing 10% FBS for 2 days and then
incubated in medium containing 10% FBS and 5 pg/ml puromycin for an additional 2
weeks. For quantification of the expression level of CXCR2, the cells (1 x 10° cells)
were incubated in 100 mm dish for 24 h and then harvested with trypsin EDTA. The
cells were washed with PBS, centrifuged at 500 x g for 3 min, and then fixed with 2%
paraformaldehyde in PBS for 30 min in room temperature. After fixation, the cells
were permeabilized with 0.1% Triton® X-100 buffer (Amresco Inc., Solon, OH, USA)
for 20 min at room temperature and then blocked with 0.5% BSA and 2% FBS in PBS
buffer. The cells were stained with anti-CXCR2 (1:2,000) and APC crosslinked-
secondary antibody (1:5,000). The level of CXCR2 in OSCC cells was quantified by

using BD FACS verse II (BD Biocsiences, San Jose, USA).

7. RNA sequencing (RNA-seq) and data analysis

Ca9-22 cells were treated with vehicle or 50 ng/ml CXCL5 for 6 h or 24 h. Total
RNA of Ca9-22 cells was extracted with TRIzol reagent. DNA contamination was
removed with DNase (Thermo Fisher Scientific) and the quality of RNA was checked
using uDrop™ Plate. The extracted RNA samples were used for library preparation.
The preparation of whole transcriptome libraries and sequencing were conducted by
Macrogen Inc. (Seoul, Korea). The sequencing library was prepared by random
fragmentation of the cDNA sample, followed by 5’ and 3° adapter ligation. Adapter-

ligated fragments were then amplified by PCR. For cluster generation, the library was
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loaded into a flow cell where fragments were captured on a lawn of surface-bound
oligos complementary to the library adapters. Each fragment was then amplified into
distinct and clonal clusters through bridge amplification. After cluster generation, the
samples were sequenced in an [llumina NovaSeq 6000 System sequencer. The quality
of paired end reads of all 16 samples was checked by FASTQC (v0.11.7) program.
Low quality bases and adapter sequences were removed with Trimmomatic software
(version 0.36). Only good quality trimmed reads were considered for downstream
analysis. Alignment with HISAT2, the reads in the FASTQ files were mapped to a
reference genome. After read mapping, transcript assembly was executed using
StiringTie program and expression values in Transcripts Per Kilobase Million (TPM)
and Fragments Per Kilobase Million (FPKM) values were generated along with read
coverage stats for the transcript and individual exons. From FPKM values, gene-set

enrichment analysis (GSEA, http://www.broadinstitute.org/gsea/index.jsp), a method

to determine that if predefined sets of genes are differentially expressed in different
phenotypes®, was performed to detect any possible signal pathway sets of genes

showing statistically significant differences by treatment of CXCLS5.

8. Pathway reporter array

To investigate the transcriptional activities regulated by CXCLS5 and CXCR2 in
OSCC cells, the Cignal Finder 45-Pathway Reporter Array (SA Biosciences) was

conducted according to the manufacturer's instructions. The array contains
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expression plasmids that harbor specific promoters, indicating changes in 45
transcription factor activities together with control and normalizing plasmids.
Ca9-22 cells and CXCR2 knockdown cells were reversely transfected onto a 96
well, which contains the reporter plasmids spotted, for 24 h, and the transfected
cells were treated with vehicle or 50 ng/ml CXCLS5 for 24 h. Luciferase activity
was measured using the Dual Luciferase Assay system (Promega, Madison, WI,
USA) with a luminescence microplate reader (Varioskan Flash 3001, Thermo
Fisher Scientific). Firefly luciferase activities were normalized over Renilla
luciferase activities after subtraction of background activity determined by
luciferase activities of negative controls. The fold change in each transcriptional
activity was calculated from the normalized luciferase activities in treated versus

untreated cells.

9. Measurement of intracellular reactive oxygen species (ROS)

OSCC cells (5 x 10° cells) were seeded in 60 mm culture dish and treated with
CXCLS at indicated concentration in serum-free DMEM for 24 h. The cells were
trypsinized and centrifuged at 500 x g for 3 min. The harvested cells were incubated
with 20 uM DCFDA dye (diluted in 1 ml of distilled water) for 30 min at 37°C.
After the supernatants containing DCFDA were removed, the stained cells were
resuspended in 100 pl of PBS and analyzed with flow cytometry using 485 nm laser

for excitation and 535 nm for emission.
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10. Western blot analysis

OSCC cells (1 x 10° cells) were seeded in 100 mm culture dish and treated with
CXCLS at indicated concentration in serum-free DMEM for 24 h. Cell lysates were
prepared using radioimmunoprecipitation assay (RIPA) buffer containing a protease
inhibitor cocktail (Cell Signaling Technology) and 1 mM phenylmethylsulfonyl
fluoride (Sigma-Aldrich). The lysates were centrifuged at 20,000 x g for 20 min at 4°C.
Nuclear and cytosolic fractions were obtained from OSSC cell lysates using a
nuclear/cytosol fractionation kit (BioVision, Mountain View, CA, USA) according to
the manufacturer's instructions. The protein concentration was determined using a
bicinchoninic acid (BCA) kit (Pierce, Rockford, IL, USA). Protein (40 ug) was loaded
onto a sodium dodecyl sulfate-polyacrylamide gel and electrophoresed. The proteins
were then transferred to a polyvinylidene difluoride membrane (Millipore, Danvers,
MA, USA). The membrane was blocked with 10% skim milk in Tris-buffered saline
(10 mM Tris, pH 8.0, and 150 mM NaCl) with 0.1% Tween-20 (TBS-T) and then
incubated with primary antibodies (1:1,000) in TBS-T containing 3% BSA. The
membrane was further incubated with HRP-conjugated secondary antibodies in TBS-
T containing 3% skim milk for 1 h at room temperature. The targeted proteins were
visualized with Amersham ECL Western Blotting Detection Reagents (GE healthcare,

Little Chalfont, UK) and detected using Amersham imager 600.
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11. Public database analysis

CXCL5 and CXCR2 mRNA expressions in various cancer patients were analyzed
using ONCOMINE database. The cut-off of P value, fold change, and gene rank were
defined as 0.01, 2, and top 10%, respectively. Head and neck cancer datasets were
generated by The Cancer Genome Atlas (TCGA) Research Network
(http://cancergenome.nih.gov/). TCGA Head and neck cancer data were obtained from
The Human Protein Atlas (http://www.proteinatlas.org) in February 2021 to analyze
CXCL5 and CXCR?2 gene expression levels in head and neck cancer tissues (n = 499).
The data retrieved from the TCGA website were reanalyzed to determine Pearson’s
correlation coefficients (r) between CXCLS5 mRNA and target mRNAs (RELA, NFKBI,
and /KBA) and the correlation of overall survival, stage, and expression levels of

related genes.

12. Statistics

Statistical analyses were performed using Statistical Package for Social Sciences
(SPSS) version 19.0 software (SPSS Inc., New York, NY, USA). The results are
expressed as the mean + SEM. Data were analyzed by 2-tailed unpaired Student’s ¢
test for comparisons between 2 groups and one-way Analysis of variance (ANOVA)
with relevant post hoc tests for multiple comparisons. A P value less than 0.05 was
considered statistically significant. In public database analysis, the data retrieved from

TCGA website were reanalyzed using GraphPad Prism 7 and SPSS (GraphPad
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Software, San Diego, CA, USA). Pair-wise Pearson’s correlation coefficient value was
used to determine the relation between CXCL5 mRNA and target mRNAs. Kaplan-

Meier survival curves were compared using the log-rank test.
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III. Results

1. CXCLS5 increased the viability and invasion of several OSCC cells

Malignant tumor progression is related with high proliferative and invasive ability of
cancer cells*'. CXCLS5 treatment for 24 h and 72 h significantly increased the viability
of Ca9-22 and YD-10B cells, but did not affect that of HSC-2 and HSC-3 cells (Fig. 3).
In transwell invasion assay, treatment with 50 ng/ml CXCLS5 accelerated the invasion of
Ca9-22, YD-10B, and HSC-3 cells by 3.48, 5.87, and 17.11-fold, respectively (Fig. 4A).
CXCLS5 neutralization by 20 pg/ml anti-CXCL5 diminished the invasion of YD-10B
and HSC-3 cells invasion by 30% and 25%, respectively (Fib. 4B). Ca9-22 cell invasion
was inhibited by 18% by treatment with 40 pg/ml anti-CXCL5, However, that of HSC-
2 cells was not affected by treatment with CXCLS5 or anti-CXCLS5. These results indicate

that CXCLS5 can promote invasion in OSCC cells in paracrine and autocrine manners.

20



Ca9-22
W24h@72h
160 4 **
2 *
=
g 120
Gy
(=]
X
- 30
e
z
= 40
3
o
0
0 10 50
CXCLS5 (ng/ml)
HSC-2
m24h @72h
120
2
g
S
w80
=}
s
£
3 40
=}
B
3
]
0
0 10 50

CXCLS5 (ng/ml)

Cell viability (% of control)

200 1

11l

,_.
=)
=]

,_.
2
=]

)
S

S
S

=]

Jas]
@
(o}
&

Cell viability (% of control)

—
=)
=]

®
=1

.
=]

=]

m24h @72h

sk ok

10 50
CXCLS5 (ng/ml)

E24h @72h

10 50
CXCLS5 (ng/ml)

Figure 3. CXCLS increased several OSCC cell viability. Ca9-22, YD-10B, HSC-2,

and HSC-3 cells (1x10° cells/well) were treated with 10 and 50 ng/ml CXCLS5 for 24 h

and 72 h, respectively. Cell viability was determined using an MTT assay. * P < 0.01,
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Figure 4. CXCLS5 increased several OSCC cells invasion. (A, B) Ca9-22, YD-10B,
HSC-2, and HSC-3 cells (5x10* cells/well) were seeded into Matrigel-coated upper
chamber. DMEM containing 0.5% FBS and 10% FBS in the presence of (A) CXCL5 or
(B) anti-CXCLS5 at the indicated concentrations were added into upper and lower
chamber, respectively. The cells were incubated for 24 h. The invaded cells were fixed,
stained with hematoxylin, and counted using Zeiss Axio imager microscope (original

magnification, 40x). * P <0.05, ** P <0.01, *** P <0.001 versus untreated cells.
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2. CXCLS increased Ca9-22 and YD-10B cell invasion via CXCR2

CXCLS5 has been reported to interact with CXCR2 receptor and promote the invasion
in several cancer cells®. T examined whether CXCL5 could stimulate OSCC cell
invasion through CXCR2. Treatment with 5 pg/ml anti-CXCR2 reduced cell invasion
by 26%, 32%, 27%, and 31%, respectively and did not result in CXCL5-induced cell
invasion in Ca9-22, YD-10B, HSC-2, and HSC-3 cells (Fig. 5).

Next, I detected that CXYCR2 mRNA expression was higher in Ca9-22 and YD-10B
cells than in HSC-2 and HSC-3 cells (Fig. 6A). I established CXCR2 knockdown Ca9-
22 and YD-10B cells using shRNA lentiviral particles and CXCR2 expression level in
cell surface was quantified by flow cytometric analysis. Transfection with CXCR2
shRNA-1 and shRNA-4 reduced the expression level of CXCR2 by 35% and 27% in
Ca9-22 cells (Fig. 6B) and 47% and 6% in YD-10B cells (Fig. 6C), respectively.
Interestingly, notable morphological change into the typical cobblestone-like
appearance was detected in CXCR2 knockdown cells, particularly in CXCR2 shRNA-
1-transfected Ca9-22 (Fig. 7A) and YD-10B cells (Fig. 7B), compared to scrambled
shRNA transfected cells. When CXCR2 knockdown cells were cultured for 24 h and
72 h, cell viability was significantly reduced by 9% and 20% in Ca9-22 cells (Fig. 7C)
and by 17% and 26% in YD-10B cells (Fig. 7D), respectively. CXCR2 knockdown
also significantly reduced Ca9-22 (Fig. 7E) and YD-10B cell invasion (Fig. 7F).
CXCLS5-stimulated cell invasion was not detected in CXCR2 knockdown Ca9-22 (Fig.

8A) and YD-10B cells (Fig. 8B). These results indicate that CXCR2 has a critical role
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in OSCC cell invasion and CXCL5 promotes Ca9-22 and YD-10B cell invasion

through CXCR2.
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3. CXCLS5 stimulation upregulated interferon alpha response- and ROS-related
genes in OSCC cells

To identify the target molecules activated by CXCLS5 in OSCC cells, I performed
transcriptome analysis with total RNA sequencing in Ca9-22 OSCC cells treated with
CXCLS for 6 h and 24 h. I carried out GSEA from RNA-seq data for finding general
trends in the huge lists of genes. GSEA revealed that genes related to interferon alpha
response and ROS pathway were enriched in CXCLS5-treated Ca9-22 cells for 6 h (Fig.

9A) and 24 h (Fig. 9B), respectively.

4. CXCLS stimulated transcriptional activation by NF-kB, HIF-1a, and AP-1 in
OSCC cells

Next, forty-five different transcriptional activities were investigated in CXCLS5-
treated and CXCR2 knockdown Ca9-22 cells, using Cignal Finder 45-Reporter array.
Transcriptional activities of octamer-binding transcription factor 4, serum response
element/Elk-1, aryl hydrocarbon receptor, liver X receptors, STAT1/2, activator
protein-1 (AP-1), HIF-1a, Kriippel-like factor 4, NF-xB, specificity protein 1, and
CCAAT-enhancer-binding protein were increased in CXCL5-treated OSCC cells, but
decreased in CXCR2 knockdown OSCC cells. Among several transcriptional activities
upregulated by CXCLS5 stimulation (Fig. 10A) and downregulated by CXCR2
knockdown (Fig. 10B), I focused on the changed transcriptional activities of NF-xB,

HIF-10, and AP-1. NF-xB, HIF-1a, and AP-1 are critical transcription factors to
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regulate ROS pathway-related genes*. To confirm whether CXCL35 could activate NF-
kB, I investigated the expression levels of the total and phosphorylated forms of p65
at serine 311 and IxBa at serine 32/36 in CXCL5-treated Ca9-22 and YD-10B cells.
The expression levels of p-p65, p65, and IkBa were increased but the phosphorylation
of IkBa was not. The increased level of p65 was detected in both cytosolic and nucleus

fractions (Fig. 10C).
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Figure 9. CXCLS upregulated interferon alpha response- and ROS pathway-
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Figure 10. CXCLS5 upregulated NF-kB, HIF-1a, and AP-1 transcriptional
activities and the expression levels of p65 and IkBa. Forty-five different
transcriptional activities were analyzed in (A) Ca9-22 cells treated with 50 ng/ml
CXCLS for 24 h and (B) CXCR2 knockdown Ca9-22 cells, using Cignal Finder 45-
Pathway Reporter Array. The fold change in each transcriptional activity was
calculated from the normalized luciferase activities in (A) CXCL5-treated versus

untreated cells or (B) scrambled shRNA-transfected cells versus CXCR2 shRNA-
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transfected cells. (C) Expression levels and cellular localization of p-p65 (Ser311),
p65, p-IkBa (Ser32/36), and IxkBa were measured in CXCLS5-treated Ca9-22 and YD-

10B cells (1x10° cells/dish) with Western blotting.
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5. CXCLS5 increased the invasion of OSCC cells by activating AKT and NF-kB
via CXCR2

Atypical NF-«xB signaling pathway that is independent of IkBa degradation has been
known to mediate through ROS generation* or phosphorylated AKT at serine 473**
45, ROS generation was not changed in CXCL5-treated Ca9-22 cells (Fig. 11A).
However, AKT phosphorylation at serine 473 was increased by CXCLS5 treatment in
a dose-dependent manner in Ca9-22 and YD-10B cells (Fig. 11B). AKT
phosphorylation at serine 473 and the expression levels of p-p65, p65, and IkBa were
increased by treatment with CXCLS5 in scrambled shRNA-transfected Ca9-22 cells,
but not CXCR2 shRNA-1-transfected cells (Fig. 12). Treatment with NF-kB inhibitor
JSH-23 or AKT inhibitor MK-2206 blocked the invasion of OSCC cells stimulated
with CXCL5 or not (Fig. 13). Treatment with JSH-23 reduced CXCLS5-induced
expression levels of p65 and IkBa but CXCL5-induced AKT phosphorylation was not.
Treatment with MK-2206 inhibited CXCLS5-stimulated expression levels of p65, IkBa,
and p-AKT(Fig.14). These results suggest that CXCL5 promotes the invasion by

activating AKT and NF-kB via CXCR2 in OSCC cells.
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Figure 11. CXCLS5 stimulation did not cause ROS production but activated AKT
in OSCC cells. (A) ROS levels were measured by flow cytometry in DCFDA-stained
Ca9-22 cells after treatment with CXCLS5 for 24 h. (B) Expression levels of p-AKT
(Ser473) and AKT were measured in CXCL5-treated Ca9-22 and YD-10B cells by

Western blotting. * P < 0.001 versus untreated cells.
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Figure 12. CXCL5/CXCR2 axis upregulated the expression levels of p-p65, p65,
IxBa, and p-AKT. Scrambled shRNA- or CXCR2 shRNA-transfected cells were
treated with CXCLS5 at the indicated concentrations. The expression levels of p-p65
(Ser311), p65, IxkBa, p-AKT (Serd73), and AKT were examined in the total cell lysate

with Western blotting.
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Figure 13. Treatment with inhibitors of NF-kB or AKT blocked CXCLS5-
stimulated invasion. Cell invasion was measured in Ca9-22 cells treated with 10 uM
JSH-23 or 5 uM MK-2206 in the absence or presence of 50 ng/ml CXCLS.

Representative images were obtained at x40 magnification. * P < 0.001 versus

untreated cells, T P <0.001 versus CXCLS5 alone-treated cells, # P < 0.001 versus JSH-

23-treated cells.
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Figure 14. CXCLS5-induced the expression levels of p65 and IkBa reduced by
treatment with NF-kB or AKT inhibitor. Ca9-22 cells were treated with 50 ng/ml
CXCLS5 and/or 10 uM JSH-23 or 5 uM MK-2206 for 24 h. The expression levels of

p65, IkBa, p-AKT, and AKT were detected by Western blotting.
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6. CXCLS is associated with poor prognosis in head and neck cancer patients

I investigated mRNA expression levels of CXCL5 and CXCR2 in cancer tissues
compared with normal tissues by analyzing the ONCOMINE platform data. CXCLS5 was
significantly overexpressed by 16-fold in head and neck cancer tissues in one dataset and
CXCR?2 was downregulated by more than 2-fold in head and neck cancer tissues in 7
datasets (Fig. 15A and Table 1). In Kaplan-Meier survival analysis, overall survival
showed a decreasing tendency in head and neck cancer patients with high expression
level of CXCL5 mRNA and an increasing tendency in patients with high CXCR2 mRNA
expression level (Fig. 15B). CXCL5 gene expression was significantly higher in the most
advance stage IV than in other stages. However, there was no correlation between
CXCR2 mRNA level and TNM stage in head and neck cancer patients (Fig. 15C).

In addition, analysis of TCGA head and neck cancer datasets showed that CXCL5
mRNA expression was significantly associated with NFKBI and /IKBA mRNA

expressions and tends to increase in RELA mRNA expression (Fig. 16).
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Figure 15. CXCL5 mRNA expression is correlated with poor prognosis in
patients with head and neck cancer. (A) The comparison showed the number of
datasets with the mRNA expression of CXCL5 and CXCR?2 in head and neck cancer
patients. Cut-off of P-value and fold change were as following: P-value < 0.01, fold
change = 2, and gene rank = top 10% in cancer versus normal tissues. (B) Kaplan-
Meier survival analysis indicated the association of CXCL5 or CXCR2 mRNA
expression with overall survival of head and neck cancer patients. (C) Relative mRNA
expression of CXCL5 or CXCR2 according to TNM stage was examined from the

TCGA database. * P <0.001 versus STAGE1 CXCL5 mRNA level.
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Table 1. The transcription levels of CXCLS and CXCR2 between head and neck

cancer patients and normal samples in ONCOMINE database.

Gene ID Cohort Data type Sample (n) Fold-change P-value
CXCLS5 Ginos Head-Neck mRNA Head and Neck Squamous Cell Carcinoma (41) vs. Normal (13) 16.431 7.42E-11
Peng Head-Neck mRNA Oral Cavity Squamous Cell Carcinoma (57) vs. Normal (22) -3.914 9.01E-23

Ginos Head-Neck mRNA Head and Neck Squamous Cell Carcinoma (41) vs. Normal (13) -7.121 4.33E-18

mRNA Tongue Carcinoma (15) vs. Normal (22) -2.247 1.01E-05

CXCR2 Pyeon Multi-cancer mRNA Oral Cavity Carcinoma (4) vs. Normal (22) -3.325 1.09E-05
mRNA Tonsillar Carcinoma (6) vs. Normal (22) -2.038 3.00E-03

Schlingemann Head-Neck mRNA Hypopharyngeal Squamous Cell Carcinoma (4) vs. Noraml (4) -3.546 5.00E-03

Cromer Head-Neck mRNA Head and Neck Squamous Cell Carcinoma (34) vs. Normal (4) -4.432 2.00E-03

TCGA, The Cancer Genome Atlas
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Figure 16. Oncogenic effect of CXCLS5 was associated with NF-kB in patients
with head and neck cancer by Pearson’s correlation analysis. The mRNA-seq data
were retrieved from TCGA and the Pearson’s correlation analysis was employed to
determine the correlation between CXCLJ5 and target mRNAs (RELA, NFKB, and
IKBA). Scatter plots represent normalized FPKM values for each gene. r: Pearson’s

correlation coefficient.
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IV. Discussion

Surgical resection combined with radiotherapy and chemotherapy is the classical
treatment for oral cancer. Despite the improved treatment for oral cancer, OSCC is still
a challenging disease to treat’. Targeting oncogenic proteins associated with OSCC
development is increasingly considered a promising strategy to cure OSCC. Bone
invasion is a critical factor in determining the prognosis of oral cancer patients> .
Therefore, identifying the molecular mechanism that could modulate cancer invasion
and tumor microenvironment is expected to improve the treatment efficacy of OSCC
and guide molecular targeted therapy. CXCLS is the chemokine that is overexpressed in
14 different tumor types and stimulates cancer cell invasion and proliferation®*. CXCL5
secretes into tumor microenvironment from cancer cells and cancer-associated stromal
cells and is correlated with negative prognosis!®2* 46, I determined the role of CXCLS5 in
OSCC invasion and underlying molecular mechanism.

I first found that CXCLS5 treatment promoted OSCC cell viability and invasion and
neutralizing CXCL5 with anti-CXCLS5 inhibited OSCC cell invasion. CXCR2 has
been reported as the only receptor of CXCRS5 and to be responsible for CXCL5-
mediated breast, prostate, and lung cancer cell metastasis®* 6. In this study, CXCR2
knockdown OSCC cells indicated remarkable transition to cobblestone morphology
with tight cell-cell adhesion. This morphology is accepted as one of less metastatic

characteristics*’. Neutralization of CXCR2 with its specific antibody and CXCR2
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knockdown with shRNA effectively inhibited OSCC cell invasion in the absence or
presence of CXCLS. These results indicate that CXCLS5 and its receptor CXCR2 have
critical roles in OSCC cell invasion.

CXCLS5 activates multiple signaling pathways, including mitogen-activated protein
kinase kinase (MEK)/ERK, PI3K/AKT/NF-kB, JAK/STAT, MSK1/Elk-1, and Egr-
1/cdk4, and promotes the proliferation, migration, and invasion of cancer cells* %%, 1
investigated CXCL5-regulated target molecules in OSCC cells. In GSEA analysis on
the RNA-seq transcriptome analysis data, interferon alpha response-related and ROS
pathway-related genes were enriched in CXCLS5-treated OSCC cells. In Cignal Finder
45-Pathway Reporter array, I detected that the transcriptional activities of NF-xB, HIF-
la, and AP-1 were upregulated in CXCLS5-treated OSCC cells and downregulated by
CXCR2 knockdown. These transcription factors have been reported to regulate the
expression of genes involved in interferon alpha response*-3! and ROS pathway®*34
and I first studied molecular mechanism by which CXCL5 activates NF-xB and
promotes cell invasion in OSCC cells.

In the canonical NF-kB pathway, the degradation of IkBa is primarily triggered
through its phosphorylation at two N-terminal serines by a multi-subunit IkB kinase
(IKK) complex, resulting in rapid and transient nuclear translocation of canonical NF-
kB members of predominantly the p50/p65 and p50/c-Rel dimers® . The
noncanonical NF-kB activation relies on processing of the NF-kB2 precursor protein,

p100, resulting in generation of mature NF-kB2 p52 and nuclear translocation of NF-
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kB complex p52/RelB-%%, In the atypical pathway, IkBa is phosphorylated on Tyr 42
and p50/p65 NF-kB may be activated without proteasomal degradation of TkBo>* .
Atypical NF-kB signaling pathway is induced by ROS pathway*® or PI3BK/AKT*4_ It
has been reported that CXCL5/CXCR?2 signaling pathway induced activation of NF-

190 and pancreatic®? cancer cells, but the NF-kB transcriptional

kB in colorecta
regulation system is not fully understood. In this study, CXCLS5 treatment increased
the levels of p65 NF-«xB subunit, p-p65, and nuclear p65 levels in OSCC cells. Because
the accumulated IkBa level was detected, I investigated whether CXCLS5 stimulation
could activate NF-kB without proteasomal degradation of IkBa. ROS production or
AKT activation cause the phosphorylation on Tyr 42 of IkBa pathway***. I found that
CXCLS5 treatment induced AKT phosphorylation on Ser 473 but did not cause ROS
generation.

I further confirmed whether CXCLS transduces signaling via CXCR2. CXCLS5-
induced activation of p65 NF-xB and AKT was not observed in CXCR2 knockdown
OSCC cells. Treatment with NF-kB or AKT inhibitor significantly inhibited the
invasion of OSCC cells stimulated with CXCLS5 or not. CXCL5-induced expression
levels of p65 NF-xB and IkBa were inhibited by NF-kB and AKT inhibitors, but AKT
phosphorylation was not blocked by NF-«B inhibitor. These findings indicate that
CXCL5 promotes OSCC cell invasion by activating AKT/NF-xB pathway via its

receptor CXCR2.

In bioinformatics analysis from TCGA datasets, CXCL5 has positive correlation with
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NFKBI and IKBA. In addition, the overexpression of CXCLJ5 was observed in oral cancer
patients compared to normal tissue and associated with poor prognosis.

In conclusion, CXCLS5 stimulates OSCC cell invasion through the AKT
phosphorylation and NF-«xB signaling pathway via CXCR2. Thus, CXCL5/CXCR2
and their downstream target molecules may be effective candidate markers for OSCC

cell invasion.
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V. Conclusions

In summary, CXCLS increased the survival and invasion of OSCC cells.
Neutralization and knockdown of CXCR2 inhibited the invasion of OSCC cells in the
absence or presence of CXCLS5. CXCLS5 upregulated genes participating in the
interferon alpha response and reactive oxygen species pathway and activated the
transcriptional activity of NF-«B, HIF-1a, and AP-1. CXCLS/CXCR2 signaling
pathway induced OSCC cell invasion and expression of NF-kB and IxBa through the
activation of AKT/NF-xB. CXCL5 is correlated with poor prognosis and higher
expression of NFBK1 and IKBA in oral cancer patients.

Taken together, CXCL5/CXCR?2 and their downstream target molecules serve as a

biomarker for predicting the potential for invasion in oral cancer patients.
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