Received: 15 February 2024 | Revised: 16 May 2024

Accepted: 20 May 2024

DOI: 10.1111/cas.16236

ORIGINAL ARTICLE

Cancer Science fW%15%

ACSL4 upregulates IFI44 and IFI44L expression and promotes
the proliferation and invasiveness of head and neck squamous

cell carcinoma cells

Darius Rupa’ | Hao-Wen Chuang? | Chung-En Hu' | Wen-Min Su®' | Shiou-Rong Wu? |
Herng-Sheng Lee? | Ta-Chun Yuan'

1Department of Life Science, National
Dong Hwa University, Hualien, Taiwan,
ROC

?Department of Pathology and Laboratory
Medicine, Kaohsiung Veterans General

Hospital, Kaohsiung, Taiwan, ROC

Correspondence

Ta-Chun Yuan, Department of Life
Science, National Dong Hwa University,
No. 1, Sec. 2, Da Hsueh Road, Shoufeng,
Hualien 974301, Taiwan, ROC.

Email: yuan415@gms.ndhu.edu.tw

Present address

Darius Rupa, Department of Biology
Education, Borneo Tarakan University,
Indonesia

Funding information

Hsinchu Science Park Bureau, Ministry
of Science and Technology, Taiwan,
Grant/Award Number: NSC-111-2314-B-
259-001 and NSC-112-2314-B-259 -001

Abstract

Reprogramming of cellular energy metabolism, including deregulated lipid metabo-
lism, is a hallmark of head and neck squamous cell carcinoma (HNSCC). However,
the underlying molecular mechanisms remain unclear. Long-chain acyl-CoA syn-
thetase 4 (ACSL4), which catalyzes fatty acids to form fatty acyl-CoAs, is critical for
synthesizing phospholipids or triglycerides. Despite the differing roles of ACSL4 in
cancers, our data showed that ACSL4 was highly expressed in HNSCC tissues, posi-
tively correlating with poor survival rates in patients. Knockdown of ACSL4 in HNSCC
cells led to reduced cell proliferation and invasiveness. RNA sequencing analyses
identified interferon-induced protein 44 (IF144) and interferon-induced protein 44-
like (IFI44L), encoded by two interferon-stimulated genes, as potential effectors of
ACSLA4. Silencing IF144 or IFI44L expression in HNSCC cells decreased cell prolifera-
tion and invasiveness. Manipulating ACSL4 expression or activity modulated the ex-
pression levels of JAK1, tyrosine kinase 2 (TYK2), signal transducer and activator of
transcription 1 (STAT1), interferon o (IFNa), IFNB, and interferon regulatory factor 1
(IRF1), which regulate IF144 and IFI144L expression. Knockdown of IRF1 reduced the
expression of JAK1, TYK2, IFN«, IFNB, IFI44, or IFI44L and diminished cell prolifera-
tion and invasiveness. Our results suggest that ACSL4 upregulates interferon signal-
ing, enhancing IF144 and IFI44L expression and promoting HNSCC cell proliferation

and invasiveness. Thus, ACSL4 could serve as a novel therapeutic target for HNSCC.
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1 | INTRODUCTION

Lipids, composed of fatty acids (FAs), play essential roles in
biomembrane formation, energy metabolism, and cellular signal-
ing. Deregulated FA metabolism caused by aberrant expression or
activation of metabolic enzymes drives FA overproduction, leading
to metabolic disorders and cancer development. Long-chain acyl-
CoA synthetases (ACSLs), including ACSL1, ACSL3, ACSL4, ACSL5,
and ACSL6, are essential for generating 12-20 carbon-contained
long-chain fatty acyl-CoAs. Among them, ACSL4 is a unique ACSL
that catalyzes the incorporation of polyunsaturated FAs into phos-
pholipids. Furthermore, ACSL4 functions as a key modulator of
ferroptosis, a cell death process caused by the iron-dependent per-
oxidation of lipids. Accumulating evidence indicates that ACSL4 is
highly expressed in multiple cancer types, including breast, ovar-
ian, prostate, colon, and liver cancers. However, downregulation of
ACSL4 expression is also observed in lung adenocarcinoma, gastric
cancer, and glioma tissues. In addition, ACSL4 plays a contradictory
role as a tumor promoter or suppressor depending on the cancer
type.l'2

Interferon (IFN)-induced protein 44 (IFI44) and IFN-induced
protein 44-like (IFI44L) are encoded by genes belonging to IFN-
stimulated genes, which are transcriptionally activated by type |
IFN, including IFN« and IFNB.>* They are also induced after in-
fection with different viruses, including papillomavirus and in-
fluenza virus.>® IFI44 and IF144L are composed of 444 and 452
amino acids, respectively, and share 45% amino acid identity.7
Accumulated evidence suggests a critical role for IFI44 and IF144L
in innate immune responses; however, their biological functions in
cancer cells are mostly unknown. A previous study in melanoma
cells showed that overexpression of IFI44 leads to suppressed cell
proliferation.® Similarly, increased IFI44L expression in non-small
cell lung carcinoma cells causes reduced proliferation, migration,
and invasion.? In addition, low IFI144L expression was found in he-
patocellular carcinoma (HCC), which shows an antitumor effect
through the Met/Src signaling pathway.!® However, evidence
from The Cancer Genome Atlas pan-cancer RNA-sequencing
datasets indicates that IFI44 is overexpressed in head and neck
squamous cell carcinoma (HNSCC) tumors compared to normal
tissues. Furthermore, patients with high IFI44 expression levels
are significantly correlated with shorter overall survival (OS) and
disease-free survival compared with IFI44-low patients.* The
functional roles of IFI44 and IFI44L in HNSCC require further
investigation.

In the present study, we examined the role of ACSL4 in HNSCC
cells and its underlying molecular mechanisms. We showed high ex-
pression of ACSL4 in HNSCC tumors and identified the regulatory
functions of ACSL4 in HNSCC cell proliferation and invasiveness.
Importantly, ACSL4 modulated IFNa/p production and IFN signal-
ing, which promoted IFI44 and IFI44L expression and enhanced cell
proliferation and invasiveness. Therefore, ACSL4 could serve as a

novel therapeutic target for HNSCC.

2 | MATERIALS AND METHODS

2.1 | Antibodies and chemicals

Antibodies against ACSL1 and ACSL6 were purchased from
GeneTex. Antibodies against IFI44 and IFI144L were obtained from
ABclonal. The anti-ACSL4 Ab was obtained from Proteintech. The
anti-TYK2 Ab was purchased from Cell Signaling Technology. The
remaining Abs, including ACSL3, ACSL5, JAK1, signal transducer and
activator of transcription 1 (STAT1), interferon regulatory factor 1
(IRF1), and B-actin, were purchased from Santa Cruz Biotechnology.
PRGL493 was obtained from MedChemExpress. All other chemicals

were obtained from Sigma-Aldrich.

2.2 | Cellculture

Human oral keratinocytes (HOK) were obtained from Applied
Biological Materials. HSC-3 cells were purchased from JCRB Cell
Bank. FaDu cells were obtained from the Biosource Collection and
Research Center (BCRC). 293 T, OECM-1, and SAS cells were kindly
provided by Dr. Kuo-Wei Chang (National Yang Ming Chiao Tung
University). Human oral keratinocytes were cultured in keratino-
cyte serum-free growth medium (Invitrogen). OECM-1 cells were
cultured in RPMI-1640 medium. 293 T, FaDu, HSC-3, and SAS cells
were cultured in DMEM. Each medium was supplemented with 5%
FBS, 2mM L-glutamine, 100U/mL penicillin, and 100pg/mL strep-
tomycin. Cell culture media and supplements were purchased from
Invitrogen.

2.3 | Lentiviral production and infection

The lentiviral plasmid carrying Myc-tagged ACSL4 cDNA was pur-
chased from Origene. Lentiviral vectors carrying shRNA targeting
the coding sequence of human ACSL4, IFI44, IFI44L, or IRF1 were
obtained from the RNAi Core at Academic Sicina. Lentivirus trans-
fection and production were carried out according to a protocol de-
scribed previously.12 For lentiviral infection, cells grown in 60mm
dishes were incubated with viruses in the presence of 8 ug/mL po-
lybrene overnight at 37°C. After refreshing the media, the infected
cells were grown for 48 h and then subjected to puromycin selection
for 16-24h.

2.4 | Real-time PCR

Total RNA preparation and real-time PCR protocol were de-

scribed previously.'® The paired primers used were: ACSL4

(forward), CATCCCTGGAGCAGATACTCT; ACSL4 (re-
verse), TCACTTAGGATTTCCCTGGTCC,; IRF1 (for-
ward), GCCAGTCGACGAGGATGAGGAAGGGAA; IRF1
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(reverse), CCAGCGGCCGCCTGCTACGGTGCACAGG; IFNa
(forward), GTACTGCAGAATCTCTCCTTTCTCCTG; IFNa
(reverse), GTGTCTAGATCTGACAACCTCCCAGGCACA;
IFNp  (forward), TTGTGCTTCTCCACTACAGC; IFNp (re-
verse), CTGTAAGTCTGTTAATGAAG"; IF144 (for-
ward), TGGTACATGTGGCTTTGCTC; IFl44 (reverse),
CCACCGAGATGTCAGAAAGAG;  IFI44L  (forward), AAG
TGGATGATTGCAGTGAG; IFl144L (reverse), CTCAAT
TGCACCAGTTTCCT; GAPDH (forward), GTCTCCT
CTGACTTCAACAGCG; and GAPDH (reverse), ACCACCC
TGTTGCTGTAGCCAA %

2.5 | Transcriptome sequencing

Total RNA was extracted from cells using TRIzol reagent (Invitrogen).
An amount of 1pg total RNA per sample was used as the input ma-
terial for RNA sample preparations. Sequencing libraries were gen-
erated using the KAPA mRNA HyperPrep Kit (KAPA Biosystems;
Roche), following the manufacturer's recommendations, and index
codes were added to attribute sequences to each sample. The PCR
products were purified using the KAPA Pure Beads system and li-
brary quality was assessed using a 100 DNA/RNA Analyzer (BiOptic
Inc.). The library was subjected to 150 bp paired-end sequencing and

subsequent expression analyses at TOOLS.

2.6 | Detection of IFNa /B concentration

The cells (3x 10° cells/well) were cultured in 6-well plates. After in-
cubation for 48h, the cells were treated with PRGL493 or an equal
volume of DMSO in 1.5mL for 16h. Then supernatants were col-
lected and centrifuged to remove the cells. The concentrations of
IFNa and IFNB in the culture medium were detected using a human
IFNalpha ELISA Kit (#BMS216; Invitrogen) and VeriKine Human
Interferon Beta ELISA Kit (#41410-1; PBL Assay Science), respec-

tively, according to the manufacturer's instructions.

2.7 | Cell proliferation assay

A density of 5x 10° cells/well in 100 pL medium was seeded in a 96-
well plate. After 24 h of incubation, one set of attached cells in the
duplicate wells was added to each well with 10 L CCK-8 solution
(Sigma-Aldrich). After incubating the plate for 2h, the absorbance
was measured at 450 nm using a microplate reader.

2.8 | Migration and invasion assays

An aliquot of 1x10° cells was plated on uncoated 24-well inserts
with a pore diameter of 8um (BD Bioscience) for Transwell mi-
gration assays or placed on BioCoat Matrigel invasion chambers

(Corning) for invasion assays. Cells were plated in the upper cham-
ber of the Transwell containing 1% FBS-supplemented medium with
2mM hydroxyurea, which inhibits cell cycle progression, whereas
5% FBS-supplemented medium with 2mM hydroxyurea was added
to the lower chamber. After 24 h, the cells attached to the upper
surface of the membrane were wiped off with a cotton bud and the
cells on the lower surface were fixed and stained using the Diff-
Quik staining kit (BaSO Biotech, Taipei, Taiwan). The migrated or
invaded cells were counted from four randomly selected fields in
each Transwell membrane under an optical microscope at 100-fold
magnification.

2.9 | Celllysis and immunoblotting

The procedure of cell lysate preparation and western blot analysis
were described previously.? The relative levels of ACSL4, IFI44,
IFI44L, and B-actin protein were semiquantified by densitometric
analysis using ImageJ (NIH).

2.10 | Tissue specimens

Paraffin-embedded HNSCC tissue samples, including tumor tissues
and noncancerous epithelial tissues at least 2 cm away from the edge
of the carcinoma, were obtained from 101 patients with HNSCC
from the Department of Pathology and Laboratory Medicine,
Kaohsiung Veterans General Hospital between 1996 and 2006. The
study protocol was approved by the Institutional Review Board at
Kaohsiung Veterans General Hospital (approval code: KSVGH22-
CT7-04). None of the patients had received radiation or chemother-

apy before surgery.

2.11 | Immunohistochemistry

Formalin-fixed paraffin-embedded tissues were deparaffinized,
rehydrated, and subjected to antigen retrieval.’® The tissue slides
were then incubated with anti-ACSL4 Ab (1:300; #22401-1-
AP; Proteintech), anti-IF144 (1:100; #PA5-96967; Thermo Fisher
Scientific), or IFI44L (1:20; #PA5-63849; Thermo Fisher Scientific).
Subsequently, slides were incubated with secondary Ab and a BOND
Polymer Refine Detection System (Leica Biosystems). ACSL4, IF144,
and IFl144L expression were defined by the presence of membra-
nous, and/or cytoplasmic staining, and all tumor cells were evaluated
by two independent pathologists. The histological score (HSCORE)
was used to evaluate ACSL4, IFI44, and IFI44L immunostaining,
which measures the percentage of positively stained cells and the
intensity of staining. The intensity score represents the estimated
staining intensity of cytoplasmic or membranous immunostaining,
scored on a scale of O (no staining), 1+ (weak staining), 2+ (moderate
staining), and 3+ (strong staining). The percentage (from O to 100)
of immunostaining cells at each intensity level was multiplied by the
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corresponding immunostaining intensity (from O to 3) to obtain im-

munostaining scores ranging from O to 300.

2.12 | Statistical analysis

SPSS software version 20.0 (SPSS Inc.), MedCalc for Windows, ver-
sion 19.1.6 (MedCalc Software), and Prism version 10 (GraphPad
Software) were used to undertake statistical analyses. Student's
paired t-test or one-way ANOVA was applied to determine the sig-
nificance between groups. Associations between ACSL4 scores and
clinicopathologic characteristics were analyzed using the Mann-
Whitney U-test. The Kaplan-Meier method and log-rank test based
on a median cut-off immunoscore value of 90 were used to evalu-
ate significant differences in OS for ACSL4. Associations between
categorical variables were evaluated using Fisher's exact test or the
Xz_ test. Spearman's correlation coefficient was used to assess the
correlation between variables. Statistical significance was set at
p<0.05.

3 | RESULTS

3.1 | High ACSL4 protein levels were found in
HNSCC tissues

Results from the UALCAN database!” showed that the levels of
ACSL4 gene in primary tumors were significantly higher than those
in normal tissues (Figure 1A). The Kaplan-Meier Plotter database®®
further revealed that high ACSL4 levels (hazard ratio [HR] 1.41,
p=0.034) were an unfavorable prognostic factor for the OS of pa-
tients (Figure 1B). In clinical specimens, ACSL4 proteins showed
weak positive staining in the parabasal layer of normal epithelium
(Figure 1C,D) and on the cell membrane and cytoplasm of cancer-
ous epithelium with varying staining intensity and distribution
(Figure 1E-J). In 75 patients with available normal epithelium and
cancerous tissues, ACSL4 showed greater positive expression in
tumors than in normal epithelia (p<0.001; Figure 1K). Among 101
HNSCC cases, the level of ACSL4 protein was significantly associ-
ated with histological stage, pathological grade, tumor extent, lymph
node, and distant metastasis. However, no significant difference in
gender might be due to the vast difference between male and fe-
male sample sizes (Table 1). High ACSL4 protein level was also sig-
nificantly correlated with a short survival time (Figure 1L; HR 1.891,
p=0.033).

3.2 | ACSLA4 highly expressed in HNSCC cells and
regulated cell proliferation and invasiveness

Results from RNA-sequencing analysis of HSC-3 and OECM-1 cells,
compared to immortalized HOK, showed the upregulated differen-
tially expressed genes (DEGs) in HSC-3 (n=511), OECM-1 (n=862),

or both cells (h=471) (Figure 2A). To explore the potential mecha-
nism of these upregulated DEGs, the Kyoto Encyclopedia of Genes
and Genomes (KEGG) enrichment pathway analysis was undertaken.
As shown in Figure 2B,C, 10 differential signal pathways were signifi-
cantly enriched in OECM-1 or HSC-3 cells (p <0.005). The DEGs that
were upregulated in both cells were mainly associated with path-
ways related to cell cycle, DNA replication, cellular senescence, and
progesterone-mediated oocyte maturation. A heatmap showed the
relative expression of these DEGs starting with prefix A and ACSL4
as one of the upregulated genes (Figure 2D). Western blot analysis
further indicated that ACSL4, but not the other ACSLs, was highly
expressed in all three HNSCC cell lines, which was higher than that
in HOK (Figure 2E). Knockdown of ACSL4 expression in OECM-1
cells led to decreased ACSL4 expression, which was approximately
80%-90% lower than that in shCt control cells. However, it did not
affect the expression of ACSL1 or ACSL3 (Figure 2F, upper panel).
Furthermore, ACSL4-knockdown cells showed a lower proliferation
than shCt control cells (Figure 2F, lower panel). Similar results were
observed in SAS and HSC-3 cells (Figure 2G,H). ACSL4-knockdown
OECM-1 cells also showed reduced migration and invasion, approxi-
mately 80% lower than that of shCt control cells (Figure 21,J). Similar
results were found in ACSL4-knockdown HSC-3 cells (Figure 2K,L).
The data clearly showed the role of ACSL4 in regulating HNSCC cell
proliferation and invasiveness.

3.3 | Silencing ACSL4 expression led to decreased
IF144 and IFI44L expression in HNSCC cells

We further undertook RNA-sequencing analysis to determine differ-
ential expression genes between the shCt and ACSL4-knockdown
OECM-1 cells. Results from Gene Ontology (GO) analyses revealed
that the most enriched biological process terms are associated
with the response to the virus and type | IFN signaling pathway
(Figure 3A,B). Among 29 downregulated genes with a log2 fold
change from -4 to -1 (Figure 3C), we examined whether IFI44 or
IFI44L, two IFN-stimulated genes, is the downstream target gene of
ACSL4. Data from Figure 3D-F (upper panel) showed that ACSL4-
knockdown HNSCC cells showed decreased IFlI44 and IFI44L ex-
pression. The quantitative results for IFI44 and IFI44L expression in
ACSL4-knockdown HNSCC cells are also shown (Figure 3D-F, lower
panel). Thus, these results suggest that IFI44 and IFI144L could be
downstream effectors of ACSL4 in HNSCC cells.

3.4 | HighIFl44 and IFI44L levels in HNSCC tumors
correlated with ACSL4 expression

Results from the UALCAN database showed that the expression
levels of IFI44 and IFI44L in HNSCC tumors were significantly
higher than those in normal tissues (p <0.001; Figure 4A,B). Our
immunohistochemistry data further revealed that IFI44 and IFI144L
proteins were highly expressed in HNSCC tumors compared to
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FIGURE 1 Expression of acyl-CoA synthetase 4 (ACSL4) in head and neck squamous cell carcinoma (HNSCC) tissues. (A) Expression

of ACSL4 in HNSCC tissues (n=520) and normal head and neck epithelia (n=44). Data were downloaded from the UALCAN database. (B)
Kaplan-Meier survival curve shows overall survival for HNSCC patients (n=500) with high (red line) or low (black line) expression of the
ACSL4 gene. The analysis was carried out using the Kaplan-Meier plotter database (http://kmplot.com/analysis/). Using the Kaplan-Meier
plots, hazard ratios (HR) with 95% confidence intervals and log-rank p values were calculated. (C-J) Representative sections of noncancer
epithelia and tumors were stained with H&E and anti-ACSL4 Ab. (C, D) Noncancer epithelia. HNSCC tissues with (E, F) weak (1+), (G, H)
moderate (2+), and (I, J) strong (3+) immunoreactivities. Scale bar, 50 um. (K) Quantification of ACSL4 immunoexpression in 75 paired
HNSCC specimens. (L) Kaplan-Meier survival curve in 101 HNSCC patients. High ACSL4 expression was significantly correlated with worse
overall survival rates (HR 1.891; p=0.033, log-rank test). ***p<0.001. N, normal epithelium; T, cancerous tissue.
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TABLE 1 Relationships between the

immunoscore of acyl-CoA synthetase 4 o
(ACSLA4) and clinicopathologic parameters Total Mean + SEM Median p value
in 101 patients with head and neck
squamous cell carcinoma. Age, years’
<64 89 99.27+6.71 100.0 p=0.209
>64 12 7417 +14.23 80.0
Gender?
Male 92 97.83+6.34 90.0 p=0.275
Female 9 80.56+25.64 40.0
Histological grade®
Well 6 46.67+19.22 32.5 p=0.007*
Moderate 85 94.24+6.48 85.0
Poor 10 143.50+20.35 145.0
pT stage®
1-11 57 78.86+6.97 75.0 p=0.002*
-1V 44 118.86+10.05 125.0
Tumor extent?
T1-2 77 89.81+7.00 80.0 p=0.041*
T3-4 24 117.08+12.44 122.5
Nodal metastasis®
Positive 34 124.56 +12.12 130.0 p=0.003*
Negative 67 81.94+6.38 80.0
Distant metastasis®
Positive 10 140.00+17.64 132.5 p=0.017*
Negative 91 91.48+6.35 80.0

ap value by Mann-Whitney test.
bp value by Kruskal-Wallis test.
*Significance at p<0.05.

their paired normal epithelia (p <0.001; Figure 4C-E). Furthermore,
four HNSCC cell lines showed high IFI144 or IFI44L protein levels,
which were higher than those in HOK (Figure 4F). The correlation

expressed in HNSCC tumors, which was positively correlated with
ACSL4 expression.

between ACSL4 levels and IFI44 or IFI44L expression was found in
Knockdown of IF144 or IFI144L led to reduced
HNSCC cell proliferation and invasiveness

HNSCC tissues. The representative images in Figure 4G show the 3.5 |
consistency of ACSL4 with IFI44 or IFI44L immunoreactivity in the

same tissues, and the scatter plot in Figure 4H,l indicates a weak

to moderate correlation between ACSL4 and IFl44 (rho=0.375,
p=0.0001) or IFI44L (rho=0.478, p<0.0001) expression. These
data collectively suggest that IFIF44 and IFI44L were highly

Next, knockdown of IFI44 expression in HNSCC cells led to de-
creased IF144 expression (Figure 5A-C, upper panel). Moreover,
IF144-knockdown cells showed reduced proliferation compared with

FIGURE 2 Expression and functions of acyl-CoA synthetase 4 (ACSL4) in head and neck squamous cell carcinoma (HNSCC) cells.

(A) Venn diagram of upregulated genes in HSC-3 cells (n=511), OECM-1 cells (n=862), or both (n=471) compared to HOK. The Kyoto
Encyclopedia of Genes and Genomes (KEGG) enrichment pathway analyses for upregulated differentially expressed genes in (B) OECM-1

or (C) HSC-3 cells. (D) Heatmap depicting relative expression of genes starting with the prefix A. Each row indicates a single gene, and each
column indicates three sample groups (HOK, HSC-3, and OECM-1). The difference in color in any row showed a differential expression of
that particular gene. (E) Total cell lysates were used for immunoblotting with Abs against ACSLs. (F) OECM-1, (G) SAS, and (H) HSC-3 cells
were infected with viruses carrying control shRNA (shCt) or ACSL4-targeted shRNAs (shACSL4-1 or shACSL4-3). Total cell lysates were
prepared for immunoblotting (upper panel). Proliferation of ACSL4-knockdown HNSCC cells was determined by a CCK-8 assay (lower panel).
Data were expressed as the mean +SD from three independent experiments in triplicate. *p<0.05, **p<0.01, and ***p <0.001 compared
with the shCt control cells. Representative images of ACSL4-knockdown (I) OECM-1 or (K) HSC-3 cell migration and invasion. Scale bar,

20 pm. Numbers of migrated or invaded (J) OECM-1 or (L) HSC-3 cells per field are shown as the mean +SD from two or three independent
experiments. Each set of experiments was carried out in duplicate. ***p <0.001 versus the number of shCt control cells. OD, optical density;
TNF, tumor necrosis factor.
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shCt control cells (Figure 5A-C, lower panel). Similar to the results of
IFI44 knockdown, the reduction in IFI144L expression in HNSCC cells
resulted in decreased cell proliferation (Figure 5D-F). Furthermore,
IFI44- and IFI44L-knockdown OECM-1 and HSC-3 cells showed re-
duced migration and invasion (Figure 5G-J). These data identified
the regulatory role of IFl144 and IFI44L in HNSCC cell proliferation
and invasiveness.

Migration

3.6 | ACSLA4 regulated expression of IRF1, JAK1,
TYK2, STAT1, IFN«, or IFNB

Results from Figure 6A showed that overexpression of myc-tagged
ACSL4 in OECM-1 cells led to increased protein levels of IRF1, JAK1,
tyrosine kinase 2 (TYK?2), STAT1, IF144, and IFI44L. It also increased
the expression of IRF1, IFI44, IFI44L, IFNa, and IFNg genes (Figure 6B).
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(IFN)-induced protein 44 (IF144) and IFN-induced protein 44-like (IFI44L) expression. (A) Significantly enriched Gene Ontology (GO) terms
of downregulated genes in ACSL4-knockdown OECM-1 cells based on their biological processes (BP). Bar chart shows the top 10 BP
terms in the enrichment analysis. (B) Chord plot of Gene Ontology (GO) enrichment analysis. (C) Heatmap indicates the relative expression
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are shown in the lower panel. Data are expressed as the mean+SD from two or three independent experiments. *p <0.05, **p<0.01,

***p <0.001 versus the ratio of shCt control cells.

In contrast, knockdown of ACSL4 expression in OECM-1 or SAS cells ACSL4 inhibitor," in OECM-1 cells suppressed the expression of IRF1,
resulted in decreased levels of IRF1, JAK1, TYK2, STAT1, IFl44, and JAK1, TYK2, STAT1, IFl44, and IFl44L in a dose-dependent man-
IF144L proteins (Figure 6C,D). Treatment with PRGL493, a specific ner (Figure 6E). The treatment also reduced the mRNA and secreted
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FIGURE 5 Effects of knocking down interferon-induced protein 44 (IFl144) or interferon-induced protein 44-like (IF144L) expression

on cell proliferation, migration, and invasion. Total lysates from IFI144-knockdown (A) OECM-1, (B) SAS, or (C) FaDu cells were prepared

for immunoblotting. Proliferation of IFI44-knockdown cells was determined by CCK-8 assay. IFI44L-knockdown (D) OECM-1, (E) SAS,

or (F) FaDu cells were prepared for western blot analysis or cell proliferation assay. Data were expressed as the mean +SD from three
independent experiments. Each set of experiments was conducted in duplicate. *p <0.05, **p <0.01, versus the ratio of shCt control cells.
For the migration and invasion assays, IFI44- or IFl144L-knockdown (G) OECM-1 or (I) HSC-3 cells and the shCt control cells were plated on
the Transwell inserts. Representative images are shown at 100-fold magnification. Numbers of migrated or invaded (H) OECM-1 or (J) HSC-3
cells per field are shown as the mean=+SD from two or three independent experiments. Each set of experiments was carried out in duplicate.
*p<0.05 and **p <0.01 versus the number of shCt control cells. OD, optical density.

levels of IFNa and IFN (Figure 6F-H). Similar results were observed
in PRGL493-treated SAS cells (Figure 6l-L). These data suggest that
ACSL4 regulated type | IFN signaling and expression, which in turn
modulated the expression of IFI44 and IF144L in HNSCC cells.

3.7 | Knockdown of IRF1 expression suppressed
IFN signaling and inhibited cell proliferation and
invasiveness

Knockdown of IRF1 in OECM-1 cells caused decreased IFl44
and IFI44L expression. However, it did not affect ACSL4 levels
(Figure 7A). Knockdown of IRF1 also suppressed cell proliferation,
migration, and invasion (Figure 7B,C) and decreased mRNA levels
of IFNa and IFN (Figure 7D). Furthermore, silencing IRF1 expres-
sion in SAS and FaDu cells did not affect ACSL4 level, but it led to
reduced levels of JAK1, TYK2, IFI44, and IFI44L (Figure 7E,F). These
data suggest that IRF1 modulated IFN signaling, cell proliferation,

and invasiveness.

4 | DISCUSSION

ACSL4 is an acyl-CoA synthetase involved in arachidonic acid me-
tabolism and ferroptosis induction. However, its function and un-
derlying mechanism in HNSCC cells are yet to be determined. In this
study, we demonstrated that ACSL4 was highly expressed in HNSCC
tumors and functionally regulated cell proliferation and invasive-
ness. Importantly, we found that ACSL4 activated type | IFN signal-
ing by upregulating IFNa and IFNp production, enhancing IFI44 and
IFI44L expression and thus promoting HNSCC cell proliferation and
invasiveness. The proposed model is shown in Figure 7G. Our study
showed the oncogenic functions of ACSL4 in HNSCC cells and its
tumor-promoting mechanism. Thus, ACSL4 could serve as a thera-
peutic target for HNSCC treatment.

Evidence shows that the tumor-suppressive role of ACSL4 in
cancer cells is associated with its unique function in promoting fer-
roptosis. For example, ACSL4 expression is downregulated in lung
adenocarcinoma and glioma tissues. Depletion of ACSL4 expression
enhances tumor aggressiveness and suppresses ferroptosis.2%?!
However, ACSL4 is highly expressed and performs oncogenic func-
tions in other cancers despite ferroptosis being activated. It has
been shown that ACSL4 is highly expressed in multiple myeloma

cells, and its expression is essential for enhancing cell proliferation
and sensitizing RSL3-induced ferroptosis.??> A study in the STZ-
HFD-treated mouse model also showed that ACSL4-dependent
ferroptosis in the liver does not function as an endogenous tumor
suppressor but promotes HCC progression following chronic liver
damage.23 Whether ACSL4-dependent ferroptosis acts as a tumor
enhancer deserves detailed study; accumulating evidence suggests
the oncogenic function of ACSL4.1%?42% The oncogenic function of
ACSL4 might be mediated by the activation of distinct molecules
and signaling pathways in addition to the upregulation of lipid syn-
thesis. For example, ACSL4 upregulates p-AKT, LSD1, and p-catenin
in castration-resistant prostate cancer cells.?> ACSL4 also regulates
mTORC1/2 in breast cancer cells and myristoylation of Src kinase
in prostate cancer cells.?®? Silencing ACSL4 expression abolishes
estrogen-induced activation of AKT and GSK3p in breast cancer
cells.?® ACSL4 also causes c-Myc activation, which upregulates the
expression of sterol regulatory element-binding protein 1 (SREBP1)
and its downstream lipogenic enzymes in HCC cells.??>?? Our data
clearly showed that ACSL4 could upregulate the expression of IFI44
or IFI44L, which promotes the proliferation and invasiveness of
HNSCC cells. Limited studies have revealed the tumor suppressive
activity of IFI44L in HCC and lung adenocarcinoma.'®° However,
IF144L expression is downregulated in those tumor tissues. In con-
trast, our data showed that IFI44 and IFI44L were highly expressed
in HNSCC tumors. Thus, the tumor-promoting or tumor-suppressive
function of IFI44 or IFI44L may be closely associated with their ex-
pression levels in tumors.

The underlying mechanism by which ACSL4 regulates IF144 and
IF144L expression is currently unknown. However, our data showed
that ACSL4 modulated the expression of IFNa/p, IRF1, TYK2, JAK1,
and STAT1, indicating activation of type | IFN signaling. IRF1 is a
transcription factor that promotes the expression of IFNa and IFNf
by binding to their promoter regions.>¥3% Thus, ACSL4 could up-
regulate IRF1 expression and enhance IFNa/f production, which
activates IFN signaling and leads to IFI44 and IFI44L expression.
Alternatively, elevated expression of IRF1 can directly bind to IFN-
stimulated response elements in the promoter region of the IFI44L
gene, causing gene transcription.®* A report showed that IFNYy,
through IRF1 signaling, stimulates ACSL4 expression and induces
cell ferroptosis in mouse melanoma Yumm5.2 cells.®® However, our
data showed that IRF1 did not affect ACSL4 expression in HNSCC
cells. Despite different studies reporting the antiproliferative func-
tion of IRF1,%® our data suggested the oncogenic role of IRF1 in
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FIGURE 6 Effects of altered acyl-CoA synthetase 4 (ACSL4) expression or activity on interferon (IFN) regulatory factor 1 (IRF1), JAK1,
tyrosine kinase 2 (TYK2), signal transducer and activator of transcription 1 (STAT1), IFN-induced protein 44 (IF144), interferon-induced
protein 44-like (IF144L), IFNa, or IFNB expression. (A) OECM-1 cells expressing the vector (vec) or myc-tagged ACSL4 were harvested, and
total lysates were prepared for western blot analyses. (B) Quantitative PCR analyses of vector control and ACSL4-overexpressed OECM-1
cells. ACSL4-knockdown (C) OECM-1 and (D) SAS cells were prepared for western blot analyses. (E) OECM-1 or (I) SAS cells were treated
with 25uM or 50uM PRGL493 (PRGL) for 24 h. Cells treated with an equal volume of solvent (DMSO) served as vehicle control. Total
lysates were used for western blot analyses. (F) OECM-1 or (J) SAS cells were treated with 25 1M PRGL493 or DMSO for 24 h. Total mMRNA
was prepared for quantitative PCR analyses. (G, H) OECM-1 or (K, L) SAS cells were treated with PRGL493 or DMSO for 24 h. Cultured
media were harvested to analyze the secreted IFNa or IFNB concentration. Data were expressed as the mean +SD from two independent
experiments in duplicate. *p <0.05, **p<0.01, and ***p <0.001 versus the corresponding control cells.
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FIGURE 7 Effects of silencing interferon (IFN) regulatory factor 1 (IRF1) expression on acyl-CoA synthetase 4 (ACSL4), JAK1, tyrosine
kinase 2 (TYK?2), interferon-induced protein 44 (IF144), and interferon-induced protein 44-like (IFI44L) expression and cell proliferation.

(A) IRF1-knockdown OECM-1 cells were prepared for western blot analyses (upper panel) and cell proliferation assays (lower panel). (B)
Representative images of migrated or invaded shCt control and shIRF1 OECM-1 cells are shown at 100-fold magnification. Scale bar, 20 um.
(C) Numbers of migrated or invaded cells per field are shown as the mean+SD from two independent experiments. Each set of experiments
was carried out in duplicate. (D) Quantitative PCR analyses of shCt control and IRF1-knockdown OECM-1 cells. (E, F) Western blot analyses
and cell proliferation assays of IRF1-knockdown SAS or FaDu cells. **p <0.01 and ***p <0.001 versus shCt control cells. (G) Proposed
mechanism of how ACSL4 regulated IFI44/IFI44L expression and modulated cell proliferation and invasiveness in head and neck squamous
cell carcinoma (HNSCC) cells. Aberrant expression of ACSL4 in HNSCC cells caused increased IRF1 expression, which promoted IFNa/p
production and secretion. By binding of IFNa/p receptor (IFNAR1/2), the type | interferon signaling is activated through a TYK2/JAK1/
STAT(1/2) pathway. ACSL4 also modulated TYK2, JAK1, and STAT1 expression. It results in increased expression of IFI44 and IF144L, leading
to enhanced cell proliferation and invasiveness. OD, optical density.
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HNSCC cells. In addition, results from the UALCAN database re-
vealed high expression levels of IRF1 in HNSCC tumors.'” The role of
IRF1 in HNSCC malignancy requires further investigation.

Our data clearly showed that ACSL4 could regulate the protein lev-
elsof IRF1,JAK1, TYK2,and STAT1. However, the underlying molecular
mechanism is unclear. Previous evidence showed that overexpression
or depletion of ACSL4 in HCC cells caused altered ERK phosphory-
lation.®” Additionally, ACSL4 could promote nuclear factor-xB (NF-
kB) signaling in microglia by decreasing the expression of residue-like
family member 4 (VGLL4).38 Interestingly, the human IRF1 gene con-
tains binding sites for p50 and p65 subunits of NF-kB, indicating that
NF-xB could transcriptionally regulate IRF1 expression.®? As ERK
could activate NF-kB activity by phosphorylating lxBa and causing its
degradation,*® ACSL4 may activate ERK/NF-kB signaling to promote
IRF1 expression. Although it is unknown how ACSL4 could regulate
protein levels of JAK1, TYK2, and STAT1, ACSL4-promoted IRF1 en-
hances IFNa/p production that activates type | IFN signaling, leading
to the phosphorylation of JAK1, TYK2, and STAT1. Phosphorylation
of JAK1, TYK2, and STAT1 may also promote their own protein stabil-
ity. Alternatively, IRF1 restricts hepatitis E virus replication by directly
regulating STAT1 expression, resulting in increased levels of total and
phosphorylated STAT1 protein.*!

In summary, our data show that ACSL4 was highly expressed in
HNSCC tumors and correlated with poor prognosis in patients. In
addition, ACSL4 modulated HNSCC cell proliferation, migration,
and invasion. We also identified IFI44 and IFI44L as the down-
stream effectors of ACSL4. IFI44 and IFI44L were highly expressed
in HNSCC tumors and involved in cell proliferation and invasiveness.
Importantly, ACSL4 regulated IFNa/p production and IFN signaling,
which promoted IFI44 and IFI144L expression. Thus, our data support
the oncogenic role of ACSL4 in regulating the proliferation and inva-
siveness of HNSCC cells by modulating IFN signaling and IF144/IF144L
expression. Thus, ACSL4 could serve as a potential therapeutic target
for treating HNSCC.
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