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ACTN1 promotes HNSCC tumorigenesis G

and cisplatin resistance by enhancing MYHO9-
dependent degradation of GSK-3[3 and integrin
B1-mediated phosphorylation of FAK

Li Cui'", Ye Lu', Jiarong Zheng?, Bing Guo? and Xinyuan Zhao'"

Abstract

Background Head and neck squamous cell carcinoma (HNSCC) is one of the most common malignant tumors
globally. Understanding the molecular basis of tumor progression and drug resistance can offer innovative strategies
to enhance clinical outcomes for HNSCC patients.

Methods The cytoskeletal remodeling genes associated with cisplatin resistance were screened using a PCR array.
The role of alpha-actinin 1 (ACTNT1) in modulating cisplatin resistance and tumorigenesis in HNSCC was evaluated
both in vitro and in vivo. Co-immunoprecipitation (Co-IP), IP-mass spectrometry (MS), western blotting, dual-luciferase
assay, and bioinformatics analysis were performed to elucidate the underlying mechanisms involved.

Results Our study identifies ACTNT as a crucial contributor to cisplatin resistance and tumorigenesis in HNSCC,

as evidenced across cellular, animal, and patient-derived xenograft models. From a clinical perspective, overexpres-
sion of ACTN1 significantly correlates with a suboptimal response to neoadjuvant chemotherapy and reduced overall
survival in HNSCC patients. Mechanistically, ACTN1 predominantly activates 3-catenin-mediated signaling by promot-
ing the interaction between myosin heavy chain 9 (MYH9) and GSK-3, leading to the ubiquitin-dependent degrada-
tion of GSK-3(3. ACTN1 also interacts with integrin 31, subsequently activating the FAK/PI3K/AKT pathway, provid-

ing an additional avenue for the activation of 3-catenin signaling. Our study also unveils that the 3-catenin/c-Myc
axis transcriptionally regulates ACTN1, thereby creating a positive feedback loop promoting HNSCC tumorigenesis
and drug resistance.

Conclusions These insights underscore the novel mechanisms that highlight ACTN1's pivotal role in driving
HNSCC progression and resistance to chemotherapy, suggesting ACTNT as a promising therapeutic target in HNSCC
management.
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Background

Head and neck squamous cell carcinoma (HNSCC) is
ranked as the sixth most common cancer worldwide, con-
tributing significantly to global cancer-related mortality
[1, 2]. Despite considerable advancements in multimodal
treatment, the overall survival rate for HNSCC remains
at 50% [3, 4]. Major barriers to successful HNSCC treat-
ment include innate or acquired resistance to therapies,
recurrence of the disease, and metastasis. Consequently,
there is an urgent need for a more profound understand-
ing of the molecular mechanisms behind HNSCC, and
the development of innovative therapeutic targets to
increase the effectiveness of current treatments.

Cytoskeletal remodeling is increasingly recognized as a
pivotal factor in cancer progression, particularly regard-
ing therapeutic resistance [5, 6]. Alpha actinins (ACTNs)
represent a principal category of actin cross-linking pro-
teins, with four known mammalian isoforms: ACTNI,
ACTN2, ACTN3, and ACTN4 [7]. While ACTN2 and
ACTN3 are predominantly expressed in muscle tissues,
ACTN1 and ACTN4 are ubiquitously present [8]. Nota-
bly, ACTN1 mediates a spectrum of critical biological
functions, including cell-matrix adhesion, migration,
calcium homeostasis, and focal adhesion [9-11]. Dys-
regulated ACTNI1 function has been implicated in the
pathogenesis of a diverse range of diseases, such as can-
cer, rheumatoid arthritis, congenital macrothrombocyto-
penia, and nemaline myopathy [12—-15].

The Wnt/p-catenin signaling pathway, crucial for
various physiological processes such as cell prolifera-
tion, differentiation, embryonic development, and tis-
sue homeostasis, is closely associated with the onset and
progression of diverse cancers when dysregulated [16,
17]. Particularly concerning is the aberrant activation of
the Wnt/B-catenin pathway in the context of drug resist-
ance, which has been implicated in the maintenance of
cancer stem cells (CSCs) [16]. These CSCs, known as
primary drivers of chemoresistance, have been observed
to exhibit elevated [-catenin transcriptional activity [18,
19]. The association of B-catenin with chemoresistance
underscores the potential of strategies aimed at either
targeting P-catenin directly or its upregulators, thereby
aiding in the elimination of resistant CSCs, overcoming
drug resistance, and enhancing cancer treatment efficacy.

In our study, we identified that ACTN1 is upregulated
in cisplatin-resistant HNSCC cell lines and tissues, and
its overexpression is associated with poor treatment out-
comes. Our findings also reveal that targeting ACTN1
enhances cisplatin sensitivity in HNSCC cells, highlight-
ing its potential as a therapeutic target. Mechanistically,
ACTNI1 activates [-catenin pathways by promoting
GSK-3p degradation through MYH9 interaction and by
triggering the FAK/PI3K/AKT pathway through integrin
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B1 binding. Furthermore, the B-catenin-c-Myc axis regu-
lates ACTN1 expression, establishing a feedback loop
that contributes to HNSCC progression and cisplatin
resistance.

Methods

Patients and clinical samples

This study, which encompassed the use of human tis-
sues and related clinical data, was subject to review and
obtained approval from the Institutional Review Board
at the First Affiliated Hospital of Sun Yat-sen Univer-
sity (2022-056). Informed consent was provided by all
subjects involved. All procedures adhered to the ethi-
cal guidelines established in the Declaration of Helsinki.
For the cohort of HNSCC patients undergoing induction
chemotherapy, the regimen included docetaxel (75 mg/
m? on day 1), cisplatin (75 mg/m? on day 1), and 5-fluo-
rouracil (750 mg/m? by infusion over 120 h from day 1
to 5) [20-22]. This standard TPF regimen (docetaxel,
cisplatin, and 5-fluorouracil) regimen was administered
every three weeks for two cycles. The follow-ups were
conducted at regular intervals: during the first two years,
patients were monitored by physical examinations every
three months. This was followed by biannual examina-
tions during the third to fifth years. After the fifth year,
examinations were conducted annually until either the
patient’s death or the censoring of their data. The tumor’s
response to neoadjuvant chemotherapy was assessed
using both clinical evaluation and imaging, based on the
Response Evaluation Criteria in Solid Tumors (RECIST)
guidelines [23, 24]. Clinicopathological parameters,
encompassing age, sex, tumor location, smoking history
and differentiation status, were extracted from electronic
health records. Detailed characteristics of the HNSCC
cohort are presented in Supplementary Table 1.

Cell culture

The HNSCC cell lines UM-SCC-1 (SCC-1) and UT-
SCC-23 (SCC-23) were procured from the University
of Michigan, while the CAL-27 cell line was purchased
from ATCC. The cisplatin-resistant cell lines (SCC-
19R SCC-23%R and CAL-27R) were established fol-
lowing previously described methods [25]. All cell lines
were cultivated in Dulbecco’s modified Eagle’s medium
(DMEM), supplemented with 10% fetal bovine serum,
100 U/mL penicillin, and 100 pg/mL streptomycin. The
cultures were maintained at 37 °C in a humidified atmos-
phere containing 5% CO,.

Plasmids, siRNAs, cell transfection, and lentivirus
production

SiRNAs targeting c-Myc, MYH9, B-catenin or integrin
B1 were synthesized by RiboBio (Guangzhou, China).
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Transient siRNA transfections were performed using
Lipofectamine RNAiMAX (Thermo Fisher Scientific,
Waltham, MA USA), while plasmid DNAs were trans-
fected with Lipofectamine 3000 (Thermo Fisher Sci-
entific), as per the manufacturer’s instructions. Short
hairpin RNA (shRNA) oligonucleotides targeting ACTN1
were inserted into the LV3-pGLV-h1-GFP-puro vector.
Concurrently, the full-length human ACTN1 gene was
integrated into the pGCL-GEFP lentiviral expression vec-
tor. Lentiviral particles were produced by transfecting
HEK293T cells with the recombinant lentiviral expres-
sion vectors and the necessary packaging plasmids. After
incubation for 72 h, the lentivirus-containing super-
natants were collected and concentrated. The HNSCC
cells were transfected with the purified lentiviruses at a
multiplicity of infection of 30. Lentiviral particles car-
rying MYH9 or B-catenin shRNA were sourced from
GeneChem (Shanghai, China). The sequences of oligonu-
cleotides used in this study are listed in Supplementary
Table S2.

MTT assay

Cells with the indicated modifications were seeded at
a density of 3000 cells per well in 96-well cell culture
plates. After an incubation period ranging from one to
four days, each well was supplemented with 20 pL of a
5 mg/mL MTT solution at the designated time points.
The cells were subsequently incubated for 4 h at 37 °C in
a humidified incubator. The supernatant was removed
and the formazan product solubilized with 200 uL of
dimethyl sulfoxide. Absorbance at 570 nm was meas-
ured using a Synergy HT multi-detection reader (Bio-Tek
Instruments, Winooski, VT, USA).

Colony formation assay
Cells subjected to specified treatments were seeded in
six-well plates. Following a two-week incubation, the
cells were fixed with 4% paraformaldehyde and stained
with 0.5% crystal violet.

Sphere formation assay

Cells were seeded in ultra-low-attachment plates and
cultured in DMEM/F12 (Gibco, Grand Island, NY, USA)
supplemented with 1% B27 (Invitrogen, Carlsbad, CA,
USA), 1% N2 (Invitrogen), 20 ng/mL EGF, and 10 ng/mL
bFGE. The culture medium was replaced every two days
until tumor spheres developed.

Matrigel invasion assay

This assay was performed using Matrigel-coated cham-
bers (BD Biosciences, Bedford, MA, USA). Cancer cells
with a density of 5.0x10° cells per 300 uL of DMEM
were placed into the upper chamber, while DMEM
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supplemented with 10% FBS was added to the lower
compartment. After a 24 h incubation, non-invading cells
on the upper surface of the Transwell membrane were
gently swabbed off. Invading cells were fixed with 4%
paraformaldehyde and stained with 0.5% crystal violet.
The average invasion area, indicative of cell invasion, was
calculated using Image software (Bethesda, Maryland,
USA).

Immunohistochemistry (IHC)

Formalin-fixed and paraffin-embedded tissues were
deparaffinized in xylene, rehydrated through graded
ethanol, and then washed in phosphate-buffered saline.
The tissue sections were treated with 0.3% H,O, in
methanol to quench endogenous peroxidase activity.
Following a 2 h blocking step with goat serum at room
temperature, the slides were incubated overnight with
primary antibodies at 4 °C, and then with horseradish
peroxidase-conjugated secondary antibodies for 1 h at
room temperature. Staining signals were visualized using
a DAB kit, and slides were counterstained with hema-
toxylin. After washing with distilled water, the slides were
dehydrated with xylene and mounted permanently. Each
slide was assessed for staining intensity and assigned an
H-score using a specific formula. The H-score is the sum
of the products of staining intensity categories and their
respective percentages of area stained. Intensity catego-
ries are scored as follows: 0 for no staining, 1 for weak
staining, 2 for moderate staining, and 3 for strong stain-
ing. The H-score is calculated by multiplying the percent-
age of the area with strong staining by 3, the percentage
with moderate staining by 2, and the percentage with
weak staining by 1. Areas without staining are multiplied
by 0 and thus do not contribute to the score. The final
H-score is a cumulative total of these calculations, pro-
viding a range from 0 to 300 [26, 27]. Two independent
pathologists blinded to the clinical data performed the
assessments.

Western blotting

Tissues and cells were lysed in RIPA buffer (Beyotime,
Shanghai, China) containing a protease inhibitor cock-
tail. Equal amounts of protein were resolved on 4%-20%
SDS—polyacrylamide gels, electrophoresed at a constant
voltage (150 V) until the tracking dye reached the bottom
of the gels. Proteins were transferred to polyvinylidene
fluoride membranes using a Trans-Blot Turbo system
(Bio-Rad, Hercules, CA, USA). Membranes were blocked
in Protein-Free Rapid Blocking Buffer (EpiZyme, Shang-
hai, China) for 10 min at room temperature, followed
by an overnight incubation with primary antibodies at
4 °C. After five washes in TBST, membranes were incu-
bated with HRP-conjugated secondary antibodies for 1 h
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at room temperature. Following three additional washes
with TBST, antibody-antigen complexes were detected
using the Amersham ECL Plus Western Blotting Detec-
tion Reagent (GE Healthcare, Chicago, IL, USA). Primary
antibodies specific for the following proteins were used
in this study: ACTN1 (Proteintech, Chicago, IL, USA),
GAPDH (Proteintech), SNAI1 (Cell Signaling Technol-
ogy, Danvers, MA, USA), SNAI2 (Proteintech), TWIST1
(Proteintech), ZEB1 (Proteintech), Vimentin (Protein-
tech), E-cadherin (Proteintech), N-cadherin (Protein-
tech), Cyclin D1 (Proteintech), B-catenin (Proteintech),
c-Myc (Proteintech), MMP-7 (Santa Cruz Biotechnol-
ogy, Inc., Santa Cruz, CA, USA), PTCH1 (Proteintech),
PTCH2 (Abcam, Cambridge, UK), GLI1 (Proteintech),
SHH (Cell Signaling Technology), HEY1 (Proteintech),
HES1 (Cell Signaling Technology), p-Smad2 (Cell Sign-
aling Technology), Smad2 (Proteintech), p-Smad3 (Cell
Signaling Technology), Smad3 (Proteintech), p-FAK
(Thermo Fisher Scientific), FAK (Proteintech), p-PI3K
(Cell Signaling Technology), PI3K (Cell Signaling Tech-
nology), p-AKT (Proteintech), AKT (Proteintech),
Integrin P1 (Proteintech), CD44 (Proteintech), MYH9
(Proteintech), GSK-3p (Proteintech), BIRC5 (Protein-
tech), and epitope tag antibodies (Proteintech).

Real-time PCR and cytoskeletal remodeling array

Total RNA from cell samples was extracted using the
Quick-RNA™ kit (Zymo Research Corp, Irvine, CA,
USA), followed by its reverse transcription into cDNA
via SuperScript III Reverse Transcriptase (Invitrogen).
Real-time PCR was subsequently carried out on a Bio-
Rad CFX96 system using Light Cycler 480@ SYBR Green
I MasterMix (Roche, Applied Science, Indianapolis, IN,
USA). Relative gene expression alterations were calcu-
lated using the 2724¢T method, employing GAPDH as
the internal control. The primers used in this study are
listed in Supplementary Table 2. For qPCR array analysis,
c¢DNA from the experimental samples was loaded onto
a GeneQuery = Human Cytoskeletal Remodeling qPCR
Array (ScienCell Research Laboratories, Carlsbad, CA,
USA), and subsequent procedures were performed in
accordance with the manufacturer’s instructions.

Apoptosis assay

The cells with indicated treatments were collected and
subjected to Annexin V/propidium iodide (PI) staining
(Invitrogen) according to the manufacturer’s instruc-
tions. Briefly, cells were washed with cold PBS and
resuspended in binding buffer. After being stained with
Annexin V-APC and P, cells were then analyzed by flow
cytometry.
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Flow cytometry

Stained cells were subjected to analysis utilizing a
DxFLEX flow cytometer (Beckman Coulter, Brea, CA,
USA). The APC fluorescence signal was detected in the
FL6 channel, whereas the PI signal was captured in the
FL2 channel. Analytical gating strategies were employed
to exclude cellular debris and doublet events. A forward
scatter versus side scatter plot was generated to iden-
tify the cellular population. Subsequently, an Annexin
V-APC versus PI plot was created to categorize cells into
viable (Annexin V-negative, PI-negative), early apop-
totic (Annexin V-positive, PI-negative), late apoptotic
(Annexin V-positive, PI-positive), and necrotic (Annexin
V-negative, PI-positive) statuses. The proportion of cells
undergoing apoptosis was quantitatively assessed based
on these criteria.

Luciferase reporter assay

To assess the activity of p-catenin signaling, TOPFlash
or FOPFlash luciferase reporter vectors were co-trans-
fected with the relevant plasmids into the cancer cells.
The TOPFlash and FOPFlash luciferase reporter systems
are commonly used for evaluating the canonical Wnt/p-
catenin signaling pathway’s activity [28]. The TOPFlash
reporter plasmid comprises two repeats of three opti-
mal copies of wild-type TCF binding sites, positioned
upstream of the thymidine kinase minimal promoter
and the luciferase open reading frame. Conversely, the
FOPFlash reporter plasmid harbors the same thymidine
kinase promoter but with mutated TCF binding sites,
along with the same luciferase open reading frame as the
TOPFlash reporter plasmid, serving as a negative control
for TOPFlash activity. In the context of the c-Myc related
reporter assay, the TOPFlash or FOPFlash plasmid was
replaced by either the wild-type (pGL3-ACTNI1-wt)
or the mutant ACTN1 (pGL3-ACTNI1-mut) luciferase
reporter plasmid. Cell transfection was conducted using
Lipofectamine 3000 transfection reagent (Invitrogen)
as per the manufacturer’s guidelines. Relative luciferase
activity was measured 24 h post-transfection utilizing the
Dual-Luciferase Reporter Assay System (Promega, Madi-
son, WI, USA).

Chromatin immunoprecipitation-quantitative polymerase
chain reaction (ChIP-qPCR)

The ChIP assay was conducted using the EZ ChIP Chro-
matin Immunoprecipitation Kit (Millipore, Billerica,
MA, USA), adhering to previously outlined methods
[25]. Briefly, DNA—protein cross-links were established
by treating cell samples with 1% formaldehyde for
10 min at room temperature. Subsequently, samples
were washed thrice with PBS, followed by lysis in RIPA
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buffer. Sonication was then employed to fragment the
genomic DNA. The resulting chromatin fragments were
immunoprecipitated with an anti-c-Myc antibody at 4 °C
overnight. Associated DNA sequences were identified
through qPCR. Primer sequences used for ChIP-qPCR
are available upon request.

Clinical relevance of ACTN7 in HNSCC determined by public
databases

Datasets GSE127165, GSE143224, GSE26549, GSE6631,
GSE37991, GSE58911, GSE25099, GSE34105, GSE55550,
GSE23558, GSE30784, GSE65858, GSE41613, GSE30788,
GSE117973, GSE27020, GSE23036, GSE40774,
GSE136037 and GSE85195 were retrieved from the Gene
Expression Omnibus (GEO) repository of the NCBI
(https://www.ncbi.nlm.nih.gov/geo/). For the TCGA
HNSCC cohort, RNA-seq data along with correspond-
ing clinical details were procured from the National Can-
cer Institute Genomic Data Commons portal (https://
gdc.cancer.gov/). Survival analysis was performed by
employing X-tile software (https://medicine.yale.edu/
lab/rimm/-research/software/) to define the optimal
cutoff for separating HNSCC patients into high and low
ACTNI expression cohorts. Gene Set Enrichment Anal-
ysis (GSEA) was performed after segregating patients
into ACTNI-high and ACTNI-low groups based on the
median value of ACTNI expression.

Co-immunoprecipitation (Co-IP) assay

Cells subjected to indicated modifications were lysed
with RIPA buffer. Post-centrifugation at 14,000x g for
20 min at 4 °C, the supernatant was incubated overnight
with primary antibodies at 4 °C. The resulting immuno-
complexes were then coupled to prewashed magnetic
beads (EpiZyme) for 6 h at 4 °C to form antigen—anti-
body-bead complexes. Following three washes with elu-
tion buffer, the complexes were denatured at 100 °C for
10 min and subsequently analyzed via western blotting.

Liquid chromatography with tandem mass spectrometry
(LC-MS/MS)

Proteins interacting with ACTNI1 were separated via
SDS-PAGE. Subsequently, candidate bands were digested
with sequencing-grade trypsin (Promega) and submitted
to MS/MS analysis for protein identification.

Cycloheximide (CHX) chase assay

The indicated cells were treated with 100 pg/mL CHX
to block de novo protein synthesis. At designated time
points post-treatment, total protein lysates were col-
lected and subjected to western blotting to assess GSK-33
degradation rate.
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Animal experiments

All animal procedures complied with the guidelines of the
Institutional Animal Care and Use Committee (IACUC)
at Southern Medical University. Six-week-old BALB/c
nude male mice served as the in vivo model for the sub-
cutaneous tumor study. A volume of 100 uL contain-
ing a single-cell suspension at a density of 2x 10" cells/
mL was subcutaneously injected into the dorsal skin of
each mouse. The mice were subsequently euthanized four
weeks post-injection, and the weight and volume of the
resulting tumors were recorded. Following this, tumor
tissues were fixed, embedded in paraffin, and prepared
for subsequent IHC analysis. To establish patient-derived
xenograft (PDX) mouse models, surgical specimens from
the primary tumors of HNSCC patients were dissected
into small fragments (2-3 mm?®) and subcutaneously
transplanted into NSG mice within 4 h post-resection.
Routine monitoring of body weight, tumor growth, and
overall health status was performed. Upon reaching a
volume of approximately 1 c¢m?, the tumors were excised,
and the animals were euthanized. These tumors were
serially transplanted into fresh NSG mice, initiating the
creation of passage 1 (P1) PDX tumors. This procedure
was repeated for the generation of passage 2 (P2) PDX
tumors. We successfully established three distinct PDX
models (PDX-1, PDX-2, and PDX-3), each derived from
a unique HNSCC patient, for subsequent analyses. To
evaluate the effects of both ACTN1 depletion and cis-
platin on PDX growth, primary tumor cells from PDX-1
were transduced with the corresponding lentiviral vec-
tors (ShCTRL, shACTN1 #1). An equal number of these
transduced cells were subsequently implanted subcuta-
neously into NSG mice. The mice were then categorized
into four groups (n=6): shCTRL, shACTN1 #1, cisplatin
(5 mg/kg, administered intraperitoneally), and shACTN1
#1 plus cisplatin. The treatment period lasted for four
weeks. To assess the potential of sShACTNI, alone or in
combination with cisplatin, to influence the tumorigenic-
ity of HNSCC cells, primary tumor cells were isolated
from PDX1 tissues collected from mice in different treat-
ment groups. These cells were then implanted into mice
at varying cell counts (1x10% 1x10°). The number of
mice that developed tumors was evaluated, and the CSC
frequency was determined using the Extreme Limiting
Dilution Analysis software (https://bioinf.wehi.edu.au/
software/elda/).

Statistical analysis

Statistical analyses were performed with GraphPad
Prism 9.0 (GraphPad Software, San Diego, CA, USA).
One-way analysis of variance and Student’s t-tests were
applied to analyze group differences. Data are reported as
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means + standard deviations unless otherwise indicated.
Kaplan—Meier method was utilized to estimate sur-
vival probabilities, and survival distributions were com-
pared using the log-rank test. The degree of association
between two variables was quantified using the Pearson
correlation coefficient. P values less than 0.05 were con-
sidered statistically significant.

Results

ACTNT1 is a key driver of cisplatin resistance in HNSCC

To identify key cytoskeletal remodeling genes associ-
ated with cisplatin resistance, we initially compared
gene expression differences between cisplatin-resistant
cells and their parental counterparts using a PCR array.
This analysis revealed that ACTNI and ACTN4 were the
most significantly enriched genes in both SCC-1%} and
SCC-23R cells (Fig. 1A-B), suggesting a potential corre-
lation with cisplatin resistance in HNSCC cells. We sub-
sequently investigated the expression pattern and clinical
significance of ACTNI and ACTN4 in HNSCC using
public datasets.

For ACTN4, our results indicated that its expression
tends to either decrease or remain unchanged in tumor
tissues compared to adjacent normal tissues (ANTs) or
precancerous tissues across multiple HNSCC cohorts
(Supplementary Fig. 1A-I). Furthermore, lower ACTN4
expression was associated with significantly worse overall
survival in HNSCC patients (Supplementary Fig. 1J-L),
suggesting that ACTN4 may exert a tumor-suppressive
role in HNSCC.

Importantly, ACTN4 protein expression remained
largely unchanged in HNSCC cells following cisplatin
exposure (Supplementary Fig. IM-N), suggesting that it
may not play a critical role in mediating cisplatin resist-
ance in HNSCC cells. In contrast, ACTNI expression
was significantly higher in HNSCC tissues than in ANTs
(Supplementary Fig. 2A-E). As corroborated in Supple-
mentary Fig. 2F-I, ACTNI was overexpressed in tumor
tissues compared to normal tissues or oral precancer-
ous lesions. Survival analysis from multiple independent
cohorts indicated that higher ACTNI levels were asso-
ciated with markedly worse overall survival in HNSCC
patients (Supplementary Fig. 2J-L). Western blot analysis

(See figure on next page.)
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confirmed a persistent increase of ACTNI1 in tumor tis-
sues relative to ANTs (Supplementary Fig. 2M-N), sug-
gesting a potential role for ACTN1 as a tumor promoter
in HNSCC.

Given the consistent upregulation of ACTNI in cis-
platin-resistant cell lines, we subsequently assessed its
association with cisplatin resistance in HNSCC. Follow-
ing treatment with a consistent cisplatin concentration
over varying durations or varied cisplatin concentra-
tions over a fixed duration, ACTN1 protein expression
progressively increased in line with the concentration
and duration of cisplatin exposure, suggesting a time-
and dose-dependent relationship (Fig. 1C-F). Moreover,
ACTNI1 mRNA and protein expression were significantly
higher in cisplatin-resistant cell lines than in their paren-
tal counterparts (Fig. 1G-H, Supplementary Fig. 20).
Furthermore, ACTN1 expression was notably higher
in chemoresistant HNSCC tumors than in chemosensi-
tive ones (Fig. 1I). Importantly, a progressive increase
in ACTNI expression was observed across tissues, cor-
responding to varying responses to neoadjuvant chemo-
therapy—ranging from complete response (CR), through
partial response (PR) and stable disease (SD), to progres-
sive disease (PD) (Fig. 1J-K). Therefore, increased ACTN1
expression in tissues prior to chemotherapy could poten-
tially serve as a predictive biomarker for less favorable
therapeutic responses. Stratifying our in-house chem-
otherapy-treated HNSCC cohort based on the median
ACTNI staining score revealed that high ACTNI1 expres-
sion was associated with worse overall survival (Fig. 1L).
Collectively, these findings suggest that ACTN1 may play
a pivotal role in promoting tumorigenesis and enhancing
cisplatin resistance in HNSCC.

As HPV-negative HNSCC is biologically and clinically
distinct from HPV-positive HNSCC, we investigated the
potential association of ACTNI expression with overall
survival in both HPV-negative and -positive HNSCC.
Among HPV-negative HNSCC patients from the TCGA
database, high ACTNI expression was significantly
associated with poorer overall survival (Supplementary
Fig. 3A). However, in HPV-positive HNSCC patients, no
significant difference in survival was observed between
the high and low ACTNI expression groups. This may

Fig. 1 ACTN1 is a critical factor in cisplatin resistance in HNSCC. A Schematic diagram illustrating the PCR array experimental workflow. B Volcano
plots representing differentially expressed genes between SCC-19f/SCC-23 5% cells and their respective parental controls. C-D Western blot
analysis of ACTN1 expression in HNSCC cells exposed to cisplatin over varying durations. E-F Western blot analysis of ACTN1 expression in HNSCC
cells subjected to varying doses of cisplatin for 48 h. G-H gPCR and western blot analyses of ACTN1 expression in cisplatin-resistant HNSCC cells
compared to parental control cells. | Western blot analysis of ACTN1 expression in both chemosensitive and chemoresistant HNSCC tissues. J-K
Correlation between the staining intensity of ACTNT in an in-house HNSCC cohort before neoadjuvant chemotherapy and the therapeutic efficacy.
L Survival analysis of chemotherapy-treated patients at baseline, stratified by the staining intensity of ACTNT. *P<0.05, **P<0.01, ***P<0.001, ns:

not significant
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be due to ACTNI1 overexpression being a more effec-
tive predictor of survival in HPV-negative HNSCC or
the limited sample size of HPV-positive patients in the
TCGA cohort. In the GSE65858 dataset, patients with
higher ACTN1 expression had worse overall survival in
both HPV-negative and -positive HNSCC (Supplemen-
tary Fig. 3B-C). Thus, larger cohort studies are needed to
determine the predictive value of ACTN1 overexpression
in HPV-positive HNSCC.

Additionally, we have revealed an association between
ACTNI1 expression and immune features using the
THInCR tool [29, 30]. ACTN1 expression correlates
strongly with a range of immune features in HPV-nega-
tive HNSCC (Supplementary Table 3), underscoring a
potentially unique interaction between ACTN1 expres-
sion and the immune landscape specifically in HPV-neg-
ative HNSCC cases.

Depletion of ACTN1 suppresses malignant behaviors

and enhances cisplatin sensitivity of HNSCC cells in vitro
and in vivo

We then investigated the effects of ACTN1 upregula-
tion and downregulation on the malignancy and cispl-
atin resistance of HNSCC cells. Efficient modulation of
ACTNI expression in HNSCC cells was achieved using
lentivirus-mediated systems (Supplementary Fig. 4A-
B). MTT assay revealed a significant reduction in opti-
cal density values in the ACTN1-depleted groups, an
effect which was more pronounced when combined
with cisplatin treatment. Importantly, the overexpres-
sion of ACTNI partially counterbalanced the reduced
proliferative activity observed in HNSCC cells under
this combined treatment (Supplementary Fig. 4C-D).
Similar trends were observed in colony and sphere for-
mation assays. ACTNI1 depletion significantly curtailed
the ability of HNSCC cells to form colonies and spheres,
an effect that was further enhanced with the addition of
cisplatin. Nevertheless, ACTN1 overexpression was able
to partially restore these capabilities (Fig. 2A-B). In addi-
tion, apoptosis assay demonstrated that ACTN1 deple-
tion, particularly when coupled with cisplatin treatment,
induced a marked increase in HNSCC cell apoptosis,
an effect partially mitigated by ACTN1 overexpression

(See figure on next page.)
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(Fig. 2C). In line with the in vitro findings, ACTNI1 deple-
tion in SCC-1*R and SCC-23%R cells led to a significant
reduction in tumor size, volume, and weight in vivo. This
effect was amplified by the concurrent administration of
cisplatin. However, the overexpression of ACTN1 par-
tially mitigated these reductions, demonstrating its influ-
ence on HNSCC progression and cisplatin resistance.
Furthermore, IHC analysis indicated a marked decrease
in the staining intensities of Ki-67 and CD44, markers
of cellular proliferation and cancer stemness, respec-
tively, under conditions of ACTN1 depletion. This effect
was again enhanced by cisplatin treatment, but was par-
tially counterbalanced by ACTN1 overexpression. These
in vivo results, observed consistently in both SCC-1R
and SCC-23R cells (Fig. 2D-I, Supplementary Fig. 4E-F),
further corroborate our in vitro observations and empha-
size the critical role of ACTN1 in HNSCC malignancy
and cisplatin resistance.

ACTN1 enhances oncogenic potential and drug resistance
in HNSCC via activation of B-catenin-mediated pathway

In order to unravel the potential molecular mechanisms
responsible for ACTN1’s role in the oncogenesis and
drug resistance of HNSCC, we stratified HNSCC patients
from the TCGA HNSCC cohort into ACTNI-high and
ACTNI-low groups based on the median ACTN1I expres-
sion value. GSEA revealed significant enrichment of
the epithelial-mesenchymal transition (EMT) pathway
in the ACTNI-high group, a finding that was corrobo-
rated across multiple independent cohorts (Fig. 3A).
EMT process plays a crucial role in cancer progression,
drug resistance, and increased stemness of tumors [31,
32]. Consistent with this role, our observations showed
that ACTN1 depletion markedly reduced the expres-
sion of several EMT markers, including SNAI1, SNAI2,
TWIST1, ZEB1, Vimentin, and N-cadherin. In contrast,
E-cadherin expression, an epithelial marker, was signifi-
cantly increased in cells in which ACTN1 was knocked
down (Fig. 3B). Conversely, ACTN1 overexpression
resulted in the opposite effect (Fig. 3C), further empha-
sizing ACTN1’s central role in modulating the EMT pro-
cess. The Wnt/p-catenin, Notch, Hh, and TGF-/Smad
signaling pathways are well-established regulators of the

Fig. 2 ACTN1 depletion suppresses malignancy and enhances cisplatin sensitivity of HNSCC cells both in vitro and in vivo. A Assessment

of colony formation capacity in HNSCC cells subjected to designated modifications, with or without cisplatin treatment. B Analysis of the tumor
sphere-forming ability in HNSCC cells, under specified modifications, and in the presence or absence of cisplatin. C Determination of the apoptosis
rate in HNSCC cells following specified modifications, either treated with cisplatin or not. D-F Investigation of tumor size, weight, and volume

in xenografts derived from SCC-19* cells across different treatment groups. This is coupled with the examination of Ki-67 and CD44 staining
intensities within corresponding tumor tissues. G-1 Comparative evaluation of tumor size, weight, and volume in xenografts generated by SCC-23%"
cells from specific treatment groups, together with the analysis of Ki-67 and CD44 staining intensities in associated tumor tissues. *P < 0.05,

**P<0.01,***P<0.001
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Fig. 3 ACTN1 enhances tumorigenesis and cisplatin resistance in HNSCC cells via activation of B-catenin signaling. A Enrichment of the EMT
pathway in the ACTNT-high group across multiple independent HNSCC cohorts, as indicated by GSEA analysis. B Western blotting analysis

of SNAIT, SNAI2, TWISTT, ZEB1, Vimentin, N-cadherin, and E-cadherin expression in ACTN1-depleted cells and control cells. C Western blotting
analysis of the effect of ACTN1 overexpression on EMT-associated marker levels in HNSCC cells. D Influence of ACTNT depletion or overexpression
on the levels of 3-catenin-mediated signaling pathway components and the expression of key mediators in the Notch, Hedgehog, and TGF-3-Smad
pathways. E-F Evaluation of tumor characteristics including size, weight, and volume in SCC-19*% cells following the indicated treatments. G-H
Analysis of tumor size, weight, and volume in xenografts formed by SCC-23 cells subjected to the specified treatments. **P < 0.01, ***P < 0.001
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EMT process [33, 34]. Our data showed that ACTN1
depletion led to a decrease in the expression of cyclin D1,
[B-catenin, and MMP-7 (markers of the Wnt/B-catenin
signaling pathway), with the opposite trends observed
upon ACTNI1 overexpression. However, ACTN1 overex-
pression or depletion had minimal impact on the protein
levels of PTCH1, PTCH?2, GLI1, and SHH (components
of the Hh signaling pathway); HEY1 and HES1 (elements
of the Notch signaling pathway); and Smad2, p-Smad2,
Smad3, and pSmad3 (components of the TGF-/Smad
signaling pathway) (Fig. 3D). Moreover, ACTN1 expres-
sion positively correlated with the expression of B-catenin
target genes across various independent HNSCC cohorts
(Supplementary Fig. 5A-D), and ACTNI1 depletion sig-
nificantly decreased the levels of -catenin target genes
(Supplementary Fig. 5E-F). TOPFlash luciferase activity
was found to be markedly reduced in ACTN1-depleted
cells, whereas its overexpression led to a noticeable
increase in the activity (Supplementary Fig. 6A-B). More-
over, ACTN1 overexpression boosted the colony- and
sphere-forming capacities of HNSCC cells, and p-catenin
knockdown almost entirely negated the oncogenic effects
of ACTN1 overexpression (Supplementary Fig. 6C-F).
Importantly, in vivo studies further confirmed that tumor
growth driven by ACTN1 upregulation was halted by
[-catenin depletion (Fig. 3E-H). Collectively, these find-
ings strengthen the hypothesis that ACTN1 promotes
HNSCC malignancy via activation of the p-catenin-
mediated pathway.

ACTNT1 partially activates B-catenin signaling

via the integrin B1-FAK-PI3K-AKT pathway in HNSCC
Previous study has identified a physical interaction
between ACTNI1 and integrin Pl in fibroblasts [35].
This finding is supported by our bioinformatics analysis,
which revealed significant enrichment of the integrin 1
pathway in the ACTNI-high group across multiple inde-
pendent HNSCC cohorts (Supplementary Fig. 7A). Co-IP
assays further validated this interaction in HNSCC cells
(Fig. 4A, Supplementary Fig. 7B). Considering the well-
established role of integrin 1 in activating FAK, leading
to subsequent phosphorylation of PI3K and AKT and
the activation of the Wnt/p-catenin pathway [36, 37],

(See figure on next page.)
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we hypothesized that ACTN1 might regulate B-catenin
signaling through the integrin B1-FAK-PI3BK-AKT axis.
The FAK pathway was also found to be enriched in the
ACTNI-high group in multiple independent HNSCC
cohorts (Supplementary Fig. 7C). Supporting our
hypothesis, ACTN1 depletion led to decreased levels of
p-FAK, p-PI3K, and p-AKT, while ACTN1 overexpres-
sion increased these phosphorylated proteins (Fig. 4B-
C). Furthermore, knockdown of integrin p1 neutralized
the ACTN1 overexpression effect on the levels of p-FAK,
p-PI3K, and p-AKT (Fig. 4D, Supplementary Fig. 8A).

When we evaluated the role of the FAK-PI3K-AKT
signaling network in ACTNI1-mediated B-catenin path-
way activity, the expression levels of -catenin, its down-
stream targets, and TOPFlash luciferase activity were
unexpectedly higher in the control group undergoing
FAK inhibition compared to the ACTN1-depleted group,
regardless of the presence of PF-573228. Additionally, the
effects of ACTN1 upregulation on p-catenin-mediated
signaling were only partially mitigated by the addition of
PF-573228 (Fig. 4E-F, Supplementary Fig. 8B-E). Intrigu-
ingly, both colony-forming and sphere-forming abilities
of HNSCC cells were significantly higher following FAK
inhibition than after ACTN1 depletion, indicating that
FAK suppression only partially repressed the malignant
behaviors of HNSCC cells (Fig. 4G-H). Likewise, FAK
inhibition only partially reduced the enhancements of
colony- and sphere-forming abilities induced by ACTN1
overexpression in HNSCC cells (Fig. 41-]). This suggests
that, in addition to the FAK-PI3BK-AKT pathway, other
important molecular mechanisms could be involved in
the regulation of the B-catenin pathway by ACTNI.

ACTN1 promotes GSK-3 degradation by enhancing its
interaction with MYH9

GSK-3B, a serine/threonine kinase, plays a crucial role
in negatively regulating the oncogenic Wnt/B-catenin
signaling pathway [38]. Initially, we examined the
impact of ACTN1 on GSK-3f expression. Western blot
analysis showed that ACTN1 depletion significantly
increased GSK-3p expression, whereas ACTN1 over-
expression led to a marked reduction in GSK-3f levels
(Fig. 5A-B). Interestingly, ACTNT1’s inhibitory effect on

Fig. 4 ACTN1 mediates activation of 3-catenin signaling via the integrin 31-FAK-PI3K-AKT pathway. A Analysis of the interaction between ACTN1
and integrin 31 in SCC-19F cells. B-C Influence of ACTN1 depletion or overexpression on phosphorylation and total levels of FAK, PI3K, and AKT. D
Western blotting analysis of the effects of integrin 31 depletion on p-FAK, FAK, p-PI3K, PI3K, p-AKT, and AKT expression in ACTN1-overexpressing
SCC-19R cells. E Assessment of 3-catenin and its downstream targets' levels in ACTN1-depleted cells and their controls, treated with or without
PF-573228. F Analysis of B-catenin and its downstream targets' expression in control cells and ACTN1-overexpressing cells, with or without
PF-573228 administration. G-H Evaluation of the colony-forming potential of HNSCC cells in control and ACTN1-depleted groups, with or without
PF-573228 treatment. I-J Assessment of the sphere-forming capacity of HNSCC cells in control and ACTN1-overexpressing groups, with or without

PF-573228 treatment. ***P<0.001, ns: not significant
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GSK-3p expression was partially reversed when treated
with the proteasome inhibitor MG132 (Fig. 5C-D),
suggesting that ACTN1 may decrease GSK-3 stability
through a proteasome-dependent degradation path-
way. This mechanism was further supported by a CHX
chase assay, which showed an increase in the half-life
of GSK-3p when ACTN1 was downregulated, while
its upregulation led to a decrease in GSK-3p’s half-life
(Fig. 5E-H, Supplementary Fig. 9A-D). Subsequently,
we performed an IP assay followed by MS to identify
proteins interacting with ACTN1. MYH9, a known
promoter of GSK-3p degradation [39], was identi-
fied as the top candidate (Supplementary Table 4).
Therefore, we hypothesized that ACTN1 might aug-
ment GSK-3p degradation by fostering the interac-
tion between MYH9 and GSK-3f. Supporting this,
both endogenous and exogenous Co-IP experiments
revealed a physical interaction between ACTNI1 and
MYH9 (Fig. 5I-], Supplementary Fig. 9E-F). We also
determined that the calponin-homology 1 domain of
ACTNI1 and the myosin tail domain of MYH9 were
the respective interaction sites (Fig. 5K-P). In line with
these observations, MYH9 overexpression resulted
in a significant reduction in GSK-3p expression in
HNSCC cells, an effect that was largely counteracted
by ACTNI depletion (Fig. 5Q, Supplementary Fig. 9G).
Additionally, ACTN1 depletion decreased the binding
of MYH9 to GSK-3B, while enforced ACTN1 expres-
sion enhanced this interaction (Fig. 5R-S, Supplemen-
tary Fig. 9H-I). These findings strongly suggest that
ACTN1 promotes the interaction between MYH9 and
GSK-3p, facilitating the degradation of GSK-3p and
leading to subsequent p-catenin activation. Finally, we
assessed the effects of ACTN1 and MYH9 on GSK-3p
ubiquitination. As predicted, GSK-3p ubiquitina-
tion decreased following ACTN1 depletion, whereas
ACTNI overexpression led to enhanced GSK-3p poly-
ubiquitination. Importantly, downregulation of MYH9
significantly reduced GSK-3p polyubiquitination, an
effect that was partially mitigated by coexpression of
ACTNI1 (Fig. 5T-U, Supplementary Fig. 9J-K).

(See figure on next page.)
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MYH?9 depletion mitigates the tumor-promoting impact

of ACTN1 overexpression in HNSCC

We then evaluated whether MYH9 depletion could coun-
teract the tumor-promoting role of ACTN1 in HNSCC.
Western blotting revealed that ACTN1 overexpression
resulted in elevated levels of f-catenin, cyclin D1, BIRCS5,
N-cadherin, and CD44, while simultaneously suppressing
GSK-3B and E-cadherin expression. These effects were
negated by MYH9 knockdown (Fig. 6A).

Moreover, TOPFlash luciferase activity, which was
increased by ACTNI1 overexpression, was diminished
by MYHO9 depletion (Fig. 6B-C). Ectopic ACTN1 expres-
sion significantly enhanced the colony-forming, sphere-
forming, and invasive abilities of HNSCC cells, and
also decreased their apoptosis. These tumor-promoting
effects of ACTNI1 overexpression were largely coun-
teracted by MYH9 downregulation (Fig. 6D-G). Our
in vivo experiments further provided support for these
findings, as MYH9 depletion in SCC-1%R cells notably
decreased the tumor size, weight, and volume, which had
all been increased by ACTN1 overexpression (Fig. 6H-
I). Additionally, the intensities of Ki67 and CD44 stain-
ing, enhanced by ACTN1 upregulation, were markedly
reduced by MYH9 downregulation in xenograft tumor
tissues (Fig. 6]J). Comparable results were observed in
SCC-23R cells (Fig. 6K-M), further substantiating these
findings.

[B-catenin-c-Myc axis forms a positive feedback loop
for upregulating ACTN1 in HNSCC
c-Myc was identified as a potential upstream transcrip-
tional factor for ACTN1 based on bioinformatics analysis
(c-Myc binding site: GTCACATG). Consistent with this,
c-Myc knockdown reduced ACTN1 expression at both
mRNA and protein levels (Fig. 7A-B), while overexpres-
sion of c-Myc produced the opposite effect (Fig. 7C-D).
Moreover, a luciferase reporter assay revealed that
c-Myc positively regulated the luciferase activity of the
wild-type ACTNI1 promoter but had minimal impact
on the mutant-type ACTNI1 promoter activity (Fig. 7E-
H). ChIP-qPCR further demonstrated that c-Myc was
enriched in the promoter region of ACTNI1 (Fig. 7I).

Fig.5 ACTN1 promotes GSK-3(3 degradation by enhancing its interaction with MYH9. A GSK-33 expression in ACTN1-depleted cells and control
cells. B GSK-33 levels in ACTN1-overexpressing cells and control cells. C-D Influence of ACTNT upregulation on GSK-33 expression in HNSCC cells
with or without the proteasome inhibitor, MG132. E-F Degradation rate of GSK-33 in ACTN1-depleted HNSCC cells compared to control cells. G-H
Effect of ACTNT overexpression on the half-life of GSK-3(3 in HNSCC cells. I-J Interaction between ACTNT and MYH9 in HNSCC cells as demonstrated
by endogenous and exogenous Co-IP assays. K Schematic representation of MYH9 domains. L-N Interactions between MYH9 domains

and ACTN1 in SCC-19 cells as revealed by Co-IP experiments. O Schematic representation of ACTN1 domains. P Interactions between ACTN1
domains and MYH9 in SCC-1 cells as illustrated by Co-IP experiments. Q GSK-3[3 expression in HNSCC cells subjected to indicated treatments.

R-S Effects of ACTNT overexpression or depletion on the interaction between MYH9 and GSK-33 in HNSCC cells. T Impact of ACTN1 depletion

on the ubiquitination level of GSK-3(3 in HNSCC cells. U Ubiquitination level of GSK-3[3 in HNSCC cells subjected to specified modifications
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These observations suggest that c-Myc transcriptionally
regulates ACTN1 expression in HNSCC cells. Interest-
ingly, a strong positive correlation was observed between
ACTNI1 and c-Myc expression in our in-house cohort
(Fig. 7]). Since c-Myc is a well-established downstream
target of the P-catenin signaling pathway, we further
investigated whether the B-catenin-c-Myc axis plays a
role in regulating ACTN1 expression. Western blot anal-
ysis showed that p-catenin inhibition led to a reduction
in the expression of both c-Myc and ACTN1 in HNSCC
cells (Fig. 7K). Furthermore, depletion of c-Myc markedly
attenuated the stimulatory effects of B-catenin activation
on ACTN1 expression (Fig. 7L-M). This suggests that the
[-catenin-c-Myc axis forms a positive feedback loop for
upregulating ACTN1 in HNSCC.

Targeting ACTN1 effectively overcomes cisplatin resistance
in a HNSCC PDX model

The combined therapeutic potential of ACTN1 target-
ing and cisplatin treatment was further evaluated using a
PDX model. Expression levels of B-catenin and its down-
stream targets were significantly reduced, while GSK-3f3
levels were noticeably increased in PDX-derived tumor
cells subjected to ACTNI1 depletion (Supplementary
Fig. 10A-C). The PDX model demonstrated that ACTN1
depletion and cisplatin treatment had a synergistic anti-
tumor effect (Fig. 8A-C).

Additionally, we evaluated the ability of the tumor to
repopulate post-therapeutic interventions. Notably, the
potential to generate secondary PDXs was significantly
reduced in tumor cells treated with a combination of
ACTN1 inhibition and cisplatin, compared to the robust
tumorigenicity exhibited by cancer cells receiving other
individual treatments (Fig. 8D-F, Supplementary Table 5).
These findings highlight the efficacy of ACTNI1 targeting
as a promising strategy to overcome cisplatin resistance
in HNSCC.

Discussion

Our findings underscore the central role of ACTN1 in
mediating HNSCC cisplatin resistance. Higher ACTN1
levels linked with poor prognosis and therapeutic

(See figure on next page.)
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responses highlight its clinical relevance. As illustrated
in Fig. 8G, we further unraveled the multifaceted mech-
anisms through which ACTN1 orchestrates cisplatin
resistance. Specifically, ACTN1 was found to instigate the
ubiquitin-dependent degradation of GSK-3p by fostering
an interaction with MYH9, which in turn activates the
B-catenin pathway. Concurrently, ACTN1 was also dem-
onstrated to engage with integrin p1, activating the FAK/
PI3K/AKT pathway, subsequently leading to [-catenin
stabilization. Intriguingly, ACTN1 expression itself was
under the regulation of the p-catenin-c-Myc axis, con-
stituting a self-reinforcing loop. These dual mechanis-
tic pathways highlight the critical role of ACTN1 in
modulating the cellular response to cisplatin in HNSCC,
substantiating its promise as a compelling target for ther-
apeutic intervention.

Chemoresistance remains a formidable obstacle in
HNSCC treatment. The activation of B-catenin signal-
ing, a well-documented player in the tumorigenesis and
drug resistance of various cancers, including HNSCC,
contributes to detrimental clinical outcomes [16, 40]. The
Wnt/p-catenin pathway, for instance, orchestrates cellu-
lar processes that enable HNSCC cells to retain a stem-
like phenotype and develop aggressive characteristics
[41]. Moreover, aberrant -catenin signaling activation
promotes cisplatin resistance in HNSCC [42], leading
to therapeutic failure and disease progression. Our find-
ings position ACTN1 as a pivotal modulator of -catenin
signaling in HNSCC cells, in alignment with our antici-
pation of ACTNI1 as a central mediator of cisplatin resist-
ance in HNSCC. Crucially, we revealed a synergistic
effect between ACTN1 depletion and cisplatin treatment
in diminishing tumor growth, both in a xenograft and a
PDX model. This underscores the potential effectiveness
of ACTNI1 targeting in overcoming resistant HNSCC.
Moreover, ACTN1 may serve as a valuable predictive
biomarker for chemotherapy responses and prognosis
in HNSCC. Despite these findings, the lack of a specific
small molecule drug targeting ACTNI represents a sig-
nificant challenge and highlights the urgency for the
development of novel therapeutics aimed at depleting
ACTNI1 in HNSCC cells.

Fig. 6 MYHO depletion mitigates the tumor promoting effects of ACTN1 overexpression in HNSCC. A Western blotting analyses of ACTNT,

MYH9, GSK-33, 3-catenin, cyclin D1, BIRC5, E-cadherin, N-cadherin, and CD44 expression in HNSCC cells following indicated treatments. B-C
Assessment of relative TOPFlash and FOPFlash activities in HNSCC cells subjected to the indicated modifications. D-E Evaluation of colony-forming
and sphere-forming capacities of HNSCC cells following the indicated treatments. F Analysis of the apoptosis rate in HNSCC cells subjected

to the indicated treatments. G Assessment of the invasive capabilities of HNSCC cells following the indicated treatments. H-J Analysis of tumor size,

weight, and volume in xenografts generated by SCC-1°*

cells from specified treatment groups, and examination of the staining intensities of Ki-67

and CD44 in corresponding tumor tissues. K-M Evaluation of tumor size, weight, and volume in xenografts formed by SCC-23F cells from indicated
treatment groups, and examination of the staining intensities of Ki-67 and CD44 in the respective tumor tissues. **P<0.01, ***P<0.001, ns:

not significant
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Fig. 7 B-catenin/c-Myc axis forms a positive feedback loop for enhancing ACTNT expression in HNSCC. A-B gPCR and western blotting analyses
assessing c-Myc and ACTNT1 expression in HNSCC cells following siRNA-mediated c-Myc knockdown. C-D gPCR and western blotting analyses

of c-Myc and ACTN1 expression in HNSCC cells with c-Myc overexpression. E-F Examination of the effects of c-Myc depletion on the luciferase
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ACTN1 consists of an N-terminal actin-binding
domain, a central rod domain, and a c-terminal calcium-
binding domain [7]. In nonmuscle cells, ACTN1 locali-
zation at zonula adherens and focal adhesions indicates
its involvement in cell communication and the formation
of focal adhesions [9]. Our data reveal a physical inter-
action between ACTNI and integrin B1, which conse-
quently promotes FAK phosphorylation. We propose that
ACTNI may influence the physical interactions between
cancer cells and their extracellular matrix, which could
modulate integrin B1 activation. This process could foster
the recruitment and ensuing phosphorylation of FAK, a
fundamental event in integrin-mediated signal transduc-
tion. FAK, a cytoplasmic protein tyrosine kinase, plays
a critical role in facilitating cell motility, survival, and
proliferation in the tumor microenvironment [43]. Its
regulation of cell signaling operates through both kinase-
dependent and kinase-independent pathways. Our
observations suggest that ACTN1 modulates -catenin-
mediated signaling primarily through the kinase-depend-
ent PI3BK/AKT pathway. Importantly, AKT serves as a key
kinase regulator of GSK-3p, inhibiting GSK-3f activity
via Ser9 phosphorylation [44]. Intriguingly, the inhibition
of AKT does not entirely eliminate the tumor-promoting
effects and the upregulated [(-catenin-mediated sign-
aling resulting from ACTN1 overexpression, suggest-
ing the possibility of additional underlying molecular
mechanisms.

B-catenin signaling is primarily regulated through
the GSK-3B-dependent pathway, a well-established
mechanism [38]. In our study, we delved into the
effects of ACTN1 overexpression on GSK-3f, reveal-
ing that ACTNI negatively impacts GSK-3p stability
in HNSCC cells and expedites its degradation via the
ubiquitin—proteasome pathway. MYH9, a nonmuscle
myosin heavy chain IIA, is integral to cytokinesis, cell
motility, and morphology. It has been associated with
various diseases, including cancer, due to its aberrant
expression patterns [45—-47]. MYH9, known to enhance
GSK-3B ubiquitination [39], physically interacts with
ACTN1. This interaction facilitates the binding of
MYH9 to GSK-3pB, promoting its ubiquitination and
subsequent degradation. We further demonstrated that
the calponin-homology 1 domain of ACTNI1 physically
binds to the myosin tail domain of MYH9, suggesting a

(See figure on next page.)
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potential role for these domains in facilitating MYH9-
mediated GSK-3B ubiquitination. In summary, our
data suggest that ACTN1-associated MYH9 enhances
GSK-3p ubiquitination and promotes its degrada-
tion. Notably, silencing MYH9 significantly attenuates
ACTNT1’s tumor-promoting effects, supporting the
notion that ACTNI1 drives HNSCC tumorigenesis pri-
marily by boosting MYH9-dependent GSK-3p degra-
dation. Moreover, we discovered that ACTNI not only
augments the B-catenin signaling pathway but is also
transcriptionally regulated by the -catenin/c-Myc axis.
This reciprocal relationship forms a self-amplifying
feedback loop, perpetuating the malignant phenotype
of HNSCC cells. Unveiling this self-sustaining circuit of
ACTNI1 expression and the intertwined regulation with
the B-catenin/c-Myc axis sheds light on a fundamental
mechanism that underlies the aggressive and resist-
ant traits of HNSCC. This revelation underscores the
B-catenin/c-Myc/ACTNI1 axis as a promising therapeu-
tic target for mitigating the pathogenesis of HNSCC.

Several limitations of our study should be noted.
First, in our in vivo experiments, we employed BALB/c
nude mice, which inherently lack a functional adaptive
immune system. This may lead to a lack of insight into
the complex intricacies of the tumor microenvironment
(TME) and the dynamic interactions with anti-tumor
immunity. Cisplatin is known to modulate various
TME components, such as innate immunity, tumor
vascularization, cancer-associated fibroblasts (CAFs),
and hypoxic conditions. For instance, cisplatin admin-
istration has been shown to decrease both the num-
ber and function of regulatory T cells in lung tumor
mouse model [48]. Furthermore, cisplatin at moderate
doses boosts antitumor immunity and, when paired
with anti—-PD-L1/PD-1 therapy, improves survival in
HNSCC without additional toxicity [49]. The complex
interplay between cisplatin and the TME affects not
only the direct anti-tumor responses but also the mod-
ulation of drug resistance. Therefore, further explora-
tion into the intricate crosstalk between cisplatin and
the TME is essential. Second, the impact of ACTN1
targeting on the TME and tumor immunity in HNSCC
necessitates further investigation. Third, the urgent
development of small molecules that specifically target
ACTNT1 is also needed.

Fig. 8 The synergistic antitumor effects of targeting ACTN1 and cisplatin in a PDX model. A-C Evaluation of tumor growth in PDX cells treated
with a combination of ACTNT1 inhibition and cisplatin, compared with cells subjected to either ACTN1 inhibition or cisplatin alone. D-F Assessment
of tumor-initiating potential in cancer cells extracted from PDX tumors across the different treatment groups. G Schematic representation

of the proposed molecular mechanisms, illustrating the dual role of ACTN1 in promoting tumorigenesis and conferring drug resistance in HNSCC.

**P<0.01,***P<0.001
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In conclusion, our study highlights the aberrant
overexpression of ACTN1 in HNSCC, correlating this
heightened expression to cisplatin resistance and unfa-
vorable patient prognoses. The underlying mechanisms
through which ACTN1 fosters HNSCC drug resist-
ance and tumorigenesis encompass the activation of
[B-catenin via both MYH9-dependent GSK-3f degrada-
tion and intergrin Pl-mediated FAK phosphorylation.
The critical role of ACTN1 in modulating chemosensi-
tivity in HNSCC suggests its potential as a robust pre-
dictive biomarker for chemotherapy responses and as
a candidate for therapeutic intervention to overcome
drug resistance.

Abbreviations

ACTN1  Alpha-actinin 1

ANTs Adjacent normal tissues

CR Complete response

CSCs Cancer stem cells

EMT Epithelial-mesenchymal transition
HNSCC  Head and neck squamous cell carcinoma
MYH9 Myosin heavy chain 9

PD Progressive disease

PR Partial response

SD Stable disease

Supplementary Information

The online version contains supplementary material available at https://doi.
0rg/10.1186/513046-023-02904-w.

Additional file 1: Supplementary Fig. S1. Characterization of ACTN4
expression profile and its clinical significance in HNSCC. Supplementary
Fig. S2. Investigation of ACTN1 expression patterns and its clinical signifi-
cance in HNSCC. Supplementary Fig. S3. Association of ACTNT expres-
sion with overall survival in HPV-negative and positive HNSCC. Supple-
mentary Fig. S4. Impact of ACTN1 depletion on malignant phenotypes
and cisplatin sensitivity of HNSCC cells in vitro and in vivo. Supplemen-
tary Fig. S5. Role of ACTNT1 in 3-catenin signaling activation in HNSCC
cells. Supplementary Fig. S6. ACTN1 promotes the oncogenic behaviors
of HNSCC cells through activating 3-catenin signaling. Supplementary
Fig. S7. Enrichment of Integrin 31 and FAK pathways in the ACTN1-high
group across multiple independent HNSCC cohorts. Supplementary
Fig. S8. Partial mitigation of ACTN1 overexpression-enhanced {3-catenin
signaling through FAK inhibition. Supplementary Fig. S9. Promotion

of GSK-3B degradation by ACTN1 via enhanced interaction with MYH9.
Supplementary Fig. S10. Suppression of 3-catenin-mediated signaling
in tumor cells from PDX tumors by ACTN1 depletion. Supplementary
Table S1.The clinicopathological information of the HNSCC patients.
Supplementary Table S2. Sequences of primers and oligos used in

this study. Supplementary Table 3. The correlation of ACTNT mRNA
expression and immune function in HPV (-) and HPV (+) HNSCC patients.
Supplementary Table S4. The proteins interacting with ACTN1 identified
by mass spectrometry. Supplementary Table S5. The tumor-initiating
capacity of cancer cells isolated from PDXs with indicated modifications.

Acknowledgements
Not applicable.

Authors’ contributions

L.C, X.Z.and B.G. conceived the study, designed the experiments and
supervised the project. L.C, Y.L, and J.Z. performed experiments, acquired and
analyzed the data. L.C. wrote the manuscript with inputs from all authors.

Page 20 of 21

Funding

This work was supported by National Natural Science Foundation of China
(81901006, 82372905), Young Top-notch Talent of Pearl River Talent Plan
(0920220228), Guangdong Provincial Science and Technology Project Founda-
tion (2022A0505050038), Scientific Research Talent Cultivation Project of
Stomatological Hospital, Southern Medical University (RC202005) and Science
Research Cultivation Program of Stomatological Hospital, Southern Medical
University (PY2020002).

Availability of data and materials
The data that support the findings of this study are available from the cor-
responding authors upon reasonable request.

Declarations

Ethics approval and consent to participate

All human samples were collected with the informed consent of the patients,
and the experiments were approved by the Institutional Review Board at the
First Affiliated Hospital of Sun Yat-sen University. All animal procedures com-
plied with the guidelines of the Institutional Animal Care and Use Committee
(IACUC) at Southern Medical University.

Consent for publication
Not applicable.

Competing interests
The authors declare that they have no competing interests.

Received: 5 September 2023 Accepted: 15 November 2023
Published online: 07 December 2023

References

1. Goh KY, Lau KW, Cheng TY, Tham SC, Lim CT, lyer NG, et al. Matrisomal
genes in squamous cell carcinoma of head and neck influence Tumor cell
motility and response to cetuximab treatment. Cancer Commun (Lond).
2022;42(4):355-9.

2. Florido J, Martinez-Ruiz L, Rodriguez-Santana C, Lopez-Rodriguez A,
Hidalgo-Gutierrez A, Cottet-Rousselle C, et al. Melatonin drives apoptosis
in Head and Neck cancer by increasing mitochondrial ROS generated via
reverse electron transport. J Pineal Res. 2022;73(3):e12824.

3. Zhao X, Chen H, QiuY, Cui L. FAM64A promotes HNSCC tumorigenesis
by mediating transcriptional autoregulation of FOXM1. Int J Oral Sci.
2022;14(1):25.

4. Bray F, Ferlay J, Soerjomataram |, Siegel RL, Torre LA, Jemal A. Global
cancer statistics 2018: GLOBOCAN estimates of incidence and mor-
tality worldwide for 36 cancers in 185 countries. CA Cancer J Clin.
2018;68(6):394-424.

5. Garitano-Trojaola A, Sancho A, Gotz R, Eiring P, Walz S, Jetani H, et al. Actin
cytoskeleton deregulation confers midostaurin resistance in FLT3-mutant
acute Myeloid Leukemia. Commun Biol. 2021;4(1):799.

6. Kim MH, Kim J, Hong H, Lee SH, Lee JK, Jung E, et al. Actin remodeling
confers BRAF inhibitor resistance to Melanoma cells through YAP/TAZ
activation. EMBO J. 2016;35(5):462-78.

7. Murphy AC, Young PW.The actinin family of actin cross-linking proteins -
a genetic perspective. Cell Biosci. 2015;5:49.

8. Honda K. The biological role of actinin-4 (ACTN4) in malignant pheno-
types of cancer. Cell Biosci. 2015;5:41.

9. Hamill KJ, Hiroyasu S, Colburn ZT, Ventrella RV, Hopkinson SB, Skalli O,
et al. Alpha actinin-1 regulates cell-matrix adhesion organization in
keratinocytes: consequences for skin cell motility. J Invest Dermatol.
2015;135(4):1043-52.

10. Turner M, Anderson DE, Bartels P, Nieves-Cintron M, Coleman AM, Hen-
derson PB, et al. Alpha-Actinin-1 promotes activity of the L-type ca(2+)
channel ca(v) 1.2. EMBO J. 2020;39(5): €102622.

11. Craig DH, Haimovich B, Basson MD. Alpha-actinin-1 phosphorylation
modulates pressure-induced colon Cancer cell adhesion through


https://doi.org/10.1186/s13046-023-02904-w
https://doi.org/10.1186/s13046-023-02904-w

Cui et al. J Exp Clin Cancer Res

20.

21

22.

23.

24.

25.

26.

27.

28.

29.

30.

31.
32
33.

34.

35.

(2023) 42:335

regulation of focal adhesion kinase-src interaction. Am J Physiol Cell
Physiol. 2007,293(6):C1862-1874.

Chen Q, Zhou XW, Zhang AJ, He K. ACTN1 supports Tumor growth by
inhibiting Hippo signaling in hepatocellular carcinoma. J Exp Clin Cancer
Res. 2021;40(1):23.

Huang RY, Huang QC, Burgering BM. Novel insight into the role of alpha-
actinin-1 in rheumatoid arthritis. Discov Med. 2014;17(92):75-80.
Yasutomi M, Kunishima S, Okazaki S, Tanizawa A, Tsuchida S, Ohshima Y.
ACTN1 rod domain mutation associated with congenital macrothrombo-
cytopenia. Ann Hematol. 2016;95(1):141-4.

Blondelle J, Tallapaka K, Seto JT, Ghassemian M, Clark M, Laitila JM, et al.
Cullin-3 dependent deregulation of ACTN1 represents a new pathogenic
mechanism in nemaline myopathy. JCl Insight. 2019;5(10):e125665.
Zhang Y, Wang X. Targeting the Wnt/beta-catenin signaling pathway in
cancer. J Hematol Oncol. 2020;13(1):165.

Nusse R, Clevers H. Wnt/beta-Catenin signaling, Disease, and emerging
therapeutic modalities. Cell. 2017;169(6):985-99.

Visvader JE, Lindeman GJ. Cancer stem cells: current status and evolving
complexities. Cell Stem Cell. 2012;10(6):717-28.

Rezayatmand H, Razmkhah M, Razeghian-Jahromi I. Drug resistance in

cancer therapy: the Pandora’s Box of cancer stem cells. Stem Cell Res Ther.

2022;13(1):181.

Vermorken JB, Remenar E, van Herpen C, Gorlia T, Mesia R, Degardin M,
et al. Cisplatin, fluorouracil, and docetaxel in unresectable Head and Neck
cancer. N Engl J Med. 2007;357(17):1695-704.

Schrijvers D, Van Herpen C, Kerger J, Joosens E, Van Laer C, Awada A, et al.
Docetaxel, cisplatin and 5-fluorouracil in patients with locally advanced
unresectable Head and Neck cancer: a phase I-Il feasibility study. Ann
Oncol. 2004;15(4):638-45.

Zhong LP, Zhang CP, Ren GX, Guo W, William WN Jr, Hong CS, et al. Long-
term results of a randomized phase Il trial of TPF induction chemother-
apy followed by Surgery and radiation in locally advanced oral squamous
cell carcinoma. Oncotarget. 2015;6(21):18707-14.

Eisenhauer EA, Therasse P, Bogaerts J, Schwartz LH, Sargent D, Ford R,

et al. New response evaluation criteria in solid tumours: revised RECIST
guideline (version 1.1). Eur J Cancer. 2009;45(2):228-47.

Schwartz LH, Litiere S, de Vries E, Ford R, Gwyther S, Mandrekar S, et al.
RECIST 1.1-Update and clarification: from the RECIST committee. Eur J
Cancer. 2016;62:132-7.

Zhao X, Shu D, Sun'W, Si S, Ran W, Guo B, et al. PLEK2 promotes cancer
stemness and tumorigenesis of head and neck squamous cell carcinoma
via the c-Myc-mediated positive feedback loop. Cancer Commun (Lond).
2022;42(10):987-1007.

Flanagan MB, Dabbs DJ, Brufsky AM, Beriwal S, Bhargava R. Histopatho-
logic variables predict Oncotype DX recurrence score. Mod Pathol.
2008;21(10):1255-61.

Cohen DA, Dabbs DJ, Cooper KL, Amin M, Jones TE, Jones MW, et al.
Interobserver agreement among pathologists for semiquantitative
hormone receptor scoring in breast carcinoma. Am J Clin Pathol.
2012;138(6):796-802.

Korinek V, Barker N, Morin PJ, van Wichen D, de Weger R, Kinzler KW, et al.
Constitutive transcriptional activation by a beta-catenin-tcf complex in
APC-/- colon carcinoma. Science. 1997;275(5307):1784-7.

Thorsson V, Gibbs DL, Brown SD, Wolf D, Bortone DS, Ou Yang TH, et al.
The Immune Landscape of Cancer. Immunity. 2018;48(4):812-30 (e14).
Salnikov M, Gameiro SF, Zeng PYF, Barrett JW, Nichols AC, Mymryk JS. The
HPV Induced Cancer Resource (THINCR): a suite of tools for investigating
HPV-Dependent human carcinogenesis. mSphere. 2022;7(4):e0031722.
Shibue T, Weinberg RA. EMT, CSCs, and drug resistance: the mechanistic
link and clinical implications. Nat Rev Clin Oncol. 2017;14(10):611-29.
Wilson MM, Weinberg RA, Lees JA, Guen VJ. Emerging mechanisms by
which EMT Programs Control Stemness. Trends Cancer. 2020;6(9):775-80.
Gonzalez DM, Medici D. Signaling mechanisms of the epithelial-mesen-
chymal transition. Sci Signal. 2014;7(344):re8.

Derynck R, Muthusamy BP, Saeteurn KY. Signaling pathway cooperation
in TGF-beta-induced epithelial-mesenchymal transition. Curr Opin Cell
Biol. 2014;31:56-66.

Otey CA, Pavalko FM, Burridge K. An interaction between alpha-actinin
and the beta 1 integrin subunit in vitro. J Cell Biol. 1990;111(2):721-9.

36.

37.

38.

39.

40.

41.

42.

43.

44,

45.

46.

47.

48.

49.

Page 21 of 21

Shibue T, Weinberg RA. Integrin beta1-focal adhesion kinase signaling
directs the proliferation of metastatic cancer cells disseminated in the
lungs. Proc Natl Acad Sci U S A. 2009;106(25):10290-5.

Xia H, Nho RS, Kahm J, Kleidon J, Henke CA. Focal adhesion kinase is
upstream of phosphatidylinositol 3-kinase/Akt in regulating fibroblast
survival in response to contraction of type | collagen matrices via a beta 1
integrin viability signaling pathway. J Biol Chem. 2004,279(31):33024-34.
Wu D, Pan W. GSK3: a multifaceted kinase in wnt signaling. Trends Bio-
chem Sci. 2010;35(3):161-8.

Lin X, Li AM, Li YH, Luo RC, Zou YJ, Liu YY, et al. Silencing MYH9 blocks
HBx-induced GSK3beta ubiquitination and degradation to inhibit Tumor
stemness in hepatocellular carcinoma. Signal Transduct Target Ther.
2020;5(1):13.

Roy S, Kar M, Roy S, Saha A, Padhi S, Banerjee B. Role of beta-catenin in
cisplatin resistance, relapse and prognosis of head and neck squamous
cell carcinoma. Cell Oncol (Dordr). 2018;41(2):185-200.

Xie SL, Fan S, Zhang SY, Chen WX, Li QX, Pan GK, et al. SOX8 regulates can-
cer stem-like properties and cisplatin-induced EMT in tongue squamous
cell carcinoma by acting on the Wnt/beta-catenin pathway. Int J Cancer.
2018;142(6):1252-65.

Roy S, Kar M, Roy S, Padhi S, Kumar A, Thakur S, et al. Inhibition of CD44
sensitizes cisplatin-resistance and affects Wnt/beta-catenin signaling in
HNSCC cells. Int J Biol Macromol. 2020;149:501-12.

Sulzmaier FJ, Jean C, Schlaepfer DD. FAK in cancer: mechanistic findings
and clinical applications. Nat Rev Cancer. 2014;14(9):598-610.

Lei G, Xia Y, Johnson KM. The role of Akt-GSK-3beta signaling and synaptic
strength in phencyclidine-induced neurodegeneration. Neuropsychop-
harmacology. 2008;33(6):1343-53.

Liao Q LiR, Zhou R, Pan Z, Xu L, Ding Y, et al. LIM kinase 1 interacts with
myosin-9 and alpha-actinin-4 and promotes Colorectal cancer progres-
sion. Br J Cancer. 2017;117(4):563-71.

Pal K, Nowak R, Billington N, Liu R, Ghosh A, Sellers JR, et al. Mega-
karyocyte migration defects due to nonmuscle myosin 1A muta-

tions underlie thrombocytopenia in MYH9-related Disease. Blood.
2020;135(21):1887-98.

Marx D, Dupuis A, Eckly A, Molitor A, Olagne J, Touchard G, et al. A
gain-of-function variant in the Wiskott-Aldrich syndrome gene is
associated with a MYH9-related disease-like syndrome. Blood Adv.
2022;6(18):5279-84.

Gameiro SR, Caballero JA, Higgins JP, Apelian D, Hodge JW. Exploita-
tion of differential homeostatic proliferation of T-cell subsets following
chemotherapy to enhance the efficacy of vaccine-mediated antitumor
responses. Cancer Immunol Immunother. 2011;60(9):1227-42.

Tran L, Allen CT, Xiao R, Moore E, Davis R, Park SJ, et al. Cisplatin alters
Antitumor Immunity and synergizes with PD-1/PD-L1 inhibition

in Head and Neck squamous cell carcinoma. Cancer Immunol Res.
2017,5(12):1141-51.

Publisher’s Note
Springer Nature remains neutral with regard to jurisdictional claims in pub-
lished maps and institutional affiliations.

Ready to submit your research? Choose BMC and benefit from:

fast, convenient online submission

thorough peer review by experienced researchers in your field

rapid publication on acceptance

support for research data, including large and complex data types

gold Open Access which fosters wider collaboration and increased citations

maximum visibility for your research: over 100M website views per year

K BMC

At BMC, research is always in progress.

Learn more biomedcentral.com/submissions




	ACTN1 promotes HNSCC tumorigenesis and cisplatin resistance by enhancing MYH9-dependent degradation of GSK-3β and integrin β1-mediated phosphorylation of FAK
	Abstract 
	Background 
	Methods 
	Results 
	Conclusions 

	Background
	Methods
	Patients and clinical samples
	Cell culture
	Plasmids, siRNAs, cell transfection, and lentivirus production
	MTT assay
	Colony formation assay
	Sphere formation assay
	Matrigel invasion assay
	Immunohistochemistry (IHC)
	Western blotting
	Real-time PCR and cytoskeletal remodeling array
	Apoptosis assay
	Flow cytometry
	Luciferase reporter assay
	Chromatin immunoprecipitation-quantitative polymerase chain reaction (ChIP-qPCR)
	Clinical relevance of ACTN1 in HNSCC determined by public databases
	Co-immunoprecipitation (Co-IP) assay
	Liquid chromatography with tandem mass spectrometry (LC–MSMS)
	Cycloheximide (CHX) chase assay
	Animal experiments
	Statistical analysis

	Results
	ACTN1 is a key driver of cisplatin resistance in HNSCC
	Depletion of ACTN1 suppresses malignant behaviors and enhances cisplatin sensitivity of HNSCC cells in vitro and in vivo
	ACTN1 enhances oncogenic potential and drug resistance in HNSCC via activation of β-catenin-mediated pathway
	ACTN1 partially activates β-catenin signaling via the integrin β1-FAK-PI3K-AKT pathway in HNSCC
	ACTN1 promotes GSK-3β degradation by enhancing its interaction with MYH9
	MYH9 depletion mitigates the tumor-promoting impact of ACTN1 overexpression in HNSCC
	β-catenin-c-Myc axis forms a positive feedback loop for upregulating ACTN1 in HNSCC
	Targeting ACTN1 effectively overcomes cisplatin resistance in a HNSCC PDX model

	Discussion
	Anchor 39
	Acknowledgements
	References


