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Abstract

Background
Aberrant activation of YAP/TAZ, the effectors of the Hippo pathway, is involved in the proliferation and
progression of oral squamous cell carcinoma (OSCC). However, many aspects of the tumor-promoting
mechanisms associated with YAP/TAZ activation remain unclear. In this study, we aimed to identify the
key proliferation-asssociated genes regulated by YAP/TAZ in OSCC.

Methods
Cell culture, western blot assays, RNA-seq analysis, knockdown experiments, phosphoproteomic
analysis, and gene set enrichment analyses were performed to examine and validate the YAP/TAZ-
regulated proliferation-associated genes in OSCC.

Results
RNA-seq analysis indicated alpha-protein kinase 2 (ALPK2) upregulation upon YAP/TAZ activation.
YAP/TAZ-related genes were significantly enriched in the ALPK2 high-expression groups of cancer cell
lines and tissues. Further, ALPK2 KD significantly inhibited the proliferation of YAP/TAZ-activated OSCC
and EGFR-mutant lung adenocarcinoma cells. Phosphoproteomic and RNA-seq analyses revealed
altered expression of MTA2-, and AP-1-related molecules, suggesting that these signaling pathways may
be involved in the tumor-promoting effects of ALPK2.

Conclusions
ALPK2 may contribute to cell proliferation in YAP/TAZ-activated cancers and the MTA2 and AP-1-related
signaling pathways may be involved in its function. Overall, ALPK2 may serve as a novel therapeutic
target in OSCC, and its molecular mechanisms need to be examined further.

INTRODUCTION
GLOBOCAN estimates from the International Agency for Research on Cancer (IARC), indicate that oral
cancer accounts for approximately 377,000 new cases and 177,000 deaths annually worldwide 1, the

majority of which are attributed to OSCC 2. The incidence of OSCC has been increasing with population
aging 1,3. Although surgical resection remains the primary treatment modality 2, it often results in
substantial aesthetics and oral function impairments, thereby adversely affecting the patients’ quality of
life and psychological well-being 4,5. Furthermore, patients with advanced, recurrent, or metastatic
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disease have poor prognosis 2, underscoring the need for elucidating the underlying molecular
mechanisms and developing novel therapeutic strategies.

The Hippo signaling pathway, a highly conserved regulator of organ size and tissue homeostasis 6,7,

plays a critical role in tumorigenesis 8. This pathway comprisesa kinase cascade involving mammalian
STE20-like kinase 1 and 2 (MST1/2) and large tumor suppressor 1 and 2 (LATS1/2), together with their
adaptor proteins salvador homologue 1 (SAV1) and MOB kinase activator 1A and 1B (MOB1), as well as
the transcriptional co-activators YAP and TAZ 9. Upon Hippo pathway activation, MST1/2 and LATS1/2
are sequentially phosphorylated, leading to YAP phosphorylation at multiple serine residues by LATS1/2
10. Phosphorylated YAP binds to 14-3-3 proteins and is retained in the cytoplasm 10 or undergoes

ubiquitin-mediated proteasomal degradation 11. In contrast, upon Hippo pathway inactivation, YAP is
dephosphorylated and translocated into the nucleus, where it interacts with TEAD transcription factors 12

to induce the expression of proliferation-related genes such as connective tissue growth factor (CTGF)
and cysteine-rich angiogenic inducer 61 (CYR61) 13.

Aberrant YAP/TAZ activation has been widely observed in various cancers, including OSCC 14,15.
Overexpression of the secreted protein tissue inhibitor of metalloproteinase-1 (TIMP-1) 16 and gene
amplification of the receptor tyrosine kinase (RTK) epidermal growth factor receptor (EGFR) are known
to constitutively activate YAP/TAZ through inactivation of LATS1/2 in OSCC 17. Further, AXL, another
RTK, forms heterodimers with EGFR, thereby activating YAP/TAZ signaling and conferring resistance to
EGFR-targeted therapies 18. Furthermore, RBM39, an RNA-binding protein, enhances the transcriptional
activity of activated YAP/TAZ that has translocated into the nucleus 19. However, the full spectrum of
transcriptional programs regulated by YAP/TAZ in OSCC remains largely unclear.

ALPK2 is a cytoplasmic serine/threonine kinase belonging to the atypical alpha-kinase family 20. Unlike
conventional kinases, ALPK2 contains a unique alpha-kinase domain that recognizes alpha-helical
structures in its substrates 21. ALPK2 promotes cell proliferation in ovarian cancer 22, renal cell
carcinoma 23 and bladder cancer 24, and its associations with the PI3K/AKT signaling pathways 22,23 and
DEPDC1A (DEP domain containing 1A) 24 have been reported as downstream signaling pathways in
these tumors; however, the detailed functions and downstream signaling pathways of ALPK2 remain
unclear.

In OSCC, we focused on metastasis-associated protein 2 (MTA2) and activator protein-1 (AP-1) as
downstream signaling molecules of ALPK2. MTA2 is a core component of the Nucleosome Remodeling
and Deacetylase (NuRD) complex, which possesses both ATP-dependent chromatin remodeling and
histone deacetylase activities 25,26. MTA2 promotes tumor growth in many cancer types 27–29, and its
high expression has been strongly correlated with enhanced metastatic potential 30,31 and poor
prognosis 32,33. Y-box binding protein-1 (YB-1) is a multifunctional nucleic acid-binding protein 34 that

regulates the transcription of proliferation- and drug resistance-related genes 35. Furthermore, as an
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oncoprotein, nuclear expression of YB-1 is considered an independent biomarker of cancer progression,
malignancy, epithelial-mesenchymal transition (EMT), and widespread treatment resistance 35,36. AP-1 is
a transcription factor complex composed of the Jun and Fos families; its abnormal activation is involved
in promoting cancer onset, progression, and metastasis of cancer 37.

In this study, we aimed to identify the key proliferation-associated genes regulated by YAP/TAZ in OSCC.
We identified ALPK2 as a novel YAP/TAZ-regulated gene and clarified that the ALPK2-MTA2-AP-1 axis
plays an important role on proliferation of OSCC. By elucidating the ALPK2-centered regulatory network,
this study is expected to advance our understanding of OSCC pathogenesis and to provide a foundation
for developing novel therapeutic targets and treatment strategies.

MATERIALS AND METHODS

Antibodies and reagents
Anti-pERK1/2 (T202/Y204) (#9101, 1:1000) and anti-ERK1/2 (#4376, 1:1000) were purchased from Cell
Signaling Technology (Danvers, MA, USA). Anti-β-actin (#A2228) was purchased from Sigma-Aldrich Inc
(Burlington, MA, USA). Anti-FOSL1 (66590-1-Lg, 1:1000) was purchased from Proteintech (Rosemont, IL,
USA). Trametinib DMSO solvate (GSK1120212B) was purchased from Selleck (Houston, TX, USA).

Cell culture and transfection
CAL27 and WSU-HN6 cells were kindly provided by Professor J Silvio Gutkind. HCC827 and PC-9 cells
were kindly provided by Professor Susumu Kobayashi. Cell line identities were verified by STR profiling
and lack of mycoplasma infection was also confirmed. CAL27 and WSU-HN6 cells were cultured in
DMEM (D-6429, Sigma-Aldrich Inc.). HCC827 and PC-9 cells were cultured in RPMI 1640 (30264-56,
Nacalai Tesque, Kyoto, Japan) supplemented with 5% GlutaMAX™ Supplement (35050061, Gibco™). Each
medium was supplemented with 10% FBS (Sigma-Aldrich Inc.) and 1% penicillin/streptomycin.

Western blotting

For western blotting, cells were harvested after two rinses with cold PBS and lysed in RIPA buffer (50
mM Tis-HCl, 150 mM NaCl, 1 mM EDTA, and 1% NP 40), supplemented with PhosSTOP™ and cOmplete™
(Basel, Switzerland, Roche). The lysate was sonicated three times for 5 s each, incubated for 15 min on
ice, and then centrifuged for 15 min. The protein concentration of the supernatant was measured. Equal
amounts of protein were loaded for SDS-PAGE and transferred to the membranes. The membranes were
blocked with 3% BSA in TBS-T buffer for 20 min. The membranes were then incubated with primary
antibodies diluted with 3% BSA or 5% non-fat milk in TBS-T buffer for 2 h at room temperature. After
washing thrice with TBS-T buffer, the membranes were incubated with secondary antibodies (HRP-
conjugated goat anti-mouse or anti-rabbit IgG at 1:3000, Cell Signaling Technology) diluted with 5% non-
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fat milk in TBS-T buffer for 1 h at room temperature. Western Lightning Pro, Chemiluminescent Substrate
(Revvity, Waltham, MA, USA) was used for detection.

RNA isolation and real-time PCR
RNA was extracted using the RNeasy Mini Kit following the manufacturer’s instructions (#74104, Qiagen,
Hilden, Germany). One microgram of total RNA was used for cDNA synthesis using the Super Script™ IV
VILO™ Master Mix cDNA synthesis kit. Real-time PCR was performed using the Fast SYBR™ Green
Master Mix (#4385612, Applied Biosystems). The experiment was performed with N = 3. Reactions were
performed in triplicate and the gene expression data were relatively quantified using the 2−ΔΔCt method.
The following primers were as follows: GAPDH F: 5′-GAGTCAACGGATTTGGTCGT-3′, R:
TTGATTTTGGAGGGATCTCG-3′; and ALPK2 F: 5′-TCCGAAGGACCAGGGACTCTAT-3′, R:
CGGTGAACCCCTTCTCCAAA − 3′.

Cell proliferation (cell viability assay)

Cells were seeded in 96 well plates at 5000 cells per well and treated with reagents for 3 days. Cell titer
blue reagent™ (#G8081, Promega) was applied to the culture medium, and incubated for 2 h, and the
absorbance was then measured using a microplate reader. The experiment was performed with N = 5.

Crystal violet staining
The cells were seeded in 6-well plates. The attached cells were fixed with 4% formalin for 20 min, then
stained with 0.5% crystal violet solution containing 20% methanol for 5 min.

Knockdown by siRNA
Cells were transfected with siRNA using the Lipofectamine RNAimax Reagent (Thermo fisher scientific).
The siRNAs for FOSL1 (SASI_Hs01_0019_1186) and the negative control (MISSION® siRNA Universal
Negative Control #2) were purchased from Sigma Aldrich. The siRNA for ALPK2 (Silencer® Validated
siRNA) was purchased from ThermoFisher Scientific.

Lentiviral shRNA vector construction and cell transfection
Stable ALPK2-KD cell lines were established using MISSION® shRNA lentiviral vectors (Sigma-Aldrich,
St. Louis, MO, USA) based on the pLKO.1 backbone. An shRNA targeting human ALPK2
(TRCN0000194883) was used for generating ALPK2 KD cells, and a non-targeting shRNA control
(SHC016V) was used as a negative control. Control cells were selected using puromycin, whereas
ALPK2 shRNA-transduced cells were selected using G418 (Geneticin) to establish stable cell lines.
Knockdown efficiency was confirmed by quantitative real-time PCR (qRT-PCR).
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RNA-seq
Total RNA was extracted from WT and LATS1/2 knockout (KO) CAL27 cells, as well as siControl and
siALPK2 in WSU-HN6 cells (N = 3). RNA-seq libraries were prepared using the TruSeq Stranded mRNA LT
Sample Prep Kit and sequenced on the Illumina NovaSeq X platform. For each sample, paired-end
sequencing reads were mapped to the GRCh38 human reference genome using HISAT2 version 2.1.0.
Transcript assembly and abundance quantification were computed using StringTie version 2.1.3b.
Differential gene expression analysis was performed using DESeq2 version 1.46.0 using a parametric fit.
MORPHEUS (https://software.broadinstitute.org/morpheus) was used to generate heat maps.

Phosphoproteomic analysis
WSU-HN6 cells transfected with siControl and siALPK2 were harvested and lysed in lysis buffer
containing protease and phosphatase inhibitors. Protein samples were digested with trypsin, and
phosphopeptides were enriched using IMAC. Shotgun phosphoproteomic analysis was performed using
liquid chromatography–tandem mass spectrometry (LC-MS/MS) on a Q-Exactive Plus mass
spectrometer coupled with a Dionex UltiMate 3000 system. Raw MS/MS spectra were processed using
Scaffold software and searched against the UniProt human protein database. Quantitative
phosphoproteomic analysis was performed using a label-free quantification (LFQ) method based on
intensity-based absolute quantification (iBAQ). Differentially phosphorylated proteins were identified
using the following criteria: P < 0.05.

Gene set enrichment analysis (GSEA)
We analyzed the Cancer Cell Line encyclopedia (CCLE) and the Cancer Genome Atlas (TCGA) datasets
using gene set enrichment analysis (GSEA) (Broad Institute,
http://software.broadinstitute.org/gsea/index.jsp) with 1000 permutations, “Pearson” metric of RNA-seq
read counts per gene and a gene set size filter of 15–500. The “C6” gene set database from MSigDB was
spiked with “ZHANG: TEAD-YAP/TAZ”.

Statistical analysis
All data were analyzed using GraphPad Prism version 9 (GraphPad Software, CA, USA). The data were
analyzed using the Student’s t-test (two sided) and analysis of variance (ANOVA) with the Tukey-Kramer
post hoc test or as indicated in the figure legends. All experiments were independently repeated three
times, with similar results.

For all volcano plots, red dots indicate features meeting both the fold-change and statistical significance
thresholds, green dots indicate features meeting only the fold-change threshold, blue dots indicate
features meeting only the statistical significance threshold, and gray dots indicate features meeting
neither threshold.
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Data availability
Raw and processed RNA-seq data were deposited in the NCBI Gene Expression Omnibus (GEO) and can
be accessed under the GEO Series Accession Number GSE (not yet). The CCLE data set is available
online (https://portals.broadinstitute.org/ccle) and the TCGA data is

available from c-BioPortal (https://www.cbioportal.org/). The datasets generated during and/or analyzed
during the current study are available from the corresponding author on reasonable request.

RESULTS
ALPK2 is a YAP/TAZ-regulated gene

We previously generated LATS1/2 KO CAL27 cells, a human HNSCC cell line. LATS1/2 KO CAL27 cells
showed YAP dephosphorylation and no change in ERK phosphorylation (Supplementary Fig. 1A). We
then performed RNA sequencing using these cells and WT CAL27 cells and among the differentially
expressed genes (DEGs), we focused on kinases. Significantly upregulated kinases from the DEGs in
LATS1/2 KO CAL27 cells were extracted and sorted by descending fold change (Fig. 1A). We identified
ALPK2 as the kinase showing the highest expression among kinases (Fig. 1A).

To determine whether ALPK2 expression correlates with YAP/TAZ activation in actual cancer cell lines or
tissues, we performed GSEA using RNA sequencing data from the CCLE (including 1072 cell lines
derived from various organs) and the TCGA PanCancer Atlas (including tissue samples from 517
patients with HNSCC). ALPK2-enriched YAP-targeted gene sets included ZHANG: TEAD-YAP/TAZ,
DUPONT: YAP and CORDENONSI_YAP_CONSERVED_SIGNATURE (Figs. 1B, C). Collectively, these results
indicate that ALPK2 is significantly upregulated in YAP/TAZ-activated OSCC and is positively correlated
with YAP/TAZ activity in publicly available datasets of cancer cell lines and tissues.

ALPK2 knockdown inhibits cell proliferation
Two OSCC cell lines demonstrating YAP/TAZ activation—WSU-HN6 cells harboring EGFR gene
amplification and LATS1/2 KO CAL27 cells—were transfected with siRNA to knockdown ALPK2. Crystal
violet staining showed that ALPK2 KD significantly inhibited cell growth in both cell lines (Fig. 2A).
Similar results were confirmed in the cell viability results (Fig. 2B). We established shALPK2-transduced
WSU-HN6 cells with stable ALPK2 KD. In these cells, ALPK2 expression was reduced, and cell
proliferation was inhibited (Figs. 2C, D).

We also conducted experiments using lung adenocarcinoma (LUAC) cells harboring EGFR gene-
activating mutations. We performed qPCR using WT HCC827 cells and LATS1/2KO HCC827 cells with
highly activated YAP/TAZ. ALPK2 expression was significantly increased in LATS1/2KO HCC827 cells
(Fig. 2E). PC-9 cells were transfected with ALPK2-targeting siRNA. ALPK2 mRNA expression was
decreased in siALPK2-transfected PC-9 cells compared with siControl PC-9 cells. (Fig. 2F). Furthermore,
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ALPK2 KD significantly suppressed PC-9 cell viability. (Fig. 2G, H). These findings suggest that ALPK2
plays an important role in tumor cell proliferation in both OSCC and LUAC.

Exploring the Downstream Signaling Pathway of ALPK2
Previous studies have suggested PI3K/AKT signaling pathway involvement in ALPK2-mediated tumor
progression in ovarian cancer 22 and renal cell carcinoma 23. Therefore, we investigated whether ALPK2
KD affects the AKT/mTOR signaling pathway in OSCC cells by evaluating the phosphorylation levels of
AKT and S6. However, transfecting WSU-HN6 cells with siALPK2 did not show any changes in
phosphorylation, thus reflecting AKT and S6 activation in western blots (Supplementary Fig. 1B). As a
signaling pathway different than that previously reported may be involved, we performed
phosphoproteomic analysis using siControl and siALPK2 in WSU-HN6 cells. Factors such as MTA2 were
identified as showing a significant reduction of phosphorylation upon ALPK2 KD (Fig. 3A). MTA2 exerts a
tumor-suppressive effect by regulating AP-1 via YB1 31. Therefore, we examined pYB1 (S102) but found
no change in the phosphorylation level by siALPK2 transfection in WSU-HN6 cells (Supplementary
Fig. 2A).

To further investigate the downstream signaling pathway of the ALPK2-MTA2 axis, we performed RNA
sequencing and GSEA to determine the genes altered by ALPK2 KD in WSU-HN6 cells. ALPK2
knockdown led to the accumulation of MYC activation-related genes (MYC_UP. V1_UP) (Supplementary
Fig. 2B). Proteins likely to fluctuate in coordination with MYC include ERK, PI3K 38,39, and AP-1 14, which
consists of JUN and FOS. The volcano plot shows that siALPK2 transfection in WSU-HN6 cells
significantly reduces FOSL1 expression (Fig. 3B). The heatmap shows the expression of the JUN and
FOS family. Although ALPK2 knockdown reduced the expression of several genes, the most significantly
downregulated gene was FOSL1 (Fig. 3C). However, the heatmap generated from RNA-seq data of the
WT and LATS1/2 KO CAL27 cells showed increased expression of FOSL1 and JUN in LATS1/2 KO cells
(Fig. 3D). Western blot analysis revealed that ALPK2 KD reduced FOSL1 expression in all the cell lines
used: WHU-HN6 cells, LATS1/2KO CAL27 cells, PC-9 cells, and LATS1/2KO HCC827 cells (Fig. 3E, F and
Supplementary Fig. 3). Taken together, these findings suggest that FOSL1 may act downstream of
ALPK2 through MTA2.

FOSL1 contributes to the proliferation of YAP/TAZ-
activated OSCC cells and their sensitivity to trametinib
As MAPK signaling was altered by ALPK2 KD, we performed a functional analysis using trametinib, a
MEK1/2 inhibitor. Trametinib inhibits downstream ERK phosphorylation 40. Immunoblot analysis revealed
inhibition of pERK and its downstream target FOSL1 in the trametinib-treated group. LATS1/2KO CAL27
cells showed increased FOSL1 band intensity relative to WT CAL27 cells (Fig. 4A). Further, LATS1/2KO
CAL27 cells with highly activated YAP/TAZ showed decreased IC₅₀ of trametinib and increased
sensitivity to MEK inhibition (Fig. 4B). We transfected WSU-HN6 cells with siFOSL1, and using western
blot, confirmed that FOSL1 expression was suppressed (Fig. 4C). Cell growth was significantly reduced
following FOSL1 KD, as determined by crystal violet staining (Fig. 4D).
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These findings indicate that FOSL1 promotes the proliferation of YAP/TAZ-activated OSCC cells and is
associated with their increased sensitivity to trametinib.

DISCUSSION
To our knowledge, this study is the first to demonstrate the potential involvement of ALPK2 in OSCC
progression via the YAP/TAZ pathway and to suggest a link with the MTA2-AP-1 signaling axis (Fig. 4C).

ALPK2 was firstly reported by Ryazanov et al. in 1999 20; subsequently, in 2018, ALPK2 was found to
promote cardiomyocyte differentiation by suppressing the Wnt/β-catenin signaling pathway during
zebrafish heart development 41. Further, it has been found to function as an oncoprotein in various types
of cancer. In 2024, ALPK2 has been reported to maintain cardiac diastolic function by directly
phosphorylating the Ser283 residue of tropomyosin 1 (TPM1) 42. However, the specific sites of direct
phosphorylation by ALPK2 in cancer research have not been identified to date.

In head and neck cancers, including OSCC, YAP1 gene amplification and FAT1 loss or mutations cause
persistent YAP/TAZ accumulation in the nucleus, thereby promoting tumor growth 17,43. High ALPK2
expression levels were observed in YAP/TAZ-activated OSCC and LUAC (Fig. 1A and Fig. 2D), and ALPK2
KD was found to significantly inhibit tumor growth (Fig. 2). This is consistent with reports indicating that
ALPK2 functions as a tumor-promoting factor in ovarian cancer 22, renal cell carcinoma 23 and bladder
cancer 24. ALPK2 is also a poor prognostic factor in endometrial cancer 44. Overall, ALPK2 is believed to
play a key role in YAP/TAZ-mediated tumor proliferation.

We identified involvement of the MTA2-AP-1 pathway in ALPK2 downstream signaling (Fig. 3). MTA2
regulates AP-1 activity through the phosphorylation of YB-1, thus driving the cell proliferation program 31.
Further, under MTA2 KD conditions, AP-1 is suppressed owing to an increase in pYB-1, leading to
reduced invasive capacity 31; however, in the present study, pYB-1 (Ser102) levels were not changed in
the presence of decreased pMTA2. Although phosphorylation at Ser102 has been widely associated with
YB-1 activation, phosphorylation at Ser209 is reported to inhibit its nuclear translocation, suggesting that
phosphorylation at different residues leads to different biological effects 45. Therefore, altered
phosphorylation of Ser102 alone may not fully reflect the functional state of YB-1; the exact mechanism
linking MTA2 phosphorylation to YB-1 signaling in OSCC thus remains unclear necessitating further
detailed investigations, including Ser209. is needed. The involvement of the PI3K-AKT pathway in ovarian
cancer 22 and renal cell carcinoma 23, and of DEPDC1A in bladder cancer 24, has been reported in the
downstream signaling of ALPK2. Therefore, multiple signaling pathways may be involved downstream of
ALPK2.

In OSCC, YAP/TAZ, which has translocated into the nucleus because of Hippo pathway disruption, is
known to promote tumor proliferation 46. However, YAP/TAZ are co-transcription factors and lack
catalytic active sites, making them difficult to directly inhibit using small-molecule compounds 47,48.

Page 10/22



MST1/2 and LATS1/2, which are upstream of the Hippo pathway, are common kinase targets for drug
development; however, as they function as tumor suppressors, their inhibition activates YAP/TAZ, which
has the opposite effect 49,50. Consequently, TEAD-targeted drug development has been proposed, and
TEAD inhibitors such as K-975 have demonstrated antitumor effects against YAP-dependent
malignancies in preclinical trials 51, while VT3989 has shown promising clinical efficacy against

mesothelioma in Phase 1/2 clinical trials 52.

Resistance to EGFR inhibitors in OSCC is a serious challenge. The mechanism is known to involve the
RTK receptor AXL forming a heterodimer with EGFR, which, through MOB1, inactivates LATS1/2, thereby
reactivating YAP 18; furthermore, the reactivated YAP strongly induces the expression of AP-1, Bcl-2 53,
and MMP12 54. ALPK2, identified in this study, is a non-typical kinase, facilitating development of small-

molecule compounds targeting its active site 55. As ALPK2 is involved in regulating YAP/TAZ-related
signaling, developing ALPK2-targeted inhibitors may represent a promising therapeutic strategy for
OSCC. However, many aspects of the structural features of ALPK2—including its autophosphorylation
sites—and its kinase activity remain unclear, and further analysis is needed to develop inhibitors. In
future, ALPK2 inhibitors may become a treatment option that can be used in combination with other
molecularly targeted therapies.

Although this study identified MTA2 as a downstream target of ALPK2, some limitations remain; we have
not yet been able to determine in detail, through in vitro kinase assays or co-immunoprecipitation (Co-IP),
whether ALPK2 phosphorylates MTA2 directly or through an indirect mechanism involving other
components of the NuRD complex. Our findings suggest the involvement of MTA2 and YB-1 in ALPK2-
mediated tumor-promoting signaling. Nevertheless, the causal relationship among ALPK2, MTA2, and
YB-1 remains to be fully established. Further mechanistic studies are required to clarify how ALPK2
regulates YB-1 signaling. Another limitation is that although ALPK2 expression was associated with
YAP/TAZ activation, whether ALPK2 is directly regulated by the YAP/TAZ–TEAD transcriptional complex
remains unclear. In particular, further investigation using methods such as chromatin
immunoprecipitation analysis is needed to determine whether the YAP/TAZ–TEAD complex directly
binds to the ALPK2 promoter or enhancer region to regulate transcription. Further, even though ALPK2
may be a promising therapeutic target for OSCC, the risk of side effects leading to impaired cardiac
diastolic function—such as heart failure with preserved ejection fraction (HFpEF)—cannot be ruled out
with systemic inhibition, particularly in elderly patients and those with a history of heart disease 42. For
this reason, future inhibitor development will require tumor-specific delivery strategies.

In conclusion, we have demonstrated that YAP/TAZ, activated by various genetic abnormalities in OSCC
and EGFR-activating mutation-positive LUAC, enhances ALPK2 transcription. We suggested that
downstream of ALPK2, AP-1 transcription is induced via MTA2, thereby promoting tumor growth.
Considering the limited therapeutic strategies targeting YAP/TAZ signaling, our findings suggest that
ALPK2 may represent a novel therapeutic vulnerability in YAP/TAZ-active OSCC. By elucidating the
downstream signaling of ALPK2 in OSCC in greater detail, we can evaluate ALPK2 as a biomarker and
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determine the appropriate indications for Hippo pathway inhibitors and future ALPK2 inhibitors, thus
paving the way for precision medicine.
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Figures

Figure 1

ALPK2 is positively correlated with YAP/TAZ activation in OSCC
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(A) The table lists the kinases whose expression levels were significantly increased by LATS1/2 KO, as
identified from the RNA-seq results of WT and LATS1/2KO CAL27 cells. Volcano plot of RNA-seq
analysis comparing WT and LATS1/2KO CAL27 cells. Genes with adjusted P<0.05 were considered
significantly differentially expressed. ALPK2 is highlighted. (B, C) Gene set enrichment analysis (GSEA)
using the RNA-seq data from the cancer cell line encyclopedia (CCLE) and the Cancer Genome Atlas
(TCGA) revealed that ALPK2 expression was enriched in YAP/TAZ-target gene sets. Enrichment plots of
ZHANG�TEAD-YAP/TAZ signature gene sets for ALPK2.
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Figure 2

ALPK2 is involved in the proliferation of YAP/TAZ-activated OSCC and LUAC

(A) Crystal violet staining of siALPK2 or siControl in WSU-HN6 and LATS1/2 KO CAL27 cells. (B) Graph
of cell viability in WSU-HN6 cells transfected with siALPK2 using the cell titer-blue cell viability assay. (C)
The relative mRNA expression levels of ALPK2 in shALPK2-transduced WSU-HN6 cells were measured.
Expression levels were normalized against GAPDH and expressed as relative values compared to
shControl-transduced WSU-HN6 cells. (D) Graph of cell viability in shALPK2-transduced WSU-HN6 cells
using the cell titer-blue cell viability assay. (E) The relative ALPK2 mRNA expression levels in LATS1/2KO
HCC827 cells were determined by qPCR and are presented as fold change relative to WT HCC827 cells.
(F) The relative ALPK2 mRNA expression levels in siALPK2-transfected PC-9 cells were determined by
qPCR and are presented as fold change relative to the siControl group. (G) Crystal violet staining of
siALPK2 and siControl in PC-9 cells. (H) Graph of cell viability in PC-9 cells transfected with siALPK2
using the cell titer-blue cell viability assay. Data are presented as mean ± SD. Statistical significance was
determined using Student's t-test for (C-F and H) and one-way ANOVA followed by Tukey–Kramer post
hoc test for (B). (B-F and H): ****P < 0.0001, ***P < 0.001, **P < 0.01. (B) *versus siControl.
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Figure 3

ALPK2 may regulate MTA2 and FOSL1

(A) Top 10 proteins with significantly decreased phosphorylation in siALPK2-transfected WSU-HN6 cells
compared with siControl-transfected WSU-HN6 cells, as identified by phosphoproteomic analysis.
Protein abundance is presented as iBAQ values, and statistical significance is indicated by p-values. ND,
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not detected. Volcano plot of phosphoproteomic analysis following ALPK2 knockdown in WSU-HN6
cells. Proteins with |log2 fold change|>1 and adjusted P<0.05 were considered significantly differentially
expressed. MTA2 is highlighted. (B) Volcano plot of RNA-seq analysis in WSU-HN6 cells following ALPK2
knockdown. Genes with adjusted P<0.05 were considered significantly differentially expressed. FOSL1 is
highlighted. (C, D) Heat map showing the expression profiles of JUN and FOS family genes derived from
the RNA-seq data shown in Figure 1, comparing WT and LATS1/2KO CAL27 cells. (E) Immunoblot of
FOSL1 and β-actin in WSU-HN6 and LATA1/2KO CAL27 cells transfected with siControl or siALPK2. (F)
Immunoblot of FOSL1 and β-actin in PC-9 cells and LATS1/2KO HCC827 cells transfected with siControl
or siALPK2.
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Figure 4

Trametinib suppresses the growth of YAP/TAZ-activated OSCC cells, and FOSL1 contributes to their
proliferation

(A) Immunoblot of pERK, ERK, FOSL1 and β-actin in WT and LATS1/2KO CAL27 cells treated with
trametinib (10 µM) or DMSO. (B) Dose–response curves showing the viability of WT and LATS1/2 KO

Page 21/22



CAL27 cells following treatment with increasing concentrations of trametinib. Cell viability was assessed
using the CellTiter-Blue assay. IC50 values were estimated by nonlinear regression using a variable-slope
model. Data are presented as mean ± SD (N=5). (C) Immunoblot of FOSL1 and β-actin in WSU-HN6 cells
transfected with siControl or siFOSL1. (D) Crystal violet staining of siFOSL1 or siControl in WSU-HN6
cells. (E) Summary of the mechanism. ALPK2, whose transcriptional and protein levels are increased by
YAP/TAZ, phosphorylates MTA2, thereby promoting AP-1 transcription and stimulating tumor growth.
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