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Abstract 

Background Gastric cancer (GC) is a prevalent malignancy with limited therapeutic options for advanced stages. This 
study aimed to identify novel therapeutic targets for GC by profiling HSP90 client kinases.

Methods We used mass spectrometry-based activity-based protein profiling (ABPP) with a desthiobiotin-ATP probe, 
combined with sensitivity analysis of HSP90 inhibitors, to profile kinases in a panel of GC cell lines. We identified 
kinases regulated by HSP90 in inhibitor-sensitive cells and investigated the impact of MASTL knockdown on GC cell 
behavior. Global proteomic analysis following MASTL knockdown was performed, and bioinformatics tools were used 
to analyze the resulting data.

Results Four kinases—MASTL, STK11, CHEK1, and MET—were identified as HSP90-regulated in HSP90 inhibitor-
sensitive cells. Among these, microtubule-associated serine/threonine kinase-like (MASTL) was upregulated in GC 
and associated with poor prognosis. MASTL knockdown decreased migration, invasion, and proliferation of GC cells. 
Global proteomic profiling following MASTL knockdown revealed  NEDD4-1 as a potential downstream media-
tor of MASTL in GC progression. NEDD4-1 was also upregulated in GC and associated with poor prognosis. Similar 
to MASTL inhibition, NEDD4-1 knockdown suppressed migration, invasion, and proliferation of GC cells.

Conclusions Our multi-proteomic analyses suggest that targeting MASTL could be a promising therapy 
for advanced gastric cancer, potentially through the reduction of tumor-promoting proteins including NEDD4-1. This 
study enhances our understanding of kinase signaling pathways in GC and provides new insights for potential treat-
ment strategies.
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Background
Gastric cancer (GC) is a prevalent malignancy with 
significant incidence and mortality worldwide [1]. Its 
aggressive nature, late-stage diagnosis, and limited treat-
ment options all contribute to high mortality rates [2]. 
Therefore, innovative therapeutic strategies are urgently 
needed to effectively target and combat this life-threat-
ening disease. In recent years, cancer research has been 
increasingly focused on identifying novel kinase tar-
gets, as they play crucial roles in regulating various cel-
lular processes, including cell growth, proliferation, and 
migration [3].

Recent advances in cancer genomics, including the dis-
covery of genetic alterations, have greatly enhanced our 
understanding of carcinogenesis at the molecular level 
[4, 5]. The application of large-scale next-generation 
sequencing has not only deepened our understanding 
of the intricate processes underlying cancer progres-
sion, but has also resulted in the development of novel 
genomic molecular classification systems for GC [5]. 
This, in turn, allowed researchers to unravel the cancer-
driving mechanisms and identify diagnostic biomarkers, 
gene signatures, and potential anticancer targets [6–8]. A 
comparison of gene expression changes in GC and nor-
mal tumor-adjacent tissues using transcriptome sequenc-
ing revealed genetic and biochemical markers associated 
with tumor progression [8]. However, because protein 
abundance and function are not determined solely by 
mRNA abundance [9], these approaches can only provide 
limited understanding of the complex processes underly-
ing cancer progression.

The advent of proteomics has complemented the previ-
ous omics approaches [9]. Typically, liquid chromatogra-
phy (LC) is used to separate proteins and address issues 
related to sample complexity and dynamic range, whereas 
mass spectrometry (MS) is used to identify, characterize, 
and quantify proteins in proteomic research. Therefore, 
liquid chromatography–mass spectrometry (LC–MS)-
based high-throughput proteomics has substantially 
contributed to the identification of diagnostic biomark-
ers and anticancer targets [10]. However, it is difficult to 
identify protein groups with relatively low abundance, 
such as kinases, which are associated with various cellu-
lar processes [11].

Activity-based protein profiling (ABPP) has emerged 
as a chemical proteomics approach that uses active site-
directed chemical probes designed to selectively tar-
get and label the active sites of specific enzyme classes, 
including kinases [12]. These probes contain reactive 
groups that covalently bind to the active sites of the 
enzymes, allowing their capture and subsequent analy-
sis. This method can be used to monitor the enzymatic 
activities of proteins in complex biological systems and to 

better understand the mechanisms of compound–target 
interactions [13, 14]. Moreover, by using kinase-specific 
activity-based probes, researchers can selectively profile 
the kinome in cancer cells and identify aberrantly acti-
vated or dysregulated kinases that could serve as pro-
spective therapeutic targets [15, 16].

Heat shock protein 90 (HSP90)—a molecular chap-
erone involved in protein folding and stabilization—has 
garnered significant attention as a therapeutic target 
because its inhibition can lead to the destabilization and 
degradation of target proteins, including several kinases 
critical for cancer progression [17]. Numerous HSP90-
client proteins play crucial roles in establishing cancer 
cell hallmarks [18]. This suggests that the proteome-wide 
profiling of HSP90 cells could be an effective strategy for 
identifying novel anticancer targets. Interactome analysis 
based on the HSP90 inhibitor PU-H71 identified onco-
genic proteins and pathways, such as PI3K–AKT–mTOR, 
JAK–STAT, and Raf–MAPK pathways, in chronic mye-
loid leukemia (CML) [19]. Giulino-Roth et  al. [20] used 
PU-H71 affinity capture and proteomics to determine the 
relevant HSP90 clients in Burkitt’s lymphoma, revealing 
that the inhibition of HSP90 targets multiple components 
of the PI3K/AKT/mTOR signaling pathway. Sharma 
et al. [21] reported that HSP90 inhibition by 17-DMAG 
led to the downregulation of clients involved in RAS or 
AKT signaling pathways, DNA repair, and sphingolipid 
metabolism. These reports support the notion that profil-
ing the HSP90 client kinome may be an effective strategy 
for identifying novel kinase anticancer targets.

In the present study, we aimed to identify novel kinase 
targets in GC by investigating the HSP90 client kinome. 
We performed LC–MS-based ABPP to comprehensively 
profile the kinome under HSP90 inhibition. Among the 
four potential kinase targets identified, we focused on 
microtubule-associated serine/threonine kinase-like 
(MASTL)—a kinase known for its involvement in mitotic 
control. Our findings demonstrate that MASTL plays a 
crucial role in not only regulating the proliferation but 
also the migration and invasion of GC cells. Furthermore, 
global proteomic profiling revealed that knocking down 
MASTL led to a reduction in tumor-promoting proteins, 
including NEDD4-1. Similarly, silencing NEDD4-1 inhib-
ited the proliferation, migration, and invasion of GC cells. 
Collectively, these results suggest that MASTL could pro-
mote GC progression through mechanisms independent 
of mitotic progression and could be a novel anticancer 
target for GC treatment.

Methods
Cell culture
All GC cells used in this study were obtained from the 
Korean Cell Line Bank and cultured in RPMI 1640 
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medium containing 10% fetal bovine serum (FBS) and 1% 
antibiotic–antimycotic (HyClone, Logan, UT, USA) at 37 
℃ in a humid environment with 5%  CO2.

Chemicals and antibodies
AUY922 was purchased from Selleckchem (Houston, 
TX, USA) and dissolved in dimethyl sulfoxide (DMSO). 
All primary antibodies were obtained from Cell Signal-
ing Technology (Danvers, MA, USA), except for β-actin 
(Santa Cruz Biotechnology, Dallas, TX, USA), MASTL 
(Abgent, San Diego, CA, USA), and NEDD4 (R&D Sys-
tems, Minneapolis, MN, USA). Horseradish peroxidase 
(HRP)-conjugated secondary antibodies were purchased 
from Thermo Fisher Scientific (Waltham, MA, USA).

Western blotting
For protein extraction, the collected pellets of GC cells 
were lysed in NETN lysis buffer (100 mM NaCl, 20 mM 
Tris [pH 8.0], 0.5  mM EDTA, and 0.5% NP-40) supple-
mented with a protease and phosphatase inhibitor cock-
tail (GenDepot, Baker, TX, USA). Protein lysates were 
separated by sodium dodecyl sulfate–polyacrylamide 
gel electrophoresis (SDS-PAGE) and transferred onto a 
nitrocellulose membrane. The membrane was blocked 
with 5% skim milk in TBST for 1  h at room tempera-
ture and immunoblotted with primary antibodies at 4 
℃ overnight. After washing with TBST, the membranes 
were incubated with HRP-conjugated secondary antibod-
ies at room temperature for 1 h. An LI-COR system (LI-
COR Biosciences, Lincoln, NE, USA) was used to detect 
chemiluminescence. Protein band intensities were meas-
ured using the ImageJ software.

MTT assay
Cells were seeded in 96-well plates at a density of 20–30% 
and allowed to adhere for 24 h. On the following day, cells 
were exposed to the experimental drugs. After 72 h, 10 μl 
of MTT reagent (5 mg/ml) was applied to the cells. After 
2 h, the medium was removed, and DMSO was added to 
dissolve the formazan crystals. The optical absorbance 
was measured at 570 nm using a microplate reader (Ver-
saMax, Molecular Devices, San Jose, CA, USA).

siRNA transfection
To suppress the expression of MASTL and NEDD4, 
siRNA transfections were performed using RNAiMAX 
reagent (Thermo Fisher Scientific, Carlsabad, CA, 
USA), according to the manufacturer’s instructions. siR-
NAs were purchased from Genolution (Seoul, South 
Korea). The siRNA duplex sequences used in this study 
are siControl (sense: 5′-CCU CGU GCC GUU CCA UCA 
GGU AGU U-3′; antisense: 5′-CUA CCU GAU GGA ACG 
GCA CGA GGU U-3′), siMASTL (sense: 5′-GAA AGU 

CAG CCC UUA GAU UUU-3′; antisense: 5′-AAU CUA 
AGG GCU GAC UUU CUU-3′), siMASTL #2 (sense: 
5′-GAA UGA ACU UGC AUA AUU AUU-3′; antisense: 
5′-UAA UUA UGC AAG UUC AUU CUU-3′), siNEDD4 
(sense: 5′-GUG CAA AUC AUC AGG UUA UUU-3′; anti-
sense: 5′-AUA ACC UGA UGA UUU GCA CUU-3′), and 
siNEDD4 #2 (sense: 5′- UGG CGA UUU GUA AAC CGA 
AUU-3′; antisense: 5′-UUC GGU UUA CAA AUC GCC 
AUU-3′).

Migration and invasion assay
The cell migration assay was conducted using a transwell 
system in a 24-well plate (Corning, New York, NY, USA). 
Briefly, GC cells suspended in serum-free medium were 
plated into the upper chamber (pore size, 8 μm) and cul-
ture medium containing 10% FBS was added in the lower 
compartment. After 24 h of incubation, cells were fixed 
with 4% paraformaldehyde (PFA) for 20 min and stained 
with 0.5% crystal violet for 20  min. Subsequently, non-
migrating cells were removed using a cotton swab. The 
migrated cells in the lower chamber were counted from 
three randomly chosen fields under a microscope, using 
the ImageJ software. For the invasion assay, the transwell 
filter was coated with Matrigel and cells were incubated 
for 48 h.

Wound healing assay
To create wounds, inserts (Ibidi, Gräfelfing, BY, Ger-
many) were placed in a 6-well plate, and cells were 
seeded in each well of the insert. On the following day, 
the inserts were removed to create wounds and the float-
ing cells were eliminated. Wound closure images were 
captured using a phase-contrast microscope (Olympus, 
Shinjuku, Tokyo, Japan).

Clonogenic assay
Cells were plated in 6-well plates at 3 ×  103–5 ×  103 cells 
per well and incubated in culture medium for 7  days. 
Colonies formed were fixed with 4% PFA for 20 min and 
stained with 0.5% crystal violet for 20 min.

qPCR
Total RNA was extracted using the AccuPrep® Universal 
RNA Extraction Kit (Bioneer, Daejeon, South Korea), fol-
lowing the manufacturer’s instructions. cDNA synthesis 
was performed using the CellScript™ cDNA Master Mix 
(CellSafe, Yongin, South Korea). Quantitative PCR was 
performed using the SYBR Green Real-Time PCR Master 
Mix (Toyobo, Osaka, Japan). The reaction mixture, con-
taining cDNA, SYBR Green, forward primer, and reverse 
primer, underwent 35 cycles of PCR amplification with 
the following cycling conditions: denaturation at 95 ℃ for 
5 s, annealing at 55 ℃ for 10 s, and extension at 72 ℃ for 
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30 s. All primer sequences used in this study are listed in 
Table S1.

LC–MS‑based ABPP
ABPP was conducted following our previously reported 
methods [14] and protocols outlined in the Pierce Kinase 
Enrichment kit and ActivX probes (Thermo Fisher Sci-
entific, Waltham, MA, USA). Briefly, the collected GC 
cell pellets were lysed using IP lysis buffer supplemented 
with protease and phosphatase inhibitors. After desalt-
ing using Zeba spin desalting columns (Thermo Fisher 
Scientific), the desthiobiotin-ATP probe reaction was 
performed. Probe-labeled lysates were denatured with 
5 M urea, reduced with 5 mM dithiothreitol (DTT), and 
alkylated with 40  mM iodoacetamide (IAA). Follow-
ing buffer exchange using the Zeba spin desalting col-
umns, samples were digested with mass spectrometry 
(MS)-grade trypsin. The labeled tryptic peptides were 
enriched using a slurry of high-capacity streptavidin-
agarose resin. Captured peptides were eluted with elu-
tion buffer (50% acetonitrile (ACN), 0.1% trifluoroacetic 
acid (TFA)), lyophilized, and resuspended in injection 
buffer (50% ACN, 0.1% TFA). The eluted samples were 
analyzed using LC–MS (Korea Basic Science Institute, 
Ochang, Republic of Korea) as described previously [14, 
22]. Raw MS data were processed to identify and quantify 
the peptides and proteins using MaxQuant software (ver. 
1.5.3.8; Max Planck Institute of Biochemistry, Martin-
sried, Germany). The search parameters were largely set 
to the default values provided by MaxQuant, which are 
optimized for high accuracy and reproducibility across a 
wide range of proteomic experiments. A notable excep-
tion to the default settings was the inclusion of a custom 
modification: desthiobiotin-ATP at lysine residues. This 
modification was added to accurately reflect the specific 
chemical labeling used in our activity-based protein pro-
filing (ABPP) approach. The search included common 
variables such as methionine oxidation as the default var-
iable modification. Searches were performed against the 
Human SwissProt database.

Global proteome analysis
In-gel digestion was performed as previously described 
[23]. Briefly, samples were loaded onto SDS-PAGE gels, 
stained with Coomassie Blue, and destained overnight. 
The gel was sliced into fragments and washed with a 
destaining buffer. The gel pieces were reduced with 2 mM 
tris(2-carboxyethyl)phosphine (TCEP) and alkylated with 
20  mM IAA. Subsequently, the samples were digested 
with trypsin and the resulting tryptic peptides were 
eluted using an elution buffer (50% ACN, 0.1% TFA). 
The eluted samples were analyzed by LC–MS/MS, as 
previously described [24]. Raw MS data were processed 

to identify and quantify the peptides and proteins using 
MaxQuant software (ver. 1.5.3.8; Max Planck Institute of 
Biochemistry, Martinsried, Germany) as described above.

Statistical analysis
In ABPP analysis, each condition was analyzed using 
three biological replicates. Proteins undetected in two 
or more biological replicates under the control condition 
were considered as "undetected." Differentially expressed 
proteins (DEPs) were defined as those with an average 
fold-change greater than twofold. In global proteome 
profiling, each sample was analyzed using two biological 
replicates and two technical LC–MS analysis replicates. 
A previously described method for handling missing val-
ues in replicates was followed [24]. If one of the techni-
cal replicates was missing, we used the detected value 
from the remaining technical replicate. If both technical 
replicates were missing, we added a minimal value close 
to zero to all missing values. DEPs were defined as those 
with an average fold change greater than twofold and a 
p-value less than 0.05. Averages were log2-transformed 
and p-values were log10-transformed using Microsoft 
Excel (Microsoft, Inc., Redmond, WA, USA) to deter-
mine the significance of the results.

Results
Activity‑based protein profiling revealed HSP90 client 
kinases in GC
Inhibition of HSP90 leads to the degradation of cli-
ent proteins associated with the pathological traits of 
malignant cells via the proteasome pathway [25]. These 
traits are well-established hallmarks of cancer, including 
self-sufficiency of growth signals, insensitivity to growth 
suppression signals, evasion of apoptosis, acquisition 
of limitless replicative potential, sustained angiogen-
esis, invasion, and metastasis [18, 26–29]. Therefore, we 
hypothesized that client proteins that degrade as a result 
of HSP90 inhibition could act as potential anticancer tar-
get candidates for GC. In this study, we focused on the 
HSP90-regulated cancer kinome, owing to the impor-
tance of kinase signaling in GC progression [3]. First, we 
assessed the response of GC cells to the HSP90 inhibi-
tor AUY922. AUY922 is a second-generation HSP90 
inhibitor, specifically a synthetic radicicol-based deriva-
tive, which has been evaluated in multiple clinical trials, 
including those for gastric cancer [30]. It is a potent and 
selective inhibitor with a GI50 value in the nanomolar 
range, demonstrating greater antitumor efficacy com-
pared to first-generation inhibitors such as 17-AAG 
[31]. Additionally, AUY922 has been shown to effec-
tively inhibit HER2 and AKT activation in gastric can-
cer cells [32], supporting its relevance and suitability for 
our study. Our results indicated that AGS and SNU484 
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cells exhibited higher sensitivity to HSP90 inhibitors than 
other GC cells (Figure S1A and S1B). Based on these 
findings, we selected two AUY922-sensitive GC cell lines 
(AGS and SNU484) and two AUY922-resistant GC cell 
lines (SNU601 and MKN74) to identify the HSP90 cli-
ent kinome using LC–MS-based ABPP. To enrich the 
kinome, we employed a commercially available desthio-
biotin-ATP probe (ActivX, Thermo Scientific), which 
covalently labels conserved lysine residues in or near 
the ATP-binding pocket of enzymes, including kinases 
[33], and has been previously used to profile the kinome 
response to kinase inhibitor treatment in lung cancer [33, 
34] and target profiling of dasatinib in gastric cancer [14]. 
The experimental approach is outlined in Fig. 1A. Briefly, 
cells were treated with the HSP90 inhibitor, AUY922, or 
vehicle control (DMSO). Subsequently, the ATP-binding 
proteome was labeled with a desthiobiotin-ATP probe 
and digested with trypsin. The labeled peptides were then 
enriched with streptavidin beads, followed by LC–MS 
analysis. Raw MS data were processed for the identifi-
cation and quantification of peptides and proteins using 
MaxQuant software.

We identified a total of 117 peptides that corresponded 
to 83 kinases in AGS, 86 peptides that corresponded to 
64 kinases in SNU484, 106 peptides that corresponded 
to 68 kinases in SNU601 and 108 peptides that corre-
sponded to 67 kinases in MKN74. We defined kinases 
as HSP90-regulated if their intensities were reduced 
by more than 50% compared with the vehicle control. 
A list of the HSP90-regulated kinases in each cell line 
is provided in Table  S2. We identified seven common 
HSP90 client kinases, MASTL, STK11, CHEK1, MET, 
PKM, and CDK1, in AUY922-sensitive GC cells (AGS 
and SNU484) and eight common HSP90 client kinases, 
PDPK1, MAP4K5, PKM, STK38, TAOK3, EIF2AK2, and 
DTYMK, in AUY922-resistant GC cells (SNU601 and 
MKN74; Fig.  1B and Figure S2). We hypothesized that 
the HSP90 client kinases exclusively identified in both 
sensitive cell types (AGS & SNU484; Fig.  1C)–MASTL, 
MET, CHEK1 and STK11 – could be important for GC 
progression. Previous studies have reported that MET, 
CHEK1, and STK11 are HSP90 client proteins [35–39].

Among these four kinases, we focused on microtubule-
associated serine/threonine kinase-like (MASTL) due to 
its potential as a novel tumor promoting protein in GC. 
MASTL is reportedly a master regulator that promotes 
mitotic progression by inhibiting PP2A via ENSA [33, 
34]. High expression of MASTL has been observed in 
a variety of human cancers and is associated with poor 
clinical outcomes in breast, gastric, and colon cancer 
[40–42] as well as recurrence after treatment in various 
cancer [42–44]. Notably, MASTL inhibition selectively 
killed breast cancer cells, but not normal cells, through 

the induction of mitotic catastrophe [44] and radiosensi-
tization in NSCLC cells, but not in primary human fibro-
blasts [45]. Treatment with AUY922 significantly reduced 
MASTL expression specifically in AUY922-sensitive GC 
cells, validating MASTL as a potential novel HSP90 cli-
ent kinase (Figure S3). Collectively, these findings indi-
cate that MASTL is a promising candidate for anticancer 
treatment of GC.

Knockdown of MASTL impaired GC proliferation, 
migration, and invasion
Based on TCGA database, a high mutation frequency 
of MASTL was observed in GC across a wide range of 
human tumors (Figure S4). MASTL expression in tumor 
tissues was significantly higher than that in normal tis-
sues and correlated with the GC tumor grade (Figs.  2A 
and B, and Figure S5). In addition, it has been reported 
that MASTL expression  was associated with epithelial-
to-mesenchymal transition (EMT) status and survival, 
serving as an independent prognostic factor for patients 
with GC [41]. Based on these results, MASTL can be 
considered a potential anticancer target for the treatment 
of GC.

To evaluate the potential of targeting MASTL as a 
novel anticancer approach, we silenced MASTL expres-
sion (Figure S6) and examined its effects on GC cell pro-
liferation. The clonogenic assay showed that MASTL 
silencing inhibited the proliferation of GC cells (Fig. 2C). 
To further explore the role of MASTL in GC metasta-
sis, we tested whether MASTL inhibition impaired GC 
migration/invasion and found that MASTL-deficient 
GC cell migration was reduced (Figs.  2D and E). Simi-
larly, MASTL knockdown significantly decreased GC cell 
invasion (Fig. 2F). Given the observed effect of MASTL 
inhibition on GC migration and invasion, we hypoth-
esized that MASTL regulates MMPs associated with 
tumor growth, differentiation, migration, and invasion at 
various cancer stages [46–48]. To examine this, we tested 
whether MASTL inhibition could impair MMP expres-
sion and found that the MASTL knockdown reduced 
MMP-1 mRNA expression in GC (Fig. 2G).

Global proteomics analysis identified MASTL‑regulated 
proteome in GC
The molecular mechanism of MASTL as an oncogene 
remains to be fully elucidated. Overexpression of MASTL 
reportedly induces the dephosphorylation of glycogen 
synthase kinase-3 (GSK-3) at its inhibitory sites (S9/
S21) and promotes hyperphosphorylation of AKT (S473) 
by degrading PHLPP, a phosphatase responsible for 
AKT dephosphorylation [49]. Additionally, the previous 
study demonstrated that inhibiting MASTL significantly 
impairs the phosphorylation of GSK-3β at its inhibitory 
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site (S9) and the nuclear accumulation and activity of 
β-catenin and expression of Bcl-xL and Survivin, anti-
apoptotic proteins [42]. However, we found that inhibi-
tion of MASTL failed to affect GSK-3β phosphorylation 

in GC cells (Figure S7), suggesting that MASTL could 
promote GC via unknown mechanisms.

To elucidate the tumor promoting mechanisms of 
MASTL in GC, we profiled global proteome alteration 

Fig. 1 Identification of HSP90 client kinases through LC–MS-based activity-based protein profiling (ABPP). (A) Workflow for HSP90 client kinome 
profiling via desthiobiotin-ATP probe-based ABPP in GC. GC cells were incubated with vehicle control (DMSO) or 100 nM of AUY922 for 48 h 
and harvested (a), followed by desthiobiotin-ATP probe labeling (b). Samples were digested with trypsin (c), labeled peptides were captured 
by streptavidin agarose beads (d) and analyzed by LC–MS/MS (e). MaxQuant software was used to analyze LC–MS data (f ). (B) HSP90 client kinases 
in AUY922-sensitive GC cells were illustrated in the kinome tree. (C) Common HSP90 client kinases across GC cell lines were illustrated in a Venn 
diagram
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occurring in MASTL-deficient SNU484 cells. The work-
flow for identifying the MASTL-regulated proteome is 
shown in Fig. 3A. Briefly, SNU484 cells were transfected 
with siControl or two different siRNAs targeting MASTL 
(Figure S8). The proteins were then in-gel digested, and 
the extracted peptides were analyzed using LC–MS/MS, 
followed by data processing with MaxQuant software. 
We identified a total of 4181 proteins (Table S4). Differ-
entially expressed proteins (DEPs) were defined as those 
with an average fold change greater than twofold and a 
p-value less than 0.05, as illustrated in volcano plots and 
the Venn diagram (Figs.  3B and C). We identified 136 
downregulated proteins with siMASTL #1 and 122 with 
siMASTL #2. Similarly, 83 upregulated proteins were 
identified with siMASTL #1 and 110 with siMASTL #2. 
Ultimately, 33 proteins were found to be downregulated 
and 18 were found to be upregulated by both siRNAs 
(Fig. 3C), which were used for subsequent bioinformatic 
analyses.

To gain biological insights into MASTL-regulated pro-
teome, we performed  comprehensive pathway enrich-
ment analyses using the Metascape database, which 
integrates GO function and KEGG pathway analy-
ses [50] (Figs.  3D and E). The downregulated proteins 
were mainly enriched in the mitotic cell cycle, meiotic 
cell cycle, regulation of nucleocytoplasmic transport, 
response to salt, and establishment of organelle locali-
zation. Upregulated proteins were mainly enriched in 
amino acid catabolic processes and autophagy. Addition-
ally, KEGG pathway enrichment analyses revealed that 
the downregulated proteins were primarily enriched in 
the cell cycle, mitotic, PIP3 activates AKT signaling, and 
deubiquitination pathways. Conversely, upregulated pro-
teins were mainly enriched in cargo recognition for clath-
rin-mediated endocytosis. Given prior research linking 
MASTL to the AKT signaling pathway in different can-
cers [49, 51], we focused on proteins related to “PIP3 
activates AKT signaling” in the KEGG pathway annota-
tions. Among the down-regulated proteins, NEDD4-1, 
TNRC6B, RAP2C, USP34, STRN, and PPP2R1B were 
enriched in this pathway (Table  S5). In particular, we 

focused on NEDD4-1 because of its association with can-
cer progression. NEDD4-1, E3 ubiquitin ligases, prefer-
entially induces ubiquitination of substrates through K63 
conjugation involved in DNA repair, protein trafficking, 
autophagy, immunity, and inflammation compared with 
K48 conjugation [52, 53]. NEDD4-1 regulates multiple 
substrates involved in cancer cell proliferation, migra-
tion, invasion, and drug sensitivity [52]. Notably, it was 
reported that NEDD4-1 overexpression in  p53−/− pri-
mary MEFs reduced PTEN expression, antagonizing the 
activation of the PI3K-AKT-mTOR signaling pathway 
[54]. Likewise, inhibition of NEDD4-1 induces dephos-
phorylation of AKT, increases the expression of PTEN, 
and reduces the growth and migration of hepatocellular 
carcinoma cells [55]. Importantly, NEDD4-1 has been 
reported to be overexpressed in gastric cardia adeno-
carcinoma (GCA) compared to adjacent normal tissues 
and highlighted as a significant prognostic biomarker for 
gastric cardia adenocarcinoma [56]. This indicates that 
NEDD4-1 may be important for GC progression as a 
novel downstream signaling molecule of MASTL.

Knockdown of NEDD4 impaired the viability, migration 
and invasion of GC cells
Using bioinformatic databases, we assessed the increased 
expression correlated with the survival rate of patients 
with GC (Fig.  4A).We validated the mass spectrometry 
results using Western blotting and RT-qPCR, which 
indicated that MASTL knockdown significantly reduced 
NEDD4-1 expression in GC cells at both the protein and 
mRNA levels (Figs.  4B and S9). Inhibition of MASTL 
failed to impair AKT phosphorylation (Fig.  4B), sug-
gesting that NEDD4-1 could promote GC progression 
beyond its potential role in regulating PTEN-AKT path-
way. To confirm that the reduction of NEDD4-1, as a 
result of MASTL knockdown, inhibits GC phenotypes, 
we silenced NEDD4-1 (Figure S10) and tested its impact 
on GC cell proliferation, migration, and invasion. Similar 
to MASTL inhibition, silencing NEDD4-1 impaired the 
viability of GC cells (Fig.  4C). Furthermore, NEDD4-1 
knockdown significantly reduced the migration and 

(See figure on next page.)
Fig. 2 MASTL is highly expressed in GC and knockdown of MASTL inhibited proliferation, migration and invasion of GC cells. A Differential MASTL 
mRNA expression was analyzed in gastric tumors (T) and normal tissues (N) using the GEPIA. B Expression analysis of MASTL in different stages 
of GC using UALCAN database. Statistical analyses are shown in Table S3. C GC cells were transfected with siControl or siMASTL, and the effect 
of MASTL knockdown on proliferation of GC cells was analyzed by clonogenic assay. D GC cells were transfected with siControl or siMASTL 
#2, and the effect of MASTL knockdown on GC migration was analyzed by wound healing assay. E AGS cells were transfected with siControl 
and siMASTL #2, and the effect of MASTL knockdown on AGS migration was analyzed by Transwell assay. F SNU484 cells were transfected 
with siControl and siMASTL #1, and the effect of MASTL knockdown on SNU484 invasion was analyzed by invasion assay. Representative images 
of migrated or invaded cells on the membrane (magnification: 200x) are shown. G Effect of MASTL knockdown on MMP-1 expression was analyzed 
by qPCR. Error bars indicate the standard deviation of representative triplicates from at least three experiments, which showed similar results. NS: 
not significant, *: p < 0.05, **: p < 0.01, ***: p < 0.001
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invasion of GC cells (Figs.  4D–F). These results suggest 
that NEDD4-1 could be one of the major downstream 
effectors of MASTL contributing to GC progression.

Discussion
Large-scale molecular profiling and classification of 
GC based on actionable genetic alterations have facili-
tated the development of personalized treatments for 
advanced GC [57]. For example, trastuzumab combined 
with chemotherapy is recommended as the first-line 
treatment for HER-2 overexpressing GC patients, in 
accordance with the approved standard of care in the 
USA [57, 58]. Additionally, ramucirumab, a monoclonal 
antibody against the vascular endothelial growth factor 
receptor 2, and pembrolizumab, a programmed death-1 
(PD-1) inhibitor, are available as second- or third-line 
therapies. TAS-102, also known as tipiracil hydrochlo-
ride, is another available option for third-line therapy for 
GC. However, strategies for treating patients with HER2-
negative GC tumors are relatively limited, emphasizing 
the urgent need for novel anticancer targets to improve 
the outcomes of patients with advanced GC.

The molecular chaperone HSP90 plays a crucial role 
in regulating the activity and stability of client proteins 
[59]. By regulating these proteins, HSP90 is involved in 
the pathological hallmarks of malignant cells, including 
self-sufficiency of growth signals, insensitivity to growth 
suppression signals, evasion of apoptosis, acquisition of 
limitless replicative potential, sustained angiogenesis, 
invasion and metastasis [18, 26–29]. Notably, HSP90 is 
more abundantly expressed in gastric cancer tissues than 
in normal mucosa [60] and is linked to tumor size, metas-
tasis, and survival of patients with GC [61]. It has been 
reported that inhibition of HSP90 impairs GC prolifera-
tion and degrades target proteins including HER-2, Akt, 
and thymidylate synthase [62]. However, owing to con-
cerns about toxicity [25], HSP90 has not been considered 
a target candidate for anticancer treatment. This concern 
has led to profiling of HSP90 client proteins to identify 
novel anticancer targets.

In this study, a desthiobiotin-ATP probe was used to 
profile HSP90 client kinases expressed at low levels in 
the samples. Unfortunately, we could not completely 
confirm whether all kinases in the sample were labeled 

with the desthiobiotin-ATP probe or whether loss 
occurred during purification. However, we identified 
83 kinases in AGS, 64 kinases in SNU484, 68 kinases 
in SNU601, and 67 kinases in MKN74. Additionally, 
we identified seven common HSP90 client kinases in 
AUY922-sensitive GC cells and eight common HSP90 
client kinases in AUY922-resistant GC cells. Recently, 
fluorophosphonate probes for the serine hydrolase class 
were synthesized and reported to selectively label active 
enzymes, but not their inactive precursor (zymogen) or 
inhibitor-bound forms [63–65]. However, desthiobio-
tin-ATP probes label both active and inactive forms of 
kinases [34, 66]. Considering the traits of these probes, 
AUY922 may have potential effects on both the active 
and inactive forms of HSP90 client kinases.

Using the ABPP approach, we identified four can-
didate proteins: MASTL, MET, CHEK1, and STK11 
(Fig. 1C). Consistent with our results, Consistent with 
our results, MET and CHEK1 have been previously 
reported as HSP90 client proteins [35, 67, 68]. Activa-
tion of Met by Hepatocyte Growth Factor (HGF) can 
confer resistance to lapatinib in HER2-positive gastric 
cancer cells, there by compromising its therapeutic 
efficacy [69]. Knockdown of c-Met reduced peritoneal 
dissemination as well as tumor size in a gastric cancer 
xenograft model [70]. CHEK1, a critical regulator of cell 
cycle transition in DNA damage response, plays a sig-
nificant role in promoting survival and growth of gas-
tric cancer cells. CHK1 inhibitor, LY2606368, reduced 
tumor volume and weight in a gastric cancer PDX 
model. Particularly, the combination of LY2606368 
with BMN673, a PARP inhibitor, demonstrated a syn-
ergistic anticancer effect [71]. Notably, MASTL expres-
sion correlates with epithelial-mesenchymal transition 
(EMT) status, tumor recurrence, and poor survival out-
comes in GC [41]. These studies indicate a relationship 
between these kinases and the clinicopathology of GC. 
Unlike other candidates, STK11 is a tumor suppressor 
and considered an HSP90 client protein [39]. Previ-
ous studies indicated that STK11 degradation due to 
HSP90 inhibition can lead to tumor development [39]. 
However, our experiments demonstrated that HSP90 
inhibitors significantly impaired GC proliferation (Fig-
ures S1A and S1B). These findings suggest that, among 

Fig. 3 Analysis of global proteome in MASTL-deficient GC cells revealed MAST-regulated protein candidates. (A) Workflow for MASTL-regulated 
proteome profiling via global proteome analysis in GC. SNU484 cells were transfected with two different MASTL targeting siRNAs or control 
siRNA for 48 h (a), followed by in-gel digestion (b). The resulting tryptic peptides were analyzed by LC–MS/MS (c). MaxQuant software was used 
to analyze LC–MS data (d). (B) Differentially expressed proteins (DEPs) in MASTL-deficient GC cells were visualized by volcano plot. Non-axial vertical 
and horizontal lines denote twofold change and p = 0.05, respectively. (C) Commonly decreased and increased DEPs were illustrated using Venn 
diagrams. (D) Metascape analysis of down-regulated proteins. (E) Metascape analysis of up-regulated proteins

(See figure on next page.)
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other client proteins, there may be potential anticancer 
targets in GC with mutations or loss of STK11.

In this study, we emphasize the importance of MASTL 
as a potential anticancer target for GC treatment. We 
demonstrated that MASTL inhibition impaired GC pro-
liferation, migration, and invasion. Although the effect 
of MASTL knockdown on GC proliferation can be 
explained by its role as a key regulator of cell cycle pro-
gression, its impact on GC migration and invasion is less 
intuitive. Global proteomic analysis revealed NEDD4-1 
as one of the downstream of MASTL contributing these 
phenotypes (Figs. 4C–F). Previous studies have reported 
that NEDD4-1 regulates multiple substrates via ubiquit-
ination [52, 53]. PTEN, a negative regulator of the PI3K-
Akt pathway, is a well-known substrate of NEDD4-1 
[54, 55]. However, NEDD4-1 and PTEN appeared to be 
uncorrelated in GC tumor samples from GEPIA (Figure 
S11). In addition, inhibition of MASTL failed to reduce 
AKT phosphorylation (Fig. 4B), indicating that NEDD4-1 
may not be associated with the stability of PTEN in 
GC. Accordingly, we hypothesized that previous stud-
ies on NEDD4-1 substrates would aid in understanding 
the role of the MASTL in GC progression. Wang et  al. 
reported that recombinant NEDD4-1 contributes to the 
stability of MDM2, a negative regulator of p53, by pro-
moting K63-type polyubiquitination. [72, 73]. They 
demonstrated that the inhibition of NEDD4-1 enhances 
p53 expression and activity, which leads to enhanced 
responses to DNA damage and growth inhibition [72]. 
Considering the results of this study, in which the inhibi-
tion of MASTL and NEDD4-1 reduced cell proliferation, 
MDM2 may be associated with the role of MASTL and 
NEDD4-1 in GC progression. MMP14 has been reported 
to have strong ECM-degrading capabilities and is highly 
expressed in GC tissues compared to the non-cancerous 
mucosa [74]. Notably, it has been reported that MMP14, 
which is involved in pericellular proteolysis and inva-
sion, is monoubiquitinated at K581 by NEDD4-1 [75]. 

Similarly, we showed that the inhibition of MASTL and 
NEDD4 reduced GC cell invasion. In addition, high lev-
els of MMP14 in tissues and serum are associated with 
worse survival in patients [74, 76]. Collectively, MASTL 
may promote GC invasion through NEDD4-1-mediated 
mono-ubiquitination of MMP14.

A global proteomics approach successfully profiled 
proteins altered by MASTL knockdown. While our 
experimental validation was focused on NEDD4-1, 
we could identify potential oncogenic proteins whose 
expression was reduced by knocking down MASTL. 
Among them, Anillin (ANLN), an actin-binding pro-
tein, possesses a multidomain structure and inter-
acts with cytoskeletal components [77, 78]. Anillin, 
known as a regulator of cytokinesis, is reported as 
a marker of poor prognosis and is involved in cancer 
progression and metastasis in multiple types of can-
cer [79–83]. Recent study has reported that Anillin is 
highly expressed and associated with progression in 
GC [84]. Notably, the Cancer Genome Atlas (TCGA) 
database showed a high correlation (r = 0.69, P = 9.1e-
59) between the expression of ANLN and MASTL in 
GC tissues (Figure S12). A comprehensive pan-cancer 
analysis revealed that high ANLN expression is asso-
ciated with poor survival outcomes in more than ten 
cancer types; however, gastric cancer was not spe-
cifically highlighted as one of those types [85]. ANLN 
depletion has been reported to inhibit gastric cancer 
cell proliferation, migration, and invasion in  vitro, 
and to contribute to tumor growth of gastric cancer 
cells in  vivo [86]. Conversely, another study indicated 
that high ANLN expression is associated with bet-
ter prognosis in gastric cancer, suggesting that this 
result may be related to the unique pathological fea-
tures of GC [87]. This accumulated evidence suggests 
that, along with NEDD4-1, Anillin could be one of the 
major downstream effectors of MASTL contributing 
to GC progression. However, our proteomics approach 

(See figure on next page.)
Fig. 4 NEDD4-1 is upregulated in GC and associated with poor prognosis of patients with GC; inhibition of NEDD4-1 reduced proliferation, 
migration and invasion of GC cells. A Kaplan–Meier survival curves were generated to compare overall survival (OS) of stomach adenocarcinoma 
(STAD) patients with high and low NEDD4-1 expression using Kaplan–Meier Plotter (https:// kmplot. com/ analy sis/). NEDD4-1 expression 
was categorized based on microarray data with an expression range of 32–1084, using a cutoff value of 327. Patients with NEDD4-1 expression 
ranging from 32 to 327 were classified as the low expression group, while those with expression from 327 to 1084 were classified as the high 
expression group. B GC cells were transfected with control or siRNA targeting MASTL for 48 h and expressions of MASTL, NEDD4-1, p-AKT (Ser 
473) were analyzed by western blotting. C GC cells were transfected with siControl and siNEDD4-1 and the effect of NEDD4-1 knockdown 
on proliferation in GC cells was analyzed by clonogenic assay. D GC cells were transfected with siControl and siNEDD4-1 #1 and the effect 
of NEDD4-1 knockdown on GC migration was analyzed by wound healing assay. E AGS cells were transfected with siControl and siNEDD4-1 #1 
and the effect of NEDD4-1 knockdown on AGS migration was analyzed by transwell migration assay. F SNU484 cells were transfected with siControl 
and siNEDD4-1 #1, and transwell invasion assay was performed. Representative images of migrated or invaded cells on the membrane 
(magnification: 200x) are shown. Error bars indicate the standard deviation of representative triplicates from at least three experiments, which 
showed similar results. NS: not significant, *: p < 0.05, **: p < 0.01, ***: p < 0.001

https://kmplot.com/analysis/
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has limitations in identifying the direct substrates of 
MASTL. To address this concern, additional phospho-
proteomic analysis is required to identify MASTL sub-
strates. We speculate that combining these approaches 
will provide a comprehensive understanding of role of 
MASTL in GC progression.

Conclusions
LC–MS-based ABPP revealed four HSP90 client 
kinases—MASTL, STK11, CHEK1 and MET—as poten-
tial targets for GC treatment. Among these proteins, 
we focused on MASTL, whose inhibition impairs GC 

Fig. 4 (See legend on previous page.)
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proliferation, migration, and invasion. Global proteome 
profiling revealed NEDD4-1 as a potential downstream 
mediator of MASTL involved in GC cell prolifera-
tion, migration, and invasion. The results of this study 
deepen our understanding of GC and contribute to its 
treatment approaches by providing insights on novel 
therapeutic targets.
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