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Abstract

Background: Cholangiocarcinoma (CCA) is an aggressive bile duct malignancy with a high incidence and mortality rate in Southeast
Asia, particularly in Thailand. However, current treatments offer only limited clinical benefit. Aberrant mRNA splicing, driven by hyper-
activation of serine/arginine-rich splicing factors (SRSFs) and their upstream kinases SRPK1 and SRPK2, contributes to the progression
of CCA. Although SRPK inhibitors suppress tumor growth, their effects remain incomplete, highlighting the need for rational combina-
tion strategies. Methods: Liquid chromatography–tandem mass spectrometry (LC-MS/MS)-based proteomic profiling was performed
on CCA cell lines (KKU-213A and KKU-055) treated with the SRPK inhibitors SRPIN340 and SPHINX31. Subsequently, commonly
upregulated differentially expressed proteins (UpDEPs) were identified and cross-validated with data from the Cancer Genome Atlas
(TCGA) using GEPIA, followed by reverse transcription-quantitative polymerase chain reaction (qRT-qPCR) validation. The functional
effects of combined SRPK and mitogen-activated protein kinase kinase (MEK) inhibition (with U0126) were evaluated using cell vi-
ability and colony formation assays, and by analyzing signaling pathways. Results: A total of 34 common UpDEPs were identified
following SRPK inhibition. Laminin subunit beta 1 (LAMB1) was prioritized as a candidate combination target due to robust upregu-
lation, concordant overexpression in TCGA datasets, and increased mRNA levels after SRPK inhibitor treatment. Given prior evidence
linking MEK signaling to LAMB1 regulation, we also evaluated the MEK inhibitor U0126. Combined treatment with SRPK inhibitors
(SRPIN340 or SPHINX31) and U0126 produced greater suppression of viability and clonogenic growth in KKU-213A cells than either
treatment alone. These effects were accompanied by reduced ERK phosphorylation and cellular Jun proto-oncogene (c-JUN) expression.
Conclusions: LAMB1 represents a potential adaptive response target following SRPK inhibition in CCA. Dual targeting of SRPK and
MEK signaling pathways exerts greater antitumor effects than either treatment alone and may provide a promising therapeutic strategy
for CCA management.
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1. Introduction
Cholangiocarcinoma (CCA) is an aggressive epithe-

lial malignancy originating from the biliary tract and is
anatomically classified into intrahepatic, perihilar, and dis-
tal subtypes, with further categorization based on tumor
growth patterns [1]. The incidence of CCA is dispropor-
tionately high in Southeast Asia, particularly in Thailand,
where a major etiological factor is chronic infection with
hepatobiliary flukes such asOpisthorchis viverrini [2]. Ad-
ditional risk factors include primary sclerosing cholangitis,
choledochal cysts, hepatolithiasis, chronic viral hepatitis,
cirrhosis, and exposure to environmental carcinogens [1].

CCAs are highly heterogeneous from the clinical, histo-
morphological, and molecular perspectives but often share
a poor prognosis [3]. Despite the availability of surgical re-
section, chemotherapy, radiotherapy, targeted therapy, and
immunotherapy, the clinical outcomes for CCA patients re-
main poor due to late diagnosis, high metastatic potential,
and therapeutic resistance. This highlights the urgent need
for novel molecular-targeted strategies against CCA.

Alternative mRNA splicing is a critical post-
transcriptional mechanism that enables a single gene to
produce multiple mRNA transcripts and protein isoforms,
thereby expanding proteomic complexity. Dysregulation
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of alternative splicing has been recognized as a hallmark of
cancer and contributes to tumor initiation, progression, and
resistance to therapy [4]. This process is tightly regulated
by splicing factors, particularly the serine/arginine-rich
splicing factors (SRSFs), a conserved family of 12 proteins
that coordinate spliceosome assembly and splice-site
selection. Aberrant expression or activity of SRSFs has
been reported in multiple cancer types, leading to the
generation of oncogenic splice variants and altered cellular
phenotypes [5]. Abnormal alternative splicing in CCA
plays a critical role by generating diverse mRNA and
protein isoforms that contribute to tumor development
and progression. Dysregulation of the splicing machinery
and splicing factors is increasingly recognized as a key
mechanism driving the aggressiveness of CCA. These
alterations also represent potential therapeutic targets in
CCA [6].

The activity of SRSFs is primarily regulated through
phosphorylation by serine-arginine protein kinases
(SRPKs). Dysregulation of the SRPK–SRSF axis has
been shown to promote oncogenic splicing programs
[7]. Among the 12 members of SRSFs, the upregu-
lation of SRSF1 mRNA and protein in particular has
been observed in CCA tissues and cell lines, implicat-
ing SRPK–SRSF-mediated splicing regulation in the
development of CCA [8]. Pharmacological inhibition of
SRPKs using small-molecule inhibitors such as SRPIN340
and SPHINX31 has demonstrated anticancer effects in
several malignancies, including leukemia, melanoma, and
lung cancer. These inhibitors suppress the activation of
splicing factors and consequently tumor growth [7,9].
In particular, they suppress the apoptosis of CCA cells
through SRSF1 phosphorylation and nuclear localization,
as well as the correction of apoptotic-associated gene splic-
ing, including BIN1, MCL-1, and BCL2 [10]. However,
inhibition of SRPK alone does not completely abolish
cancer progression, indicating the activation of a possible
adaptive signaling response and supporting the rationale
for combination therapeutic approaches.

Proteomic profiling has emerged as a powerful strat-
egy to identify global protein alterations and novel ther-
apeutic targets following pathway perturbation. Com-
ponents of the extracellular matrix (ECM), particularly
laminin subunits, have drawn attention for their roles in
cancer cell adhesion, migration, invasion, and survival.
Laminin subunit beta 1 (LAMB1), a key structural com-
ponent of the basement membrane, is upregulated in sev-
eral cancer types and is associated with aggressive tumor
behavior. Knockdown of LAMB1 significantly reduced
cell proliferation, invasion, and migration in gastric cancer
cells, and its expression was suppressed by the MEK in-
hibitor U0126 via inhibition of ERK signaling [11]. These
findings suggest that LAMB1 may function downstream
of oncogenic signaling pathways and serve as an adaptive
survival factor following targeted inhibition. Therefore,

current evidence supports further investigation of the pro-
teomic changes induced by SRPK inhibition, as well as
the exploration of rational combination strategies targeting
adaptive response pathways to enhance therapeutic efficacy
in CCA.

In this study, we first characterized the proteomic al-
terations induced by SRPK inhibition in two CCA cell lines
(KKU-213A and KKU-055) using LC-MS/MS–based pro-
teomic analysis. Second, the persistently upregulated dif-
ferentially expressed proteins were identified as candidate
combinatorial therapeutic targets through integration with
TCGA transcriptomic data. Finally, we evaluated the an-
titumor efficacy of combined SRPK inhibition (SRPIN340
or SPHINX31) with a selected downstream target inhibitor
(U0126) by assessing cell viability, clonogenic growth, and
the associated signaling pathways involved in CCA pro-
gression.

2. Materials and Methods
2.1 Cell Lines and Cell Culture

The highly invasive cell line KKU-213A was estab-
lished from a 58-year-old male and was associated with
Opisthorchis viverrini [12]. The KKU-055 cell line was
purchased from the Japanese Collection of Research Biore-
sources Cell Bank and was established from a poorly dif-
ferentiated primary CCA tumor originating from a 56-year-
old Thai male [13]. Written informed consent was obtained
from all patients prior to sample collection, and the re-
search protocol (HE621403) was approved by the Ethics
Committee for Human Research of Khon Kaen University.
The study was conducted in accordance with the ethical
principles of the Declaration of Helsinki. KKU-213A and
KKU-055 were deposited at the Japanese Collection of Re-
search Bioresources (JCRB) Cell Bank and are available as
JCRB1557 and JCRB1551, respectively. The cells were
cultured in Gibco™ Dulbecco’s Modified Eagle Medium
(DMEM; Thermo Scientific, Waltham, MA, USA) contain-
ing 10% (v/v) Gibco™ fetal bovine serum (FBS; Thermo
Scientific, Waltham, MA, USA), 100 Units/mL penicillin,
and 100 µg/mL streptomycin. Cells were cultured in a
humidified incubator (Thermo Scientific, Waltham, MA,
USA) at 37 °C with a 5% CO2 atmosphere. The authentic-
ity of the cell lines was validated using Short Tandem Re-
peat (STR) DNA profiling. All cell lines were free of my-
coplasma and were tested periodically using the Mycoalert
assay (Lonza, Rockland, ME, USA).

2.2 SRPK Inhibitors and Treatments
The SRPK inhibitors SRPIN340 and SPHINX31 were

purchased from Cayman Chemical Company (Ann Ar-
bor, MI, USA). U0126 was purchased from Merck KGaA
(Darmstadt, Germany). These agents were dissolved in
dimethyl sulfoxide (DMSO) (Merck KGaA, Darmstadt,
Germany) and stored at 4 °C. Cells were treated with vari-
ous concentrations of SRPIN340, SPHINX31, or U0126 at
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specified time-points, with 0.5% (v/v) DMSO used as the
vehicle control (0 µM SRPIN340, SPHINX31, or U0126).

2.3 Cell Cytotoxicity and Calculation of the Inhibitory
Concentration (IC)

Cell counting kit-8 (CCK-8) (Dojindo Laboratories,
Kumamoto, Japan) was used to determine cell viability.
Briefly, KKU-213A and KKU-055 cells were seeded in 96-
well plates at 2 × 103 cells/well in complete media and in-
cubated at 37 °C. Cells were then treated with different con-
centrations of SRPK inhibitors or MEK inhibitor U0126
(0.1, 1, 10, and 100 µM) for 72 h, while 0.5% (v/v) DMSO
was used as the vehicle control. Subsequently, 10 µL of
CCK-8 was added and the cells incubated for 4 h, followed
by measurement of the absorbance at 450 nm using a mi-
croplate reader. The IC50 and IC20 values represent the
concentration at which a substance exerts 50% and 20%
of its maximal inhibitory effect, respectively. These were
calculated with Prism 10.3.0 software (GraphPad Software,
San Diego, CA, USA).

2.4 Liquid Chromatography-Tandem Mass Spectrometry
(LC-MS/MS) and Protein Identification

Following treatment with 20 µM SRPIN340 or
SPHINX31, total protein was extracted from KKU-213A
and KKU-055 cells using radioimmunoprecipitation assay
(RIPA) buffer (Thermo Fisher Scientific, Waltham, MA,
USA) containing 0.05 M Tris-HCl (pH 7.4), 1% TritonX-
100, 0.5% sodium deoxycholate, 0.1%SDS, 0.15M sodium
chloride, 0.002 M EDTA, and 0.05 M sodium fluoride. To-
tal protein was measured using the Bradford assay. Each
sample was adjusted to a concentration of 10 µg/µL and
subjected to in-solution digestion for total proteomic analy-
sis (Thermo Fisher Scientific, Waltham, MA, USA). The
protocol for digestion and LC-MS/MS was as described
in our previous study [14]. Briefly, 50 µg protein was
subjected to in-solution digestion, mixed with 50 ng/µL
trypsin (Promega Corporation, Madison, WI, USA), and
incubated overnight at 37 °C. The digested samples were
dried and protonated with 0.1% formic acid prior to LC-
MS/MS. Tryptic peptide samples were prepared for in-
jection into an Ultimate3000 Nano/Capillary LC system
(Thermo Fisher Scientific, Waltham, MA, USA) coupled to
a Hybrid quadrupole Q-Tof impact II™ (Bruker Daltonics,
Billerica, MA, USA) equipped with a Nano-captive spray
ion source. Electrospray ionization was carried out using
CaptiveSpray. Mass spectra were obtained in the positive-
ion mode over the range 150–2200 m/z (Compass 1.9 soft-
ware; Bruker Daltonics, Billerica, MA, USA). MaxQuant
software version 1.6.5.0 (Max Planck Institute of Biochem-
istry, Martinsried, Germany) was used to quantify the pro-
teins, and an Andromeda search engine was employed to
correlate the MS/MS spectra to the UniProt Homo sapi-
ens database [15]. Only peptides with a minimum of 7
amino acids and ≥1 unique peptide were required for pro-

tein identification, and only proteins with ≥2 peptides and
≥1 unique peptide were selected for further analysis. To
provide a FASTA file, all proteins present in theHomo sapi-
ens proteome were downloaded from UniProt. Maximum
intensities were log 2-transformed, and pairwise compar-
isons between control and treatment groups were performed
via t-tests. The relationship between different sets of dif-
ferentially expressed proteins was analyzed using Venn di-
agrams and JVENN. Visualization and statistical analyses
were conducted using the MultiExperiment Viewer (MeV)
in the TM4 suite software [16]. Volcano plots were used to
visualize differential protein expression by integrating the
magnitude of change (log 2-fold change) with statistical sig-
nificance (–log 10 p-value). Proteins exceeding the defined
thresholds were considered to be significantly different be-
tween groups.

2.5 Dataset Analysis From TCGA Database

The Cancer Genome Atlas (TCGA), an online
database of human cancer, was analyzed using Gene Ex-
pression Profiling Interactive Analysis (GEPIA) (http://ge
pia.cancer-pku.cn/index.html), which is a communal net-
work server. The expression profile of LAMB1 between
tumor (T) and normal (N) samples in CHOL tumor types
was analyzed in Transcripts-per-Million (TPM) and visual-
ized as box-plots, while the relationship between LAMB1
expression and SRPK1 or SRPK2 expression was analyzed
by correlation analysis.

2.6 RNA Extraction and Reverse Transcription
Quantitative PCR (RT-qPCR)

Total RNA was extracted using RiboZol™ RNA Ex-
traction Reagent (VWR Life Science, Radnor, PA, USA)
according to the manufacturer’s instructions. RNA concen-
tration and purity were determined using a NanoDrop 2000
spectrophotometer (Thermo Fisher Scientific, Wilmington,
DE, USA). Total RNA (1 µg) was reverse-transcribed into
cDNA using iScript™ Reverse Transcription Supermix
(Bio-Rad Laboratories, Hercules, CA, USA). Quantitative
PCR (qPCR) was performed to determine LAMB1 mRNA
expression. Each 20 µL reaction contained 10 ng of
cDNA, 0.4 µM of each primer, and 1× HOT FIREPol®
EvaGreen® qPCR Supermix (Solis BioDyne, Tartu,
Estonia). The primer sequences used for LAMB1 were
5′-GAAAGCTGCCCAAAACTCCG-3′ (forward) and
5′-TTCGGCTTTCCTTCTGGCAT-3′ (reverse). The
primer sequences for ACTB (β-actin) used as the internal
control were 5′-GGAGGAAGGCTGGAAGAGTG-3′
(forward) and 5′-TCGTGCGTGACATTAAGGAG-3′
(reverse). Thermal cycling conditions consisted of an
initial activation step at 95 °C for 12 min, followed by 40
cycles of denaturation at 95 °C for 15 s, annealing at 60
°C for 20 s, and extension at 72 °C for 20 s, with a final
extension step at 72 °C for 5 min. Melt curve analysis was
subsequently performed from 65 °C to 95 °C to confirm the
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specificity of amplification products. All reactions were
performed in triplicate. Relative gene expression levels
were normalized to ACTB and calculated using the 2−ΔΔCt
method [17].

2.7 Growth Inhibition Assays

The clonogenic assay was used to determine the abil-
ity of single cells to form colonies that reflect anchorage-
dependent growth in 6-well plates. The concentrations of
SRPK inhibitors and U0126 used in the combination ex-
periments were selected based on previous mechanistic ev-
idence. SRPK inhibitors were used at 20 μM [10], whereas
U0126 was used at 10 μM as a mechanistically active con-
centration that produced moderate inhibition while main-
taining substantial cell viability. These concentrations were
selected to minimize the effects of single-agent cytotoxi-
city while enabling evaluation of the additional inhibitory
effects of combination treatment on clonogenic growth. A
total of 5 × 102 KKU-213A or KKU-055 cells were seeded
into 6-well plates and cultured in complete media. After
24 h, the cells were treated with 20 μM SRPIN340 or 20
μM SPHINX31 or 10 μM U0126, either alone or in combi-
nation with 10 μM U0126, for a further 24 h, while 0.5%
(v/v) DMSO was used as the vehicle control. Cells were
grown for 14 days, with the culture media replaced ev-
ery 3 days. Colonies were fixed with 4% paraformalde-
hyde (Merck KGaA, Darmstadt, Germany) and then stained
with 0.5% crystal violet (Sigma-Aldrich, St. Louis, MO,
USA). The number, size, and density of cancer cell colonies
were assessed by ImageQuant LAS500 (GEHealthcare Life
Science, Amersham, UK) and analyzed by ImageQuantTL
10.2 software (GE Healthcare Life Science, Amersham,
UK).

2.8 Sodium Dodecyl Sulfate-Polyacrylamide Gel
Electrophoresis (SDS-PAGE) and Western Blot Analysis

KKU-213A cells were treated with 20 μM SRPIN340
or 20 μM SPHINX31, either alone or in combination with
10 μM U0126, for 24 h, while 0.5% (v/v) DMSO was
used as the vehicle control. Total proteins from each
treatment group were isolated using RIPA buffer contain-
ing phosphatase inhibitor (Merck Millipore, USA). Pro-
tein concentrations were measured with the Bradford as-
say. Equal amounts of proteins were separated by SDS-
PAGE (5% stacking gel and 10% separating gel) and then
transferred onto PVDF membranes (Bio-Rad Laboratories,
Hercules, CA, USA). Non-specific binding was blocked
with 5% skim milk (HiMedia Laboratories, Mumbai, In-
dia) and the membrane subsequently incubated overnight at
4 °C with the following specific primary antibodies: mouse
anti-human p-ERK (1:10,000), mouse anti-human ERK
(1:5000), mouse anti-human c-JUN (1:5000), mouse anti-
human Laminin Beta-1 (1:10,000) (Santa Cruz Biotech-
nology, Dallas, TX, USA), or rabbit anti-human GAPDH
(1:5000) (Merck Millipore, Billerica, MA, USA). This

was followed by incubation with secondary antibodies:
HRP-conjugated goat anti-mouse IgG (1:5000) or HRP-
conjugated goat anti-rabbit IgG (1:5000) (Merck KGaA,
Darmstadt, Germany). The protein bands were visual-
ized with an Enhanced Chemiluminescence (ECL) detec-
tion system (Bio-Rad Laboratories, Hercules, CA, USA),
imaged by ImageQuant LAS500 (GE Healthcare Life Sci-
ence, Amersham, UK), and the signal intensities quantified
using ImageJ software version 1.54 (National Institutes of
Health, Bethesda, MD, USA). Protein expression was nor-
malized to that of GAPDH as the internal control.

2.9 Statistical Analysis
Statistical analyses were performed using Prism ver-

sion 10.3.0 (GraphPad Software, SanDiego, CA, USA). All
data are expressed as the mean ± standard deviation (SD)
from triplicate biological experiments. The statistical sig-
nificance of differences between multiple groups was deter-
minedwith one-wayANOVA followed by Tukey’smultiple
comparisons post-hoc test where appropriate. A p-value of
<0.05 was considered to indicate a statistically significant
difference. Significant differences are indicated as follows
in the legends: *, #, $ = p < 0.05; **, ##, $$ = p < 0.01; ***,
###, $$$ = p < 0.001.

3. Results
3.1 Effect of SRPK Inhibitors on Cell Cytotoxicity in CCA
Cells

SRPK inhibition affected cell viability in a cell line-
dependent manner (Fig. 1). The treatment of KKU-213A
cells with SRPIN340 led to a dose-dependent reduction in
cell viability, with a measurable IC20 (40.09 µM) but no
IC50 achieved within the tested range (Fig. 1A). In con-
trast, SPHINX31 exhibited minimal cytotoxicity in this cell
line, and both the IC20 and IC50 values exceeded 100 µM
(Fig. 1B). SRPIN340 demonstrated a pronounced cytotoxic
effect on KKU-055 cells, markedly decreasing cell viabil-
ity in a dose-dependent manner with clearly defined IC50
(41.25 µM) and IC20 (20.30 µM) values (Fig. 1C). Con-
versely, SPHINX31 showed no significant effect on KKU-
055 cell viability, with IC20 and IC50 values again ex-
ceeding the maximum tested concentration (Fig. 1D). Col-
lectively, these findings indicate that SRPIN340 exhibits
greater potency than SPHINX31 in reducing CCA cell via-
bility, particularly in KKU-055 cells.

3.2 Proteomics Analysis of Upregulated Differentially
Expressed Proteins (UpDEPs)

The UpDEPs in SRPK inhibitor-treated CCA cells
(KKU-213A and KKU-055) were identified using LC–
MS/MS and analyzed with computational bioinformatics
approaches. A total of 814 and 695 UpDEPs were detected
in SRPIN340- and SPHINX31-treatedKKU-213A cells, re-
spectively, while 1,037 and 864 UpDEPs were identified in
SRPIN340- and SPHINX31-treated KKU-055 cells. Venn
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Fig. 1. Effects of SRPK inhibitors on CCA cell viability. The viability of CCA cell lines (KKU-213A and KKU-055) following
treatment with SRPK inhibitors, SRPIN340 and SPHINX31, was assessed by CCK-8 assay in KKU-213A cells (A,B) and KKU-055
cells (C,D). In KKU-213A cells, SRPIN340 reduced cell viability more effectively than SPHINX31. The IC50 and IC20 values are
indicated in each panel, but the values >100.00 µM represent the highest tested concentration at which 50% or 20% inhibition was not
achieved. Data are presented as mean ± SD from triplicate biological experiments, and statistical significance is indicated (*p < 0.05,
**p < 0.01, ***p < 0.001). SRPK, serine-arginine protein kinase; CCA, cholangiocarcinoma; CCK-8, cell counting kit-8.

diagram analysis revealed 363 and 500 commonly upregu-
lated proteins (log 2-fold change≥1.00) in KKU-213A and
KKU-055 cells, respectively (Fig. 2A). Notably, 34 Up-
DEPs were shared between both cell lines. These common
UpDEPs were further visualized using a heatmap, the pro-
teins included in the heatmaps had already been selected
based on the predefined differential expression criteria de-
scribed in the Methods. The heatmaps were therefore in-
tended to visualize the expression patterns of these selected
proteins rather than to present their individual statistical val-
ues. The heatmap of the top 20 proteins ranked based on
SRPIN340-treatment in each CCA cell line (Fig. 2B). Fur-
thermore, volcano plot analysis of the 34 shared UpDEPs in
KKU-213A (Fig. 2C) and KKU-055 (Fig. 2D) confirmed
the significant upregulation of LAMB1, suggesting a con-
sistent response to SRPK inhibition across both cell lines.

3.3 Selection of a Candidate Combinatorial Target for
SRPK Inhibition in CCA Cells

LAMB1 was selected based on multiple complemen-
tary criteria rather than differential expression alone. First,

LAMB1 showed consistent upregulation in response to both
SRPK inhibitors (SRPIN340 and SPHINX31) across both
CCA cell lines (KKU-213A and KKU-055). In contrast, al-
though several other UpDEPs showed higher fold changes
when the protein list was sorted according to SRPIN340
treatment (Fig. 2B), they were not selected as candidate
combinatorial targets because their responses were less con-
sistent across cell lines or inhibitors. Specifically, SLTP004
and aconitase 2 (ACO2) exhibited cell-specific responses,
with markedly higher fold changes in KKU-213A cells but
lower fold changes in KKU-055 cells. Similarly, GRM2
showed an inhibitor-specific response, with a pronounced
increase following SRPIN340 treatment but a lower fold
change following SPHINX31 treatment. Second, the con-
current upregulation of another laminin family member
(LAMC1), suggesting coordinated regulation of laminin-
associated pathways. Third, its therapeutic potential as a
druggable target supported by previous studies reporting
that available inhibitors can suppress its expression [11].

Analysis of TCGA CHOL datasets revealed that
LAMB1 was significantly upregulated in tumor tissues (T)
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Fig. 2. Proteomic analysis of upregulated-differentially expressed proteins (UpDEPs) in CCA cells following SRPK inhibitor
treatment. Venn diagrams showing overlapping upregulated proteins in KKU-213A and KKU-055 cells treated with SRPIN340 or
SPHINX31 (log 2 fold change ≥1.00) (A). Common UpDEPs between treatments and cell lines are indicated, Heatmap of the top 20
UpDEPs shared between KKU-213A and KKU-055, ranked based on SRPIN340-treatment (B). Volcano plots of UpDEPs highlighting
significantly altered proteins, including LAMB1 in KKU-213A cells (C) and KKU-055 cells (D).
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compared to normal controls (N) (Fig. 3A). Furthermore,
RT-qPCR confirmed the upregulation of LAMB1 mRNA
following SRPIN340 and SPHINX31 treatment in both
KKU-213A (Fig. 3B) and KKU-055 (Fig. 3C) cells, al-
though statistical significance was only observed in KKU-
213A cells. Based on these findings, LAMB1 was selected
as a candidate combinatorial target for SRPK inhibition.

3.4 Effect of MEK Inhibition by U0126 on SRPK
Inhibitor-Induced LAMB1-Associated Growth Suppression
in CCA Cells

We next explored a potential combinatorial strat-
egy by combining SRPK inhibition with MEK inhibition.
U0126, a selective MEK inhibitor, has been reported to
modulate LAMB1 expression in other cancer models [11].
Based on these findings, we investigated whether combin-
ing U0126 with SRPK inhibitors could further enhance the
anti-proliferative effects in CCA cells. U0126 treatment re-
duced cell viability in both KKU-213A and KKU-055 cells,
as determined by CCK-8 assay (Fig. 3D,E). A clear dose-
dependent effect was observed in KKU-213A cells with
a measurable IC20 (1.60 µM), but no IC50 was achieved
within the tested range (Fig. 3D). KKU-055 cells also ex-
hibited marked sensitivity at higher concentrations, with
clearly defined IC50 (47.18 µM) and IC20 (24.38 µM) val-
ues (Fig. 3E). These results support the potential of MEK
inhibition as a complementary approach for modulating
LAMB1-associated pathways in CCA.

3.5 Evaluation of the Combinatorial Effects of SRPK and
LAMB1 Inhibition on CCA Cell Viability

The effects of both SRPK inhibitors and the MEK
inhibitor-U0126 on KKU-213A cells were evaluated alone
and in combination. SRPIN340 or U0126 alone modestly
reduced cell viability, while their combination (SRPIN340
+U0126)markedly reduced cell viability comparedwith ei-
ther single treatment (Fig. 4A). In contrast, SPHINX31 or
U0126 alone showed minimal effects, whereas their com-
bination (SPHINX31 + U0126) significantly decreased cell
viability (Fig. 4B). Similarly, SRPIN340 or U0126 alone
reduced the viability of KKU-055 cells, but their com-
bined treatment further enhanced the cytotoxic effect (Fig.
4C). Although SPHINX31 or U0126 alone had limited im-
pact, their combination significantly suppressed cell viabil-
ity (Fig. 4D).

Collectively, these findings demonstrate that co-
targeting of the SRPK and MEK pathways enhances the in-
hibitory effects on CCA cell viability compared with treat-
ment by single agents.

3.6 Evaluation of the Combinatorial Effects of SRPK and
MEK Inhibition on CCA Cell Growth

Clonogenic assays were performed to assess long-
term cell growth following treatment with SRPIN340,
SPHINX31, and their combination with U0126. Neither
single nor combined treatments of KKU-213A cells signif-

icantly affected the total number of colonies (Fig. 5A,B).
However, combination treatments, particularly SPHINX31
+ U0126, markedly reduced the number of large colonies
(>500 pixels with was predefined before image analysis and
applied identically to all experimental groups to ensure con-
sistency), indicating impaired colony growth capacity (Fig.
5C).

The colonies of KKU-055 cells were generally smaller
in size after 14 days compared with KKU-213A cells (Fig.
5D), and neither single nor combined treatments signifi-
cantly altered the total colony number or the number of
large colonies (Fig. 5E,F). These results suggest that the
combinatorial effect was more pronounced in KKU-213A
cells, whereas no statistically significant enhancement was
observed in KKU-055 cells under the experimental condi-
tions used.

3.7 Evaluation of Combined SRPK and MEK Inhibition on
LAMB1-Associated Signaling in KKU-213A Cells

Given the pronounced growth-inhibitory effects ob-
served in KKU-213A cells, this cell line was selected for
the mechanistic analysis of LAMB1-related signaling. The
effects of SRPK inhibitors (alone or in combination with
the MEK inhibitor U0126) on key upstream regulatory
proteins of LAMB1 were examined by Western blotting.
Specifically, the expression levels of phosphorylated ERK
(p-ERK), total ERK, and the transcription factor cellu-
lar Jun proto-oncogene (c-JUN) were assessed, along with
LAMB1 protein levels. Band intensities were quantified
and normalized to the untreated control (set as 1.00), and the
p-ERK/ERK ratio was calculated to evaluate ERK pathway
activation.

Single treatment with SRPIN340 or SPHINX31 in-
creased p-ERK levels. Specifically, treatment with SR-
PIN340 alone also increased c-JUN and LAMB1 levels.
This observation is consistent with the proteomic find-
ings that identified LAMB1 as an upregulated protein fol-
lowing SRPK inhibition. In contrast, co-treatment with
U0126 markedly reduced p-ERK levels and decreased
the p-ERK/ERK ratio, confirming effective suppression of
ERK activation. This was accompanied by a reduction in c-
JUN and LAMB1 protein expression, suggesting that ERK
signaling may be involved in the regulation of LAMB1 ex-
pression (Fig. 6).

The above results indicate that SRPK inhibition alone
may activate ERK signaling, leading to increased LAMB1
expression, whereas combined inhibition with SRPK and
MEK effectively suppresses this pathway. This mechanis-
tic evidence supports the stronger inhibitory effects of com-
bination observed in cell viability and clonogenic assays.

4. Discussion
Aberrant alternative splicing is increasingly recog-

nized as a hallmark of cancer [18] and has been impli-
cated in the development and progression of CCA [6]. In
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Fig. 3. Selection of LAMB1 as a candidate combinatorial target and effects of MEK inhibitor-U0126 on CCA cell viability. Box
plot showing LAMB1 mRNA expression in cholangiocarcinoma (CHOL) tumor tissues (T) compared with normal tissues (N) from
TCGA datasets (A). RT-qPCR validation of LAMB1 mRNA levels in KKU-213A (B) and KKU-055 (C) cells treated with SRPIN340 or
SPHINX31. Effects of MEK inhibitor-U0126 on cell viability in KKU-213A (D) and KKU-055 (E) cells, determined by CCK-8 assay.
U0126 reduced cell viability in a dose-dependent manner, with IC50 and IC20 values indicated in each panel. Data are presented as mean
± SD, and statistical significance is indicated (*p < 0.05, **p < 0.01, ***p < 0.001).
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Fig. 4. Effects of SRPK inhibitors and MEK inhibitors on CCA cell viability. Cell viability of KKU-213A cells treated with
SRPIN340 (A) or SPHINX31 (B), alone or in combination with U0126. Cell viability of KKU-055 cells treated with SRPIN340 (C) or
SPHINX31 (D), alone or in combination with U0126. Cell viability was measured by CCK-8 assay and expressed as a percentage of
control. Data are presented as mean ± SD, and statistical significance is indicated (*; compared with control, #; compared with SRPK
inhibitor and $; compared with U0126), *, #, $ = p < 0.05, **, ##, $$ = p < 0.01 and ***, ###, $$$ = p < 0.001.

the present study, we targeted upstream regulators of al-
ternative splicing by inhibiting SRPK activity using two
compounds, SRPIN340 and SPHINX31, to suppress down-
stream splicing mechanisms. SRPIN340 has been reported
to inhibit melanoma xenograft growth [19], and to induce
apoptosis in CCA cells [10]. Similarly, the SRPK1-specific
inhibitor SPHINX31 reduces the clonogenic growth and
migration of melanoma cells [20], and also induces apop-
tosis in CCA cells [10]. Although previous studies have
shown that both inhibitors reduce the viability of CCA cells,
their effects are incomplete, highlighting the need for im-
proved or combinatorial therapeutic strategies.

Previous studies have investigated splicing kinase in-
hibitors that target both SRPKs and CDC-like kinases
(CLKs), including CPD-1, CPD-2, and CPD-3. These in-
hibitors showed stronger growth suppressive effects (GI50
at 72 h) than SRPIN340 and SPHINX31 in breast, non-
small cell lung, and colorectal cancer cell lines [21]. How-

ever, the CPD compounds lack specificity, as they inhibit
both SRPK and CLK families. In contrast, SRPIN340 and
SPHINX31 selectively target SRPK function, making them
more suitable for evaluating SRPK-specific mechanisms.

In the current study, SRPK inhibition by SRPIN340
and SPHINX31 induced distinct cytotoxic responses in
KKU-213A and KKU-055 cells. It was previously reported
that SRPIN340 exhibits moderate activity in leukemia cell
lines, with IC50 values ranging from approximately 44.7 to
92.2 µM [7]. In contrast, SPHINX31 showed higher po-
tency, with IC50 values of 0.19 µM in THP1 cells, 0.27
µM in NOMO-1 cells, 8.37 µM in HL60 cells, and 13.23
µM in HEL cells [22]. SPHINX31 was also evaluated in
melanoma cells, although IC50 values were not clearly de-
fined under the tested conditions [20]. Our results showed
that SRPIN340 exhibited measurable cytotoxicity in KKU-
055 cells, with a definable IC50 value, whereas the IC50
value could not be determined in KKU-213A cells within
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Fig. 5. Effects of SRPK inhibitors and MEK inhibitors on clonogenic growth of CCA cells. Representative images of colony
formation in KKU-213A (A) and KKU-055 (D) cells treated with SRPIN340 or SPHINX31, alone or in combination with U0126,
followed by crystal violet staining. Quantification of the relative total number of colonies (B,E). Quantification of the relative number of
large colonies (>500 pixels) (C,F). Data are presented as mean ± SD, and statistical significance is indicated (*; compared with control,
#; compared with SRPK inhibitor and $; compared with U0126), *, #, $ = p < 0.05, ** = p < 0.01 and *** = p < 0.001.

the tested concentration range (Fig. 1A,C). Similarly, the
IC50 values for SPHINX31 could not be determined in ei-
ther KKU-213A or KKU-055 cells within the tested con-
centration range (Fig. 1B,D). Higher concentrations could
not be evaluated due to the precipitation of SPHINX31 in
DMSO, which restricted its solubility and prevented accu-

rate assessment of its full inhibitory potential. However,
the incomplete suppression of cell viability observed with
SRPK inhibitors alone suggests that additional combinato-
rial strategies are required to enhance their therapeutic effi-
cacy.
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Fig. 6. Effects of SRPK inhibitors andMEK inhibitors on LAMB1-associated signaling in KKU-213A cells. KKU-213A cells were
treated with SRPIN340 or SPHINX31 (20 µM), alone or in combination with the MEK inhibitor U0126 (10 µM), as indicated. Protein
expression levels of phosphorylated ERK (p-ERK), total ERK, c-JUN, and LAMB1 were analyzed by western blotting, with GAPDH
used as a loading control. Relative band intensities (normalized to control, set as 1.00) are shown below each protein band. The ratio of
p-ERK to ERK (p-ERK/ERK) is also presented to indicate ERK activation status. Molecular weights (kDa) are indicated on the right.

To enhance the efficacy of growth inhibition in
CCA, previous studies have applied proteomic approaches
to identify possible adaptive mechanisms following tar-
geted therapy. For example, proteomic analysis of LAT1
inhibitor-treated CCA cells (targeting the L-type amino acid
transporter 1 protein) revealed upregulation of cell cycle-
related proteins. This was subsequently used to guide the
selection of cell cycle inhibitors for combination treatment
[23]. In line with this strategy, we performed proteomic
profiling of CCA cells treated with the SRPK inhibitor to
identify potential adaptive responses. Our analysis iden-
tified a subset of UpDEPs, including 34 proteins com-
monly upregulated by both SRPK inhibitors (SRPIN340
and SPHINX31) and in both CCA cell lines (KKU-213A
and KKU-055) (Fig. 2A). These shared UpDEPs may rep-
resent candidate targets for rational combination strategies
to improve therapeutic outcomes.

To identify candidate targets for combination therapy,
we performed heatmap and volcano plot analyses on the
proteomic dataset. Among the commonly upregulated pro-
teins, LAMB1 was consistently and significantly increased
in response to both SRPK inhibitors and across both CCA
cell lines (Fig. 2B,C). To further validate its relevance,
LAMB1 expression was examined at the mRNA level in
TPM-counts using GEPIA analysis of TCGACCA datasets
[24]. This analysis confirmed significant upregulation in
tumor tissues compared with normal controls (Fig. 3A).
Consistent with the proteomic findings, RT-qPCR analy-
sis further confirmed that SRPIN340 and SPHINX31 treat-
ment significantly increased LAMB1 mRNA expression in
KKU-213A cells, with a similar increasing trend observed
in KKU-055 cells (Fig. 3B,C). Together, these findings pro-
vide strong evidence supporting LAMB1 as a biologically
relevant and rational candidate for combination targeting
following SRPK inhibition.
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Recent studies have consistently demonstrated that
LAMB1 functions as a pro-tumorigenic ECM protein in-
volved in cancer progression. In nasopharyngeal carci-
noma, LAMB1 was shown to promote tumor cell prolif-
eration, migration, and invasion, while also shaping an
immune-suppressive tumor microenvironment by reduc-
ing T-cell infiltration and immune activation [25]. A re-
cent study in hepatocellular carcinoma (HCC) found that
LAMB1 is frequently upregulated and promotes tumor
growth, invasion, and metastasis through activation of
integrin-mediated signaling pathways such as focal adhe-
sion kinase (FAK)/proto-oncogene tyrosine-protein kinase
Src (SRC)/yes-associated protein 1 (YAP1). Functionally,
LAMB1 enhances cell proliferation and contributes to tu-
mor aggressiveness and poor prognosis [26]. Emerging ev-
idence indicates that LAMB1 is significantly overexpressed
in CCA and is associated with ECM remodeling, cell migra-
tion, and drug resistance [27]. Functional studies suggest
that LAMB1 promotes malignant phenotypes and chemore-
sistance, while the suppression of LAMB1 reduces tumor
aggressiveness [28]. Laminin-integrin interactions, includ-
ing LAMB1-containing complexes, also play a key role
in enhancing CCA cell migration and metastatic potential
[29]. Overall, accumulating evidence supports LAMB1 as a
critical regulator of tumor growth, metastasis, and immune
modulation, highlighting its potential as a therapeutic tar-
get and biomarker across multiple cancer types, including
CCA.

In the present study, LAMB1 was identified as a can-
didate combinatorial target, based on the hypothesis that
CCA cells may survive SRPK inhibition through LAMB1-
mediated adaptive response mechanisms. A key limitation
has been the lack of a specific LAMB1 inhibitor. However,
a previous study in gastric cancer reported that MEK inhi-
bition by U0126 reduced LAMB1 expression through in-
hibition of ERK phosphorylation and subsequent suppres-
sion of c-Jun-mediated transcription. Whether this mecha-
nism is conserved in CCA remains to be determined [11].
Therefore, U0126 was employed in the current study as an
indirect approach for modulating LAMB1-associated sig-
naling in CCA cells. Our results showed that combined
treatment with SRPK inhibitors and U0126 significantly re-
duced CCA cell proliferation compared with single-agent
treatments (SRPIN340, SPHINX31, or U0126), supporting
a greater inhibitory effects of the combined treatment (Fig.
4). This finding is consistent with a previous study in CCA,
where U0126 enhanced the inhibitory effect of TGF-β1 on
cell viability [30]. Moreover, in colorectal cancer, U0126
was found to synergize with chemotherapeutic agents such
as oxaliplatin and 5-fluorouracil (5-FU) [31]. Collectively,
these results support the rationale for combining SRPK and
MEK inhibition to overcome adaptive survival pathways
mediated by LAMB1.

The effects of combined SRPK and U0126 on long-
term cell growth were also evaluated using a clonogenic

assay. The combination of SRPK inhibitors with U0126
did not significantly alter the total number of colonies of
either KKU-213A cells (Fig. 5A,B) or KKU-055 cells
(Fig. 5D,E). However, a marked reduction in the num-
ber of large colonies was observed in KKU-213A cells
(Fig. 5C), indicating the combination treatment preferen-
tially suppresses colony expansion rather than the initial
formation of colonies. This observation suggests that com-
bined inhibition by SRPK and MEKmay impair cell prolif-
erative capacity and colony growth dynamics. In line with
this, a previous study showed that U0126 reduces colony
formation, invasion, and migration of gastric cancer cells
[11]. U0126 has also been reported to synergize with TGF-
β1 in CCA cells, resulting in a greater reduction in colony
area compared with single treatments [30]. Together, these
findings support the role of MEK inhibition in limiting tu-
mor growth, while reinforcing its potential in combination
strategies.

Based on the results of cell viability and clonogenic as-
says, the combination of SRPK inhibitors with U0126 ex-
erted a more pronounced inhibitory effect on KKU-213A
cells than on KKU-055 cells. This differential response
may reflect the intrinsic molecular and pharmacological
heterogeneity of CCA cell lines. Consistent with this possi-
bility, comprehensive drug-response profiling showed that
KKU-213A exhibited greater sensitivity to MEK inhibitors
than KKU-055 [32]. However, the molecular basis under-
lying this differential response was not investigated in the
present study. Therefore, KKU-213A cells were selected
for further mechanistic investigation of LAMB1-associated
signaling. Western blot analysis was performed to evaluate
the effects of SRPK inhibitors (alone or in combinationwith
U0126) on the expression of key regulatory proteins, in-
cluding p-ERK/ERK, c-JUN, and LAMB1 (Fig. 6). Treat-
ment with SRPIN340 or SPHINX31 alone increased the ex-
pression of p-ERK, c-JUN, and LAMB1, consistent with
the proteomic findings indicating that inhibition of SRPK
upregulates LAMB1. In contrast, combined treatment with
U0126 markedly reduced the expression of p-ERK, c-JUN,
and LAMB1, suggesting effective suppression of ERK sig-
naling and its downstream transcriptional regulation. These
molecular changes are consistent with the observed reduc-
tions in cell viability and colony growth. Notably, similar
effects have been reported in gastric cancer, where U0126
suppressed p-ERK, c-JUN, and LAMB1 expression [11],
thereby suggesting a possible involvement of the ERK/c-
Jun signaling pathway in LAMB1 regulation; however, the
underlying mechanism requires further experimental vali-
dation.

In summary, inhibition of SRPK alone is limited
by adaptive LAMB1 upregulation, whereas combined
SRPK andMEK inhibition effectively suppresses CCA cell
growth through modulation of the ERK/c-JUN/LAMB1
axis. These findings highlight a potential combination strat-
egy that warrants further investigation.
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The main limitations of the present study, including:
(i) the use of only two established cholangiocarcinoma cell
lines without validation in additional cell lines or patient-
derived models; (ii) the absence of in vivo validation to
evaluate the therapeutic efficacy of the proposed combi-
nation strategy; (iii) the lack of genetic and rescue ex-
periments to establish a direct causal role of the ERK/c-
JUN/LAMB1 signaling axis; (iv) the use of SRPK in-
hibitors and U0126 at concentrations that did not produce
equivalent levels of single-agent inhibition, which prevents
clear determination of the relative contribution of each in-
hibitor to the combined effect and (v) the absence of formal
drug synergy analysis using the combination index (CI) us-
ing the Chou–Talalay method, together with isobologram
analysis.

5. Conclusions
SRPK inhibition alone is insufficient to fully suppress

the progression of CCA, as adaptive response mechanisms
such as LAMB1 upregulation may limit its efficacy. This
study identified LAMB1 as a potential downstream tar-
get associated with SRPK activity, and also demonstrated
that combined inhibition of SRPK (using SRPIN340 or
SPHINX31) and MEK signaling (using U0126) enhances
antitumor effects. The combination of SRPK inhibitors
with U0126 resulted in greater inhibition of cell viability
and clonogenic growth than either treatment alone, and was
accompanied by suppression of ERK and c-JUN signaling.
These findings suggest that dual targeting of the SRPK and
MEK pathways represents a promising therapeutic strategy
for improving treatment outcomes in CCA.
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