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Abstract
Background  Phosphorylation is an important regulatory mechanism of protein activity in cells. Studies in various cancers 
have reported perturbations in kinases resulting in aberrant phosphorylation of oncoproteins and tumor suppressor proteins.
Methods  In this study, we carried out quantitative phosphoproteomic analysis of gastric cancer tissues and corresponding 
xenograft samples. Using these data, we employed bioinformatics analysis to identify aberrant signaling pathways. We further 
performed molecular inhibition and silencing of the upstream regulatory kinase in gastric cancer cell lines and validated its 
effect on cellular phenotype. Through an ex vivo technology utilizing patient tumor and blood sample, we sought to under-
stand the therapeutic potential of the kinase by recreating the tumor microenvironment.
Results  Using mass spectrometry-based high-throughput analysis, we identified 1,344 phosphosites and 848 phosphopro-
teins, including differential phosphorylation of 177 proteins (fold change cut-off ≥ 1.5). Our data showed that a subset of 
differentially phosphorylated proteins belonged to splicing machinery. Pathway analysis highlighted Cdc2-like kinase (CLK1) 
as upstream kinase. Inhibition of CLK1 using TG003 and CLK1 siRNA resulted in a decreased cell viability, proliferation, 
invasion and migration as well as modulation in the phosphorylation of SRSF2. Ex vivo experiments which utilizes patient’s 
own tumor and blood to recreate the tumor microenvironment validated the use of CLK1 as a potential target for gastric 
cancer treatment.
Conclusions  Our data indicates that CLK1 plays a crucial role in the regulation of splicing process in gastric cancer and that 
CLK1 can act as a novel therapeutic target in gastric cancer.
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List of abbreviations
CLK	� Cdc2-like kinase
PDX	� Patient-derived xenografts
IHC	� Immunohistochemistry
TMT	� Tandem Mass Tag
bRPLC	� Basic pH reverse phase chromatography

HCD	� Higher energy collision dissociation
IPA	� Ingenuity pathway analysis
FBS	� Fetal bovine serum

Introduction

Gastric cancer is the fifth most common type of cancer in 
terms of incidence and third leading cause of cancer related 
deaths globally [1]. Surgical resection is the predominant 
curative treatment in addition to traditional radiotherapy and 
chemotherapy as adjuvant or neoadjuvant therapy [2]. Drugs 
such as 5-fluorouracil (5-FU) and leucovorin have been fre-
quently used in neoadjuvant chemotherapy in gastric cancer 
[3, 4]. In addition, viable clinical therapies for gastric cancer 
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are limited to targeting of HER2 and VEGFR2 [5]. Suni-
tinib, which is a tyrosine kinase inhibitor known to target 
VEGFR, PDFG and FLT3 among others, is known to be of 
clinical value as a second line of treatment for advanced gas-
tric cancer [6, 7]. FOLFIRI is a well-known chemotherapy 
regimen primarily used in the treatment of metastatic gastric 
cancer [8]. However, when sunitinib was administered with 
FOLFIRI, it did not improve progression-free survival as 
well as response in chemotherapy-resistant gastric cancer 
[9]. This calls for the development of an alternative strategy 
and development of new therapeutic targets for the treatment 
of gastric cancer.

The preference of patient-derived xenografts (PDXs) in 
drug development research is because it enables the scale 
up of the primary tumor and retains stromal elements and 
near-resemblance to the original tumor in comparison to cell 
line models [10]. In the current study, we studied the altered 
signaling in gastric cancer using mass spectrometry-based 
quantitative phosphoproteome profiling to aid in identifying 
potential biomarkers to act as therapeutic targets. We com-
pared the phosphoproteome of primary gastric tumor tissue 
and PDX derived from the same tumor and compared with 
the adjacent normal tissue for each case.

Analysis of the quantitative phosphoproteomic data 
revealed altered phosphorylation in splicing proteins. 
Alternative splicing is a regulated process in gene expres-
sion which determines the inclusion or exclusion of coding 
sequences from the final processed mRNA to yield protein 
isoforms that vary in their peptide sequence [11]. Abnor-
mal splicing mechanism may increase or decrease protein 
expression, which in turn, can lead to tumorigenesis [12]. 
However, amongst the instances of missplicing of mRNAs 
that have been reported, focus of a large majority of stud-
ies is on mutation-based aberrations in spliceosome activ-
ity [13]. Studies pertaining to splicing abnormalities due to 
post-translational modifications such as differential phos-
phorylation events, are limited, specifically in cancer. Early 
reports have shown how reversible protein phosphorylation 
is an important mechanism of positive as well as negative 
regulation of pre-mRNA splicing [14]. A particular example 
of phosphorylation-mediated regulation of splicing factors 
can be seen in a study of Wilms tumor, where phosphoryla-
tion of SRSF1 by SRPK1 leads to proangiogenic proteins 
VEGF165 of the VEGFA being produced [15]. In another 
example, in non-small cell lung cancer, it has been observed 
that RAS signaling pathway inducing the hyperactivation 
of AKT leads to phosphorylation of SRSF1 thus enhancing 
its promotion of pro-survival splice variants of KLF-6 and 
CASPASE-9 genes [16].

Cdc2-like kinase (CLK1) was identified as a potential 
modulator of spliceosome protein phosphorylation indicat-
ing its essential role in gastric cancer. Our data highlights 
the significant role of CLK1 in proliferation, invasion and 

migration in gastric cancer. Using immunohistochemistry 
(IHC), we have shown significant overexpression of CLK1 
in gastric tumor samples compared to normal tissue. In 
addition, using an ex vivo explant model, in an individual-
ized tumor microenvironment (TME) settings [17], we have 
further demonstrated the clinical importance of CLK1 as a 
promising therapeutic target in gastric cancer.

Methods

Establishment of patient‑derived xenografts

Solid tumor tissues from three gastric adenocarcinoma 
cases, along with their adjacent normal tissues were obtained 
from Kidwai Memorial Institute of Oncology, Bangalore. 
The study was approved by the ethics committee at Kidwai 
Memorial Institute of Oncology and informed consent was 
obtained from all patients.

All mice studies and experimental protocols were duly 
approved by the institutional animal ethics committee 
(IAEC). Freshly resected human tumor specimens were 
transported to the animal facility at Mitra Biotech Private 
Limited (MBPL), Bangalore. The specimen was washed 
in normal saline containing antibiotics and then sliced 
into of ~ 4–5 mm3. The tumor slices were subcutaneously 
implanted to the flanks of 4–6 weeks old, female, severe 
combined immunodeficiency mice (SCID/Beige, Harlan). 
Tumor growth, health condition and body weights were 
periodically monitored. Tumor volume was measured using 
the following formula, Tumor volume (mm3) = (π/6) LWH, 
where L length (mm), W width (mm) and H height (mm) as 
described previously [17] (Supplementary Fig. 1a).

TMT labeling

For quantitative phosphoproteomics experiment, a total of 
9 samples were used—3 gastric cancer tissue samples, 3 
case-matched adjacent normal gastric tissue samples, and 3 
case-matched xenograft samples. The digested samples were 
labeled using TMT 10-plex reagent kit (Thermo Scientific, 
Bremen, Germany) as described previously [18]. Digested 
proteins derived from the three adjacent normal gastric tis-
sue were labeled with TMT labels, 127N, 128C and 130N, 
and the case-matched gastric tumor were labeled with 127C, 
129N, and 130C and PDX protein samples were labeled with 
128N, 129C and 131, respectively. The labeled samples were 
pooled and loaded on a Sep-Pak C18 column (Waters, Mil-
ford, MA) equilibrated with 0.1% trifluoroacetic acid (TFA). 
Washed peptides were eluted using 0.1% TFA and 40% 
acetonitrile (ACN) and subject to lyophilisation. The lyo-
philized samples were reconstituted in 7 mM TEABC (pH 
9, solution A) and basic pH reverse phase chromatography 
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(bRPLC) was carried out as described previously [19]. The 
bRPLC fractions were pooled to obtain 12 fractions. Fur-
ther sample preparation details, including phosphopeptide 
enrichment, LC–MS/MS parameters, and data analysis are 
provided in Supplementary Methods.

Cell culture

Gastric cancer cell lines—SNU-1, SNU-5, SNU-16, KATO-
III and AGS, were procured from ATCC (Manassas, VA). 
All cell lines were grown in RPMI-1640 medium (Invit-
rogen; Carlsbad, CA) supplemented with 10% fetal bovine 
serum (FBS) and maintained in a humidified CO2 incubator 
at 37 °C.

siRNA transfection

ON-TARGETplus SMARTpool CLK1 siRNA and control 
siRNA were purchased from Dharmacon (Lafayette, CO). 
Gastric cancer cells were transfected with control and CLK1 
siRNA using RNAiMAX reagent (Invitrogen, Carlsbad, CA) 
as per the manufacturer’s instructions.

Cell viability assays

Each cell line was seeded in a 96-well plate at the seed-
ing density of 8 × 103 per well and incubated overnight in a 
humidified CO2 incubator. The cells were treated with differ-
ent concentrations (1 μM, 5 μM and 10 μM) of CLK inhibi-
tor, TG003 (catalog# S7320, Selleckchem, Houston, TX) 
in normal growth media and incubated for 48 h, followed 
by the addition of 3-(4,5-dimethylthiazol-2-yl)-2,5-diphe-
nyltetrazolium bromide (MTT) reagent. Cell viability was 
assessed by measuring absorbance at 570 nm and 650 nm. 
Each treatment was carried out in triplicate and the mean 
value of cell viability was measured and compared against 
the viability of cells treated with DMSO (control). Paired t 
test was carried out to evaluate the difference between the 
control and treated groups. P value < 0.05 was considered 
to be significant.

Cell proliferation assays

Cell proliferation assays were carried out as described pre-
viously [20]. Cells were seeded in a 96-well plate followed 
by overnight incubation. Each cell line was then treated 
with TG003 (10 μM) or 20 nM CLK1 siRNA for a maxi-
mum duration of 96 h and 72 h, respectively. MTT assay 
was performed to determine cell proliferation by measur-
ing the absorbance at 570 nm and 650 nm. All experiments 
were carried out in triplicate and repeated thrice. Paired t 
test was carried out to evaluate the difference between the 

control and treated groups. P value < 0.05 was considered 
to be significant.

Cell invasion assays

Cell invasion assays were carried out using a transwell 
system (BD Biosciences, San Jose, CA). Inner surface of 
the filter was coated with Matrigel (BD Biosciences, San 
Jose, CA), as described previously [21]. Cells were treated 
with TG003 (10 μM) or 20 nM CLK1 siRNA and seeded in 
the transwell at a density of 2 × 104 cells/insert in 500 μl of 
serum-free media. The transwell system was then placed in 
a 24-well plate in complete media and incubated at 37 °C in 
5% CO2 incubator for 48 h. Post-incubation, the transwell 
was removed and the inner surface of the well was wiped 
using a cotton-tip applicator to remove non-migratory cells. 
The invaded cells on the lower surface of the membrane was 
fixed with methanol and stained using 4% methylene blue 
(Sigma, St. Louis, MO). For non-adherent cells, invasion 
was assessed by counting the number of cells that migrated 
into the serum-rich media within the culture plate. Each 
experiment was carried out in triplicate and repeated thrice. 
Representative images were photographed at 10 × magnifica-
tion. Paired t test was carried out to evaluate the difference 
between the control and treated groups. P value < 0.05 was 
considered to be significant.

Colony formation assays

Colony forming ability was assessed using AGS gastric can-
cer cell lines as described earlier [22]. Briefly, 3 × 103 cells 
were seeded into a 6-well plate and treated with CLK1 inhib-
itor, TG003 (10 μM) or CLK1 siRNA in complete media. 
The cells were observed for a period of 8–10 days. After the 
desired period of treatment, media was removed and cells 
were fixed with methanol and stained with 4% methylene 
blue (Sigma, St. Louis, MO). Cells were observed under a 
microscope and colonies formed were counted in ten ran-
domly chosen microscopic fields. All experiments were 
conducted in triplicates and repeated thrice. Representative 
images were photographed at 2.5 × magnification. Paired t 
test was carried out to evaluate the difference between the 
control and treated groups. P value < 0.05 was considered 
to be significant.

Wound healing assays

AGS cells were seeded in 6-well plate at a density of 1 × 105 
cells/well and incubated until 85% confluency was attained. 
This was followed by introduction of a scratch wound as 
described previously [23]. Cells were washed with phos-
phate buffered saline (PBS) to remove cell debris followed 
by addition of growth media supplemented with 10% FBS 
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with CLK1 inhibitor TG003 (10  μM) or 20  nM CLK1 
siRNA. Cells were incubated in a humidified 5% CO2 incu-
bator at 37 °C for 20 h and imaged at 0 h and 20 h after 
treatment. All experiments were carried out in triplicates 
and repeated thrice. The wound migration was assessed 
using ImageJ software [24] and compared relatively with 
the migration of control cells incubated for the same time 
duration. Representative images were photographed at 
10 × magnification. Paired t test was carried out to evalu-
ate the difference between the control and treated groups. P 
value < 0.05 was considered to be significant.

Western blot

Whole cell extracts of gastric cancer cells were prepared 
using modified RIPA lysis buffer (Merck Millipore, Bill-
erica, MA) containing protease inhibitors (Roche, Indian-
apolis, IN) and phosphatase inhibitors (Thermo Scientific, 
Bremen, Germany). 30 μg of protein from each condition 
was used for western blot. Proteins were resolved on acryla-
mide gel and hybridized on nitrocellulose membrane which 
were probed with primary antibodies, and developed using 
Luminol reagent (Santa Cruz Biotechnology, Dallas, TX). 
Anti-CLK1 (catalog# 209681) and anti-SRSF2 (catalog# 
204916) primary antibodies were obtained from Abcam 
(Cambridge, MA). Anti-Phospho-AKT (S473) (catalog# 
4058) and anti-AKT (catalog# 9272) antibodies were 
obtained from Cell Signaling Technologies, Beverly, MA). 
Anti-phospho-SRPK2 (catalog# 71817; Millipore, Burling-
ton, MA), anti-SRPK2 (catalog# 611118; BD Biosciences, 
San Jose, CA). β-Actin antibody (catalog# A5316; Sigma, 
St. Louis, MO) was used a loading control. ImageJ software 
was used to obtain densitometry of the resultant bands [24].

CANscript culture

To study the ex-vivo response of CLK1 inhibition on tumor, 
the PDX samples were manually dissected to the explant size 
of 2–3 mm3. These explants were randomized in the culture 
to ensure tumor heterogeneity. The explants were cultured 
either in triplicate or quadruplicate as described previously 
[25] in the individualized microenvironment. The cultured 
xenograft explants were maintained for 72 h, with either 
TG003 (10 μM), fluorouracil (5-FU, 16.78 μg/ml) or leuco-
vorin (391 ng/ml) individually or in combination, along with 
vehicle controls (DMSO) which was replaced every 24 h. 
The cultures were harvested at the end of 72 h (T72), fixed 
with 10% formalin and paraffin embedded for histopathol-
ogy assessment. Detailed methodology of the immunohisto-
chemistry experiment has been provided in Supplementary 
Methods.

S‑score generation

Values from histology (morphology), tumor cell prolifera-
tion, cell death and viability were used as inputs in a machine 
learning algorithm as described earlier [17, 26]. The algo-
rithm finally generates a single score (S-score) which has the 
potential of predicting clinical outcome to therapy. A value 
greater than 19.1 may clinically correspond with response to 
the drug(s) tested in CANscript, while a value lower or equal 
to 19.1 may indicate non-response. S-score was generated 
for the drug arms tested in CANscript.

Statistical analysis

Statistical analysis for the calculation of P value was carried 
out using Student’s t test in Perseus software [27].

Results

Phosphoproteomic dysregulation in gastric cancer

We carried out TMT labeling-based proteomic analysis 
coupled with phospho-Ser/Thr enrichment to identify dif-
ferentially phosphorylated proteins in gastric tumor and PDX 
samples, compared to adjacent normal tissue (Supplemen-
tary Fig. 1b). We identified 1,344 phosphosites belonging 
to 848 proteins common in both tumor and PDX samples. 
A total of 85 proteins were hyperphosphorylated (fold 
change ≥ 1.5) and 92 proteins were hypophosphorylated 
(fold change ≤ 0.6) in common between gastric tumor and 
PDX samples compared to adjacent normal tissue (Fig. 1a). 
The phosphosite distribution identified in this study is pro-
vided in Fig. 1b. Complete list of proteins identified in this 
study are provided in Supplementary Table 1.

Functional annotation of differentially phosphorylated 
proteins using IPA resulted in the enrichment of splicing 
mechanism as one of the top hits (Fig. 1c). We identified 
several hyperphosphorylated proteins in our proteomic 
data pertaining to mRNA processing and splicing machin-
ery (Supplementary Table 2). Among the hyperphospho-
rylated proteins, we identified proteins which belonged to 
the mRNA splicing machinery. For example, SRSF1 and 
SRSF2 were known to enhance U1 snRNP binding to 5′ 
splice site along with U2 snRNP binding to 3′ splice site 
[28, 29], along with bridging the interaction between pre-
liminary splice site recognition events in pre-spliceosome 
and mature spliceosome [30]. Similarly, RBM39 is postu-
lated to modulate alternate splicing through direct interac-
tion with RNA or recruitment of other splice factors like 
U2AF65 [31]. Pathway analysis and literature survey iden-
tified CLK1 as an upstream kinase regulating the activity 
of proteins including SRPK1, SRSF1, SRSF2 and SRSF6 
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(Fig. 1d). Supplementary Fig. 2a provides hierarchical clus-
tering of total and phosphoprotein expression of the spliceo-
some complex proteins differentially phosphorylated in this 
data. Representative MS/MS spectra of a few spliceosome 
complex proteins identified in this study are provided in Sup-
plementary Fig. 2b–d.

CLK1 is essential for viability of gastric cancer cells

As our proteomic data indicate dysregulation of splicing 
proteins, which are downstream of the kinase CLK1, we 

sought to study the role of CLK1 in the pathobiology of 
gastric cancer. To study the effects of CLK1 inhibition on 
cell viability, gastric cancer cell lines were treated with 
varying concentrations of the CLK1 inhibitor, TG003 (1, 
5, 10 µM). 1 µM concentration of TG003 did not show any 
significant decrease in cell viability. Both 5 µM and 10 µM 
concentrations of TG003 resulted in significant decrease 
in cell viability. However, the viability of SNU-5, SNU-
16, KATO-III and AGS were less than 50% upon treating 
the cells with 10 μM TG003 (Supplementary Fig. 3). All 

Fig. 1   Phosphoproteomic 
analysis of gastric cancer. a Pie-
chart depicting the distribution 
of differentially phosphorylated 
proteins gastric cancer samples 
compared to adjacent normal 
tissue. b Pie-chart depicting the 
distribution of phosphorylation 
sites across differentially phos-
phorylated proteins in gastric 
cancer. c Network of pathways 
enriched by differentially phos-
phorylated proteins in gastric 
cancer identified using IPA. d 
Interaction network displaying 
proteins of the spliceosome 
machinery which were identi-
fied and/or quantified in this 
study. Direct and indirect targets 
of CLK1 are shown in solid and 
dotted lines, respectively
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further assays were carried at 10 μM concentration, unless 
otherwise mentioned.

After the optimum dose of TG003 for cell viability was 
determined, we evaluated the effect of CLK1 inhibition on 
the proliferation of gastric cancer cells for every 24 h up to 
96 h. Inhibition of CLK1, using 10 μM TG003 or 20 nM 
CLK1 siRNA, resulted in a significant decrease in cellular 
proliferation of gastric cancer cells compared to untreated 
control cells (Fig. 2a, b). We observe a significant difference 
in cellular proliferation after 48 h of treatment with TG003 

and CLK1 siRNA (p value < 0.05) and continued to observe 
decreased proliferation till the experiment was terminated 
(p value < 0.05).

In addition to proliferation, inhibition of CLK1 also led 
to significant decrease in the colony forming ability of gas-
tric cancer cell line (p value < 0.05). We observed a six-fold 
decrease in the number of colonies formed in AGS cell line 
treated with 10 μM TG003 and CLK1 siRNA compared 
to control (Fig. 3a–d). As the other cell lines used in this 
study were suspension lines, we could not perform colony 

Fig. 2   CLK1 inhibition leads 
to decreased growth of gastric 
cancer cell lines. Cellular prolif-
eration of gastric cancer cells on 
inhibition with a CLK1 inhibi-
tor TG003 (10 µM) and b CLK1 
siRNA (20 nM) (*p < 0.05)
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Fig. 3   CLK1 inhibition reduces colony formation and invasiveness 
of gastric cancer cell lines. a Colony formation assay of gastric can-
cer cell line AGS following the treatment with 10 µM TG003 com-
pared with untreated control cells. b Colony formation assay of AGS 
following the treatment with CLK1 siRNA (20 nM) compared with 
control siRNA. Colonies formed were visualized upon staining with 
methylene blue. Scale bar 200 μm. c Graphical representation of the 
colony forming assay using 10  µM TG003 (*p < 0.05). d Graphi-
cal representation of the colony forming assay using 20  nM CLK1 
siRNA (*p < 0.05). e Invasion assay of AGS following treatment with 
TG003 compared with untreated control cells. f Invasion assay of 
AGS following treatment with CLK1 siRNA compared with control 
siRNA. Cells that invaded through the Matrigel-coated filters of tran-

swell system were visualized by methylene blue staining and counted. 
Scale bar 50  μm. g Graphical representation of invasive ability of 
AGS upon treatment with 10  µM TG003 compared with untreated 
control cells (*p < 0.05). h Graphical representation of invasive abil-
ity AGS upon treatment with 20  nM CLK1 siRNA compared with 
control siRNA (*p < 0.05). i Graphical representation of invasive abil-
ity of suspension gastric cancer cell lines upon treatment with 10 µM 
TG003 compared with untreated control cells. j Graphical representa-
tion of invasive ability of suspension gastric cancer cell lines upon 
treatment with 20  nM CLK1 siRNA compared with control siRNA 
(*p < 0.05). Cells that invaded through the Matrigel-coated transwell 
were visualized under microscope and counted
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forming assay with those. Taken together, our data indicate 
that CLK1 plays a significant role in the proliferative ability 
of gastric cancer cells.

CLK1 inhibition reduces invasive and migratory 
ability of gastric cancer cell lines

Decreased colony formation ability is often associated with 
decreased invasion capabilities of cancer cells [32]. The 
effects of CLK1 inhibition on the invasive ability of gastric 
cancer cells was studied using transwell assay technique 
[21]. For AGS, which is an adherent cell line, invasiveness 
was measured based on the number of cells migrated and 
adhered to the outer surface of the transwell filter. For non-
adherent cell lines, SNU-1, SNU-5, SNU-16 and KATO-
III, the number of cells that migrated through the Matrigel-
coated insert into the serum-rich media was counted. 
Inhibition of CLK1 resulted in a significant decrease in the 
invasive ability of the gastric cancer cells (p value < 0.05). 
In AGS, we observed almost 40–50% reduction in invasive 
ability of the cells in TG003 or CLK1 siRNA-treated cells 
compared to control (Fig. 3e–h). Similarly, the number of 
cells from the suspension lines which invaded the transwell 
membrane were significantly reduced upon the inhibition of 
CLK1 (Fig. 3i, j) (p value < 0.05). The effect of CLK1 inhi-
bition on cellular migration was studied using AGS. Over 
a period of 20 h, we observed a significant decrease in the 
migration ability of AGS cells due to inhibition of CLK1 by 
almost 40% (p value < 0.05) (Fig. 4a–d).

CLK1 regulates expression of spliceosome proteins 
in gastric cancer

Using cellular assays, we were able to demonstrate that 
inhibition of CLK1 resulted in decreased proliferation, inva-
sion and migration of gastric cancer cell lines. We further 
sought to study the potential signaling mechanism of CLK1 
in gastric cancer cells. CLK1 has been reported earlier to 
be involved in the regulation of the spliceosome complex 
proteins in ovarian cancer and glioma [33, 34]. In addition, 
inhibition of CLK1 using TG003 has been reported to hin-
der CLK1-dependent SRSF2 splicing activity in HeLa cells 
[35].

Western blot analysis revealed a decreased expression 
of CLK1 in AGS cells on treatment with TG003 or CLK1 
siRNA (p value < 0.05). In addition, CLK1-inhibited cells 
not only led to a decreased expression of splicing pro-
tein SRSF2 and pSRPK2 but also pAKT (p value < 0.05) 
(Fig. 5a–d).

Since AKT is a known upstream regulator of CLK1 
[36–38], we also studied the effect of inhibition of AKT 
on the expression of CLK1, SRSF2 and pSRPK2. Our data 
indicates that inhibition of AKT led to a decreased expres-
sion of CLK1, SRSF2 and pSRPK2 (p value < 0.05). Taken 
together, our data indicate that CLK1 and AKT signaling 
may be independent of each other, or a feedback mechanism 
exists between CLK1 and AKT, where inhibition of any one 
molecule affects the other, thereby affecting the oncogenic 
phenotype. However, further validation is required to estab-
lish this, which is beyond the scope of this manuscript.

Fig. 4   CLK1 inhibition affects 
migration ability of gastric can-
cers. a Migration assay of gas-
tric cancer cell line AGS upon 
treatment with 10 µM TG003 
compared with untreated control 
cells. b Migration assay of gas-
tric cancer cell line AGS upon 
treatment with 20 nM CLK1 
siRNA compared with control 
siRNA. c Graphical represen-
tation of migratory ability of 
AGS treated with 10 µM TG003 
compared with untreated control 
cells (*p < 0.05). d Graphical 
representation of migratory 
ability of AGS treated with 
20 nM CLK1 siRNA compared 
with control siRNA (*p < 0.05)
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Expression of CLK1 in gastric cancer tissue

We next assessed the expression status of CLK1 in pri-
mary gastric adenocarcinoma tissues using tissue micro-
array-based immunohistochemical analysis in 118 cases 
of gastric cancer. CLK1 staining showed predominantly 
cytoplasmic localization. Thirty eight percent (36 out of 
94) of the gastric cancer tissues showed moderate to strong 
staining while ninety five percent the normal gastric cores 
(82 out of 86) which revealed weak to negative staining. 
The percentage distribution of CLK1 expressed in gastric 

tumor samples ranged predominantly between 10 and 30%, 
whereas the expression of CLK1 in normal gastric tissue 
was mostly below 10%. A Chi-square test confirmed that 
the overexpression of CLK1 in gastric tumor tissues was 
statistically significant (p value < 0.0001). In addition, it 
was observed that tumor tissue cores which showed weak 
CLK1 staining were of mucinous in nature. Representa-
tive staining patterns for CLK1 in gastric and adjacent 
normal tissue are provided in Fig. 6a. Figure 6b provides 

Fig. 5   CLK1 regulates expres-
sion of spliceosome proteins in 
gastric cancer. a Western blot of 
gastric cancer of the indicated 
proteins using AGS cell line 
upon treatment with molecular 
inhibitors of CLK1 (10 µM 
TG003) and AKT (10 µM 
LY49002) compared with 
untreated control. β-Actin was 
used as loading control. b West-
ern blot of the indicated pro-
teins using AGS cell line upon 
treatment with 20 nM CLK1 
siRNA compared with control 
siRNA. β-Actin was used as 
loading control. c Densitometry 
graphs representing the relative 
expression of CLK1, SRSF2, 
phospho-AKT and phospho-
SRPK2 in gastric cell line AGS 
treated with molecular inhibi-
tors of CLK (10 µM TG003) 
and AKT (10 µM LY49002) 
compared with untreated control 
(*p < 0.05). d Densitometry 
graphs representing the relative 
expression of CLK1, SRSF2, 
phospho-AKT and phospho-
SRPK2 in gastric cell line AGS 
treated with 20 nM CLK1 
siRNA compared with control 
siRNA (*p < 0.05)
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a graphical representation depicting the expression score 
of CLK1 and the number of gastric cancer cases they were 
detected in. The results of the IHC validation are summa-
rized in Table 1.

Evaluation of CLK1 inhibition using primary gastric 
cancer tissue

Tumor samples were analysed on a personalized tumor 
explant culture system (CANscript™) to predict response 
to CLK1 inhibitor TG003, and one of the standard of care 
(SOC) options in treatment of gastric cancer, 5-FU and 
leucovorin.

Patient-derived tumor samples were used in explant cul-
ture and were treated with 10 μM of TG003, 16.78 μg/ml 
of 5-FU and 391 ng/ml of leucovorin, individually and/or 
in combination. The efficacy of the molecular inhibitor was 
graded based on assessing phenotypic characteristics such 
as the viability, tumor content (H&E), proliferation (Ki-67) 

Fig. 6   Expression of CLK1 
in gastric cancer tissue. a 
Immunohistochemistry staining 
of primary gastric cancer tissue 
representing the expression of 
CLK1 in gastric cancer tissues 
and adjacent normal tissues. 
Scale bar 200 μm. b Box-dot 
plot representing the expression 
of CLK1 in gastric cancer sam-
ples in the tissue microarray. 
The dots represent the number 
of samples scored and the color 
codes represent the percent-
age CLK1 expression in each 
sample (*** p-value < 0.001). 
Y-axis represents the scores 
assigned based on the expres-
sion of CLK1 in tissue samples. 
c CANscript assay representing 
the efficacy of targeting CLK1 
compared to chemotherapeutic 
drugs. Representative histologi-
cal and immunohistochemical 
staining of gastric cancer 
explant samples of a responder 
demonstrating tumor content 
(H&E), proliferation (Ki-67) 
and viability (Caspase-3C) upon 
treatment with different drugs 
have been shown in the panels. 
Scale bar 200 μm. d Bar graph 
representing the percentage of 
gastric cancer cases responding 
to treatment with CLK1 inhibi-
tor (10 μM TG003) individually 
and in combination SOC regime 
used in clinics (5-FU and 
leucovorin)
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Table 1   Summary of the immunohistochemical validation for CLK1 
in gastric cancer and normal tissues

Expression score Tumor tissues Normal 
tissues

0–1 + (negative–weak) 58 82
2+ to 3+ (moderate–strong) 36 4
p value of expression < 0.0001
Subcellular location of staining Predominantly cytoplasmic
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and cell death (Caspase 3C) to generate S-score for each 
tumor tissue. In addition, the HER2 expression of the tissue 
samples were also assessed to identify correlation between 
HER2 status and efficacy of treatment. Our data demon-
strated that 4 out of 8 tumors categorized to be responders 
(S-score > 19.1) to CLK inhibitor TG003. We also noticed 
that treatment with TG003 resulted in better response com-
pared to 5-FU and leucovorin, which is one of the SOC 
options used in the clinics. In total, 50% of the cases studied 
were predicted to be responder to TG003 and the combina-
tion arm (TG003 + 5-FU + leucovorin), compared to 5-FU 
and leucovorin where the response rate was only 13%. Three 
cases did not respond to any treatment arm (samples 3, 4, 
7). Sample 4 did not respond to TG003, but responded to 
the combination therapy, whereas sample 3 responded to 
TG003 but not to the combination therapy. Sample 1, 5 and 
8 responded to both TG003 and the combination therapy. At 
this juncture, we are unable to comment on the mechanism 
behind the response pattern of each tumor to the treatment 
arms. S-scores generated against each treatment arm for the 
tumor samples has been listed in Table 2. A representative 
histological staining of a gastric tumor explants (Sample 1) 
treated with TG003, 5-FU and leucovorin and their com-
bination is presented in Fig. 6c. Supplementary Fig. 4a, b 
represent histological staining of tumor explants from Sam-
ple 2 and 3, respectively, which show a clear distinction in 
response to treatment with TG003 and in combination with 
5-FU and leucovorin. A graphical depiction of the number 
of responders in each treatment arm is provided in Fig. 6d. 
Our data indicates a favorable response pattern to TG003 
in gastric cancer, as predicted in CANscript. We did not 
find any correlation between the HER2 status and CLK1 
response profile for the gastric cancer samples evaluated in 
CANscript.

Discussion

Aberrantly activated signaling events in cancer can often 
be traced to dysregulation of kinases. This, in turn, results 
in abnormal activation or repression of the downstream 
substrates as a result of their differential phosphorylation. 
Studying the global phosphoproteomic profile and identi-
fying such dysregulated kinases has gained importance in 
cancer research in recent years [39]. Identification of altered 
phosphorylation using mass spectrometry have been widely 
studied in lung [40], ovarian [41] and breast [42] cancers. 
However, high-throughput phosphoproteomic studies of 
gastric cancer are few and are mostly restricted to cell line-
based investigations [43, 44]. A recent study showed phos-
phoproteomic analysis of gastric cancer xenografts to iden-
tify biomarkers indicating ischemic changes of tumor tissues 
[45]. Likewise over the years, many studies have indicated 
the advantages of using patient-derived tumor xenografts 
over cancer cell lines to study the disease including gastric 
cancer, due to their ability to mimic tumor complexity and 
microenvironment [46–49]. In this study, we have carried 
out TMT-based phosphoproteomic analysis of gastric cancer 
tissue and xenograft samples to identify differentially phos-
phorylated proteins which can serve as potential therapeutic 
targets in gastric cancer.

In this study, we identified molecules belonging to the 
mRNA processing and alternative splicing machinery such 
as DYRK1A, SRSF1, SRSF2, SRSF6 and SRSF9 to be 
hyperphosphorylated [38, 50]. To study the role of splic-
ing proteins in gastric cancer, we examined the pheno-
typic changes in gastric cancer cell lines by targeting their 
upstream regulatory kinase, CLK1. CDC-like kinases (CLK) 
are a family of dual specificity kinase proteins known to 
phosphorylate splicing factors, thereby regulating their dis-
tribution and function within the nucleoplasm [51]. Aberrant 
activation of splicing factors by CLK1 has been shown to 
play an important role in cancer [52]. Increased hyperphos-
phorylation of splicing factor SPF45 by CLK1 was shown 
to correlate with increased cellular invasion and migration 
in ovarian cancer cells [33]. Regulation of CLK1 activity by 
alternative splicing of its transcript has been shown to play 
a role in predicting prognosis and therapeutic outcome in 
breast cancer patients [53]. Development of molecular inhib-
itors of CLK protein kinases, such as TG003, was shown to 
suppress cell growth and initiate apoptosis in cancer [35, 
54]. In addition, CLK1-mediated alternative splicing was 
also established to be regulated by AKT in 3T3-L1 pre-adi-
pocytes [55]. In addition to TG003, other molecular inhibi-
tors of CLK1, such as the N-benzylated derivative developed 
by ElHady et al. [56] and the dichloroindolyl enaminoni-
trile compound developed by Fedorov et al. [57] have been 

Table 2   Cumulative analysis representing the S-scores for gastric 
cancer patient samples with TG003 individually and in combination 
with chemotherapeutic drugs

Sample ID S-score HER2 status

TG003 5-FU + leu-
covorin

TG003 + 5-FU +  
leucovorin

Sample 1 24 25 20 3+
Sample 2 8 7 4 2+
Sample 3 21 7 1 Negative
Sample 4 5 7 22 1+
Sample 5 22 13 20 3+
Sample 6 17 6 17 3+
Sample 7 8 8 3 3+
Sample 8 41 16 45 1+
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demonstrated to target CLK1 in cancer cell lines but has 
been reported to also target CLK4 and DYRK1A [57].

In this study, we demonstrate the importance of CLK1 
in regulating alternative splicing proteins as well as the 
potential of using CLK1 as a therapeutic target in gastric 
cancer. Through in vitro assays using the molecular inhibi-
tor TG003 and CLK1 siRNA, we were able to demonstrate 
that targeting CLK1 results in reduced proliferation, inva-
sion and migration of gastric cancer cell lines. In addition, 
western blot analysis showed that CLK1 inhibition leads 
to downregulation of SRSF2 expression in gastric can-
cer cells. This indicates that inhibition of CLK1 leads to 
deregulation of the spliceosome complex proteins. Dys-
regulation of the spliceosome proteins has been reported 
in earlier studies. Recently, studies have demonstrated the 
importance of SRSF protein kinase 2 (SRPK2) and dual-
specificity tyrosine-(Y)-phosphorylation regulated kinase 
1A (DYRK1A) hyperphosphorylation in the promotion of 
head and neck squamous cell carcinoma [18, 38]. CLK1 is 
known to be upregulated in hypoxia-induced lung cancer 
[58]. Other splice factor kinases such as SRPK1 are known 
to be inhibited by SPHINX resulting in decreased tumor 
growth in prostate cancer [59]. The same study also demon-
strates that inhibition of SRPK1 can serve as a potential anti-
angiogenic therapy in prostate cancer [59]. Phosphorylation 
and dephosphorylation of SRSF1 is reported as essential for 
the assembly of the spliceosome complex [60]. Similarly, 
phosphorylation of SRSF10 results in the activation of the 
protein while dephosphorylation results in the repression of 
splicing activity of the complex [61]. These studies highlight 
the role of alternative splicing proteins and the aberrations 
in their activity in promotion of cancer.

Our study highlights the significance of targeting CLK1 
as a potential therapeutic candidate in gastric cancer, using 
the CANscript platform by nurturing the essential com-
ponents of tumor ecosystem in an individualized setting. 
Previous studies have demonstrated the impact of such 
clinically relevant tool in determining the appropriate treat-
ment of choice for a particular patient in the clinic through 
minimizing the risks associated with the drugs which are not 
going to benefit the patient [17, 26]. We initially evaluated 
gastric cancer cell lines to study the anti-tumor potential 
of specific inhibitor, TG003 at different concentrations. To 
further understand the clinical relevance of CLK1 in gastric 
cancer, its expression was evaluated in gastric cancer pri-
mary tissues. CLK1 was found to be overexpressed in gas-
tric tissues compared to its normal counterpart. In addition, 
we employed primary gastric cancer-derived CANscript to 
assess the therapeutic value of CLK1 using TG003 in com-
parison with the SOC treatment used in clinics. Based on the 
S-score generated from the CANscript analysis to recognize 
responders and non-responders, our study exhibited that tar-
geting CLK1 with its inhibitor TG003 had higher number 

of responders compared to SOC treatment arm followed in 
clinics.

In summary, our study highlights the crucial role of spli-
ceosome complex proteins and their dysregulation in gastric 
cancer. We hypothesize that altered regulation of spliceo-
some proteins by the upstream kinase CLK1 can be targeted 
for the development of novel therapy in gastric cancer.

Conclusions

In this study, we demonstrate that oncogenic phenotype 
in gastric cancer cell lines could be curtailed by targeting 
CLK1. Our data indicates the potential role of CLK1 in gas-
tric cancer which in turn leads to the activation of alternative 
splicing proteins including SRPK2. Although the findings of 
this study elucidate the role of CLK1 as a promising thera-
peutic target in gastric cancer, we do not rule out the role of 
other factors that may promote gastric cancer. Furthermore, 
this study warrants the need of mouse models and ex vivo 
assay validation on a larger sample size to establish CLK1 as 
a strong therapeutic target in the treatment of gastric cancer.
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