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CDK4/6 inhibitor suppresses gastric cancer with  
CDKN2A mutation
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Abstract: Aim: Gastric cancer is a major health problem and current treatment lacks lasting effect. Targeted ther-
apy for gastric cancer with specific genetic background is in urgent need. Methods: We have studied The Cancer 
Genomic Atlas (TCGA) and The Genomics of Drug Sensitivity in Cancer (GDSC) databases to reveal genes with 
high frequency of mutation and possible sensitive compound against such gene mutation. In vitro studies were 
conducted to validate the in silico findings. Results: CDKN2A is frequently mutated in gastric cancer, revealed in 
TCGA database. CDK4/6 inhibitor PD-0332991 was sensitive in cancer cells with CDKN2A mutation, revealed in 
GDSC database. In vitro studies showed that PD-0332991 could selectively inhibit proliferation of gastric cancer 
cell with CDKN2A mutation. PD-0332991 could also inhibit cell invasion, migration, and colony formation of gastric 
cancer cell with CDKN2A mutation. PD-0332991 induced cell cycle arrest but not apoptosis. PD-0332991 inhibited 
xenograft gastric cancer mouse model. Conclusion: Gastric cancer with CDKN2A mutation is sensitive to CDK4/6 
inhibitor. PD-0332991 is a potential therapeutic agent for gastric cancer.
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Introduction

Gastric cancer is a major health problem rank-
ing the third most lethal cancer worldwide and 
one of the top leading cause of cancer-related 
death in China [1]. Disease at early stage usu-
ally lacks specific symptoms and patients 
admitted are always at later stage and treat-
ment efficacy is usually compromised [2]. Sur- 
gical removal with chemotherapy is the current-
ly the standard treatment of gastric cancer. 
However, many cases still progress or metasta-
size and succumb [3]. Therefore, novel treat-
ment for gastric cancer is in urgent need.

Targeted therapy for cancer is currently proven 
effective in a variety of cancers [4]. The basis of 
developing potential targeted drugs is the 
insight of specific genomic or genetic alteration 
of a certain cancer type. Cancers with high fre-
quency of mutation of certain genes are gener-
ally addicted to the according pathway and 
compounds that target this addiction are selec-
tively sensitive in this very entity. Thus, global 

and insightful understanding of cancer genom-
ics is requisite to discover effective drugs. The 
Cancer Genomic Atlas (TCGA) is collaborative 
studies that used next-generation sequencing 
techniques in a variety of cancers including 
gastric cancer and offers unprecedented in- 
sights into the genomic landscape of gastric 
cancer [5, 6]. The TCGA gastric cancer projects 
propose a molecular classification dividing gas-
tric cancer into four subtypes: tumours positive 
for Epstein-Barr virus, which display recurrent 
PIK3CA mutations, extreme DNA hypermethyl-
ation, and amplification of JAK2, CD274 (also 
known as PD-L1) and PDCD1LG2 (also kno- 
wn as PD-L2); microsatellite unstable tumours, 
which show elevated mutation rates, including 
mutations of genes encoding targetable onco-
genic signalling proteins; genomically stable 
tumours, which are enriched for the diffuse his-
tological variant and mutations of RHOA or 
fusions involving RHO-family GTPase-activating 
proteins; and tumours with chromosomal insta-
bility, which show marked aneuploidy and focal 
amplification of receptor tyrosine kinases [5].
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The Genomics of Drug Sensitivity in Cancer 
(GDSC) project is a collaboration between the 
Cancer Genome Project at the Wellcome Tru- 
st Sanger Institute (UK) and the Center for Mo- 
lecular Therapeutics, Massachusetts General 

Data mining of TCGA and GDSC databases

As the initial TCGA global analysis on gastric 
cancer was published and as per the latest 
publication guidelines of TCGA, our reproduc-

Figure 1. CDKN2A gene set is altered in gastric cancer reproduced from TCGA database. (A) High frequency of 
CDKN2A mutation in gastric cancer along with amplification in CDK4/6 and CCND1; (B) Mutual exclusivity analysis 
revealing significant association between CDK4, CDK6, CCND1, and RB1, with a trend of co-occurrence; (C) Muta-
tions in CDKN2A in gastric cancer in TCGA with green showing missense, red showing truncating, and black show-
ing inframe mutation; Reproduction of GDSC database showed (D) CDK4/6 inhibitor, PD-0332991 is sensitive in 
tumour cells with mutated CDKN2A.

Table 1. Top 10 sensitive drugs/compounds in tumours with CD-
KN2A mutation reproduced from the GDSC database.

Drug Drug Target Effect P-value No. of mu-
tations

PD-0332991 CDK4/6 0.418 4.03E-23 262
Dasatinib ABL, SRC, KIT, PDGFR 0.331 4.68E-12 120
Cytarabine DNA synthesis 0.742 1.75E-10 278
WH-4-023 SRC family, ABL 0.316 1.28E-09 120
AZD-0530 SRC, ABL1 0.333 2.57E-08 121
RDEA119 MEK1/2 0.371 0.00000011 274
CI-1040 MEK1/2 0.552 0.000000137 278
17-AAG HSP90 0.4 0.000000408 278
Docetaxel Microtubules 0.373 0.000000765 278
PD-0325901 MEK1/2 0.456 0.00000133 274

Hospital Cancer Center (USA), 
and is funded by the Wellcome 
Trust [7]. The project screens 
the sensitivity of a panel of 
compounds in a variety of can-
cer cells and all cells are ge- 
notyped for common cancer 
mutations. In the current st- 
udy, we used these two major 
databases to identify CDK4/6 
inhibitor as a potential drug for 
gastric cancer with CDKN2A 
mutation and conducted in 
vitro and in vivo studies to con-
firm this surmise.

Materials and methods
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tion of the data had no limitations or restric-
tions [5]. The TCGA gastric cancer database 
analysed on the cBioPortal platform [8, 9] con-
tained in all 258 tumours with all of the follow-
ing somatic data (complete tumours): muta-
tions; putative copy-number alterations; mRNA 
expression data presented by Z-scores detect-
ed with microarray, with RNA-seq, or the mRNA/
miRNA expression within all genes; and pro-
tein/phosphoprotein level detected with re- 
verse phase protein array (RPPA). We confirm 
that reproduction and publication of the GDSC 
data and figures complied with the organization 
[10]. We started by searching compounds with 
significant selectivity for CDKN2A mutation. 
The scatter plots and the Mann-Whitney-
Wilcoxon (MWW) tests were generated and 
computed via the GDSC online platform.

Cell culture and reagents

Human NCI-SNU-5 and NCI-N87 gastric cancer 
cells were acquired from ATCC. The COSMIC 
database was used to determine the genetic 
status of CDKN2A of the cells. Both cells were 
cultured in RPMI 1640 (PAA, Germany) with 
10% foetal bovine serum (FBS) (PAA). CDK4/6 
inhibitor PD-0332991 (Palbociclib) was pur-
chased from Selleck Chemicals.

Western blotting

Blotting was performed as per previous reports 
[11, 12]. Total protein of lysates was extracted 
and loaded onto 10% sodium dodecyl sulphate 
polyacrylamide gel for electrophoresis. The 
separated proteins were transferred to nitrocel-

Figure 2. Clinical outcome of gastric cancer patients reproduced from TCGA database showing (A) overall survival 
and (B) disease-free period was not associated with altered CDKN2A gene set (CDKN2A, CDK4, CDK6, CCND1, and 
RB1); (C) overall survival and (D) disease-free period was not associated with altered CDKN2A either.
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lulose membrane. The membranes were blo- 
cked for 1 h with 5% non-fat milk. Primary anti-
bodies of CDKN2A, CDK4, CDK6, and GAPDH 
were all purchased from Abcam then added 
and membranes were kept at 4°C overnight. 
Horseradish-coupled secondary antibodies we- 
re used to detect the bands.

Proliferation assay

Briefly, cells were seeded in 96-well plates and 
were treated with single dose of PD-0332991 
or control. Cells were then cultured for 72 h and 
subjected to formalin fixation. After several 
washes, cells were dyed using crystal violet, 
which were later dissolved using methanol. 
Proliferation was profiled by absorption at 540 
nm read on plate reader.

Migration and invasion assay

Migration and invasion assay sere performed 
according to previous reports [11]. Briefly, cells 
were seeded in the top chamber of the Transwell 

inserts, which were coated with Matrigel for 
invasion assay and uncoated for migration 
assay. Complete medium was added to the 
lower chamber and cells were then incubated. 
Inserts were harvested and cells penetrated 
the membrane were stained with crystal violet 
and were counted microscopically. The average 
number of cells in three high power fields was 
calculated. All assays were done in triplicates.

Colony formation assay

Soft agar assay was used to study the ability of 
colony formation of cells. Briefly, 1,000 cells 
were resuspended in complete medium mixed 
with 0.4% Noble agar. The mixture was placed 
on top of the similar mixture consisting of com-
plete medium and 0.6% of agar on 60-mm 
plates. Complete medium containing treatment 
and control drug were added at the upmost 
layer and were changed every 3 days. After 2 
weeks of culture, plates were stained with crys-
tal violet for and colonies were counted mic- 
roscopically.

Figure 3. CDK4/6 inhibitor PD-0332991 selectively inhibited gastric cancer cells with CDKN2A mutation. (A) PD-
0332991 inhibited both CDK4 and CDK6 in gastric cancer cells; (B) PD-0332991 selectively inhibited growth of 
gastric cancer cells with CDKN2A mutation at (C) 72 h of treatment at 5 μM (n = 3; *P < 0.05; **P < 0.01).

Figure 4. CDK4/6 inhibitor PD-0332991 selectively inhibited motility of gastric cancer cells with CDKN2A mutation 
by suppressing (A) cell migration and (B) cell invasion, and inhibited anchorage-independent growth by suppressing 
(C) colony formation, all treated at 5 μM (n = 3; **P < 0.01).
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Figure 5. CDK4/6 inhibitor PD-0332991 induced cell cycle arrest of gastric cancer cells with CDKN2A mutation. Compared with (A) control, (B) PD-0332991 in-
duced (C) higher population of cells in G1 phase; Whereas compared with (D) control, (E) PD-0332991 did not induce (C) more apoptosis of cells (n = 3; NS = not 
significant; **P < 0.01).
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Xenograft model

Twelve male BALB/c athymic nude mice which 
were 6 weeks of age were bred in licensed SPF 
(special pathogen-free) grade laboratory. Mice 
were randomly divided into 2 groups. A total of 
1.5×107 cells were injected subcutaneously at 
the left axilla of each mouse. PD0332991 was 
suspended in sodium lactate solution (Sigma-
Aldrich) and administered by oral gavage daily 
at 150 mg/kg for 28 days. Tumour size was cal-
culated with the formula, Length × Width2 × 
0.5236.

Statistical analysis

Comparisons between groups were analysed 
with the 2-tailed Student’s t-test. The P value of 
<0.05 was accepted as statistically significant.

Results

CDKN2A is frequently mutated in gastric 
cancer

With reproduction of the TCGA gastric cancer 
cohort, we identified high frequency of involve-
ment of CDKN2A pathway (Figure 1A), In par-
ticular, mutation and loss of heterozygosity 
comprised up to 38% of cases in gastric cancer 
(Figure 1A). Besides CDKN2A, CDK4, CDK6, 
and CCND1 showed significant tendency for co-
occurrence in gastric cancer, indicating a pos-
sible redundant role of CDK4 and CDK6 (Figure 
1B). Most mutations of CDKN2A were non-syn-
onymous (Figure 1C). Reproduction of GDSC 
database showed that CKD4/6 inhibitor 
PD-0332991 was a selective inhibitor for can-
cer cells with CDKN2A inhibitor (Table 1; Figure 
1D). We then studied whether loss of CDKN2A 

(Figure 2C, 2D). Here we showed that CDK4/6 
inhibitor PD-0332991 could be a promising 
therapeutic agent for gastric cancer with 
CDKN2A mutation, which occurred at high fre-
quency in gastric cancer.

PD0332991 selectively inhibits gastric cancer 
with CDKN2A mutation

We first studied the effect of PD-0332991 in 
vitro using 2 gastric cell lines with different 
CDKN2A status. In line with the COSMIC data, 
NCI-SNU-5 and NCI-N87 gastric cancer cells 
had mutated and wild type CDKN2A, respec-
tively (Figure 3A). Accordingly, levels of CDK4 
and CDK6 were inhibited by PD-0332991 in 
CDKN2A mutated cells whereas the basal level 
of CDK4/6 in CDKN2A wild type cells was low 
(Figure 3A). We found that PD-0332991 selec-
tively inhibited the growth of gastric cancer 
cells with CDKN2A mutation (Figure 3B, 3C). 
Further, we showed that PD-0332991 selec-
tively inhibited cell migration and invasion of 
gastric cells with CDKN2A (Figure 4A, 4B). 
PD-0332991 also selectively inhibited the 
anchorage-independent growth of gastric can-
cer cells (Figure 4C). As CDKN2A was essen- 
tial in cell cycle control, we showed that 
PD-0332991 induced cell population in G1 
phase in gastric cancer cells with CDKN2A 
mutation (Figure 5A-C). We also showed that 
cell apoptosis was not significantly different 
between cells treated with PD-0332991 or 
control (Figure 5D-F). Finally, we tested the effi-
cacy of PD-0332991 in mouse xenograft mod-
els implanted with gastric cancer cells with 
CDKN2A mutation. We found that PD-0332991 
significantly inhibited tumour growth of gastric 
cancer cells with CDKN2A mutation (Figure 6A, 
6B).

Figure 6. CDK4/6 inhibitor PD-0332991 inhibited gastric cell growth in vivo; A. Xe-
nograft tumour model showing comparable body weight between mice treated with 
control or PD-0332991; B. On week 5, tumour volume of PD-0332991 treated mice 
were significantly smaller that control (n = 6; *P < 0.05).

impacted on survival 
by reproduction of the 
TCGA database. We fo- 
und that overall sur-
vival and disease-free 
period was not associ-
ated with altered CD- 
KN2A gene set, includ-
ing CDKN2A, CDK4, 
CDK6, CCND1, and 
RB1 (Figure 2A, 2B). 
Overall survival and di- 
sease-free period was 
not associated with 
altered CDKN2A either 
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Discussion

Stomach cancer or gastric cancer is cancer 
developing from the lining of the stomach. Early 
symptoms may include heartburn, upper ab- 
dominal pain, nausea and loss of appetite. 
Later signs and symptoms may include weight 
loss, yellow skin, vomiting, difficulty swallowing, 
and blood in the stool among others [13]. The 
cancer may spread from the stomach to other 
parts of the body, particularly the liver, lungs, 
bones, lining of the abdomen and lymph nodes.

In the current study, we have identified that 
CDK4/6 inhibitor PD-0332991 is a selective 
inhibitor for gastric cancer with CDKN2A muta-
tion. CDKN2A is a gene, which in humans is 
located at chromosome 9, position 21. It codes 
for several proteins, including p16 and p14arf 
[14]. Both act as tumour suppressors, and 
CDKN2A has been extensively studied in asso-
ciation with melanoma and pancreatic cancer 
[14, 15]. p16 was originally found in an “open 
reading frame of 148 amino acids encoding a 
protein of molecular weight 15,845 comprising 
four ankyrin repeats. p16Ink4A is named after 
its molecular weight and its role in inhibiting 
CDK4. p16 is an inhibitor of cyclin dependent 
kinases such as CDK4 and CDK6 [16]. These 
latter kinases phosphorylate retinoblastoma 
protein (pRB), which eventually results in pro-
gression from G1 phase to S phase. p16 plays 
an important role in cell cycle regulation by 
decelerating cells progression from G1 phase 
to S phase, and therefore acts as a tumour sup-
pressor that is implicated in the prevention of 
cancers, notably melanoma, oropharyngeal 
squamous cell carcinoma, cervical cancer, and 
oesophageal cancer [17]. p16 can be used to 
improve the histological diagnostic accuracy of 
CIN3. The CDKN2A gene is frequently mutated 
or deleted in a wide variety of tumours.

p14ARF is induced in response to elevated 
mitogenic stimulation, such as aberrant growth 
signaling from MYC and Ras [18]. It accumu-
lates mainly in the nucleolus where it forms 
stable complexes with NPM or Mdm2. These 
interactions allow p14ARF to act as a tumour 
suppressor by inhibiting ribosome biogenesis 
or initiating p53-dependent cell cycle arrest 
and apoptosis, respectively [19]. p14ARF is an 
atypical protein, in terms of its transcription, its 
amino acid composition, and its degradation: it 
is transcribed in an alternate reading frame of a 

different protein, it is highly basic, and it is poly-
ubiquinated at the N-terminus. Both p16INK4a 
and p14ARF are involved in cell cycle regula-
tion. p14ARF inhibits mdm2, thus promoting 
p53, which promotes p21 activation, which 
then binds and inactivates certain cyclin-CDK 
complexes, which would otherwise promote 
transcription of genes that would carry the cell 
through the G1/S checkpoint of the cell cycle. 
Loss of p14ARF by a homozygous mutation in 
the CDKN2A (INK4A) gene will lead to elevated 
levels in mdm2 and, therefore, loss of p53 
function and cell cycle control.

Frequent amplifications of cell cycle mediators 
(CCNE1, CCND1 and CDK6) suggest the poten-
tial for therapeutic inhibition of cyclin-depen-
dent kinases in gastric cancer. In our study, we 
showed that inhibition of CDK4/6 could be a 
promising therapeutic approach in gastric can-
cer. CDK4/6 is elements downstream of the 
CDKN2A signaling axis and play critical roles in 
cell cycle progression. Accordingly in our study, 
we identified cell cycle arrest but not apoptosis 
induced by CDK4/6 inhibitor.

In summary, we have incorporated two major 
databases and have showed that gastric can-
cer harbor high frequency of CDKN2A muta- 
tion and loss. Gastric cancer with CDKN2A 
mutation is sensitive to CDK4/6 inhibitor. 
PD-0332991 is a potential therapeutic agent 
for gastric cancer.
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