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ABSTRACT 

 

Evaluation of CDK4/6 inhibitor sensitivity  

 

and biomarker exploration in gastric cancer cell lines 

 

 

 

Hyun Joo Bae 

 

 

 

Department of Medical Science 

 

The Graduate School, Yonsei University  

 

(Directed by Professor Sun Young Rha) 

 

 

 

Gastric cancer (GC) is the fourth most common cancer and second 

leading cause of cancer mortality worldwide. The median survival of 

patients with metastatic gastric cancer has a poor prognosis, less than 2 

years. Recent development of molecular biological research suggests 

trastuzumab and ramucirumab as targeted therapies for GC. However, 

there are limitations that only 10% of GC patients are HER2-positive for 

trastuzumab therapy, and that identified ramucirumab biomarker is 

scarce emphasizing the need to find novel targeted agents to improve 

outcomes. Recently, therapeutics targeting CDK that regulate the cell 

cycle have been developed and clinical trials are undergoing in various 

cancers, especially those investigating the G1 phase arrest induced by 
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CDK4 and CDK6 inhibitions. CDK4/6 inhibitors have demonstrated 

tumor growth suppression in several PDX models, including non-small 

cell lung cancer (NSCLC), melanoma, and glioblastoma; however, their 

efficacy in gastric cancer is not sufficiently supported. In this study, we 

investigated the anti-proliferative effect of abemaciclib in gastric cancer 

and conducted the search for a biomarker that can predict its response. 

We profiled G1/S related genetic and molecular characteristics in 49 

gastric cancer cell lines and pinpointed the factors associated with 

abemaciclib sensitivity with augmented focus on the methylation of p16 

gene. p16 methylation was the most prominent predictive marker of 

abemaciclib sensitivity, and change in abemaciclib response was 

observed when a decrease in methylation levels was induced. The 

anti-proliferative effect of abemaciclib, which induces G1 phase arrest 

and inhibits Rb phosphorylation, was confirmed in vitro and in vivo. 

Hence, we propose CDK4/6 inhibitors as promising targeted agents and 

the methylation of p16 as a predictive marker in gastric cancer. 

 

 

 

 

 

 

 

 

 

 

 

---------------------------------------------------------------------------------------- 

Key words: gastric cancer, CDK4/6 inhibitor, p16 methylation, predictive 

marker 
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I. INTRODUCTION 

 

Gastric cancer (GC) is the fourth most common cancer and second most leading 

cause of cancer mortality worldwide, with a high incidence in East Asia.1,2 

Despite the progress in the detection and treatment of early GC, the majority of 

GC patients exhibit advanced disease at diagnosis and the prognosis is poor with 

only 8-12 months of median survival following chemotherapy.3 So far, there are 

approved targeted therapies trastuzumab, a HER2 targeting monoclonal antibody 
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as a first-line, and ramucirumab, the anti-VEGFR2 monoclonal antibody as 

second-line. However, only 10% of GC patients are HER2-positive, predictor 

identification for ramucirumab therapy remains uncertain, emphasizing the need 

for finding novel targeted agents to improve outcomes.4-7 

Cell cycle control is frequently disrupted in cancer, rendering the targeting of 

cell cycle an attractive treatment option. Recently, palbociclib (Pfizer), ribociclib 

(Novartis), and abemaciclib (Elli Lilly), therapeutic agents for selectively 

inhibiting cyclin dependent kinase 4/6 (CDK4/6), have been developed and are 

undergoing clinical trials in various cancers.8,9 Abemaciclib has greater 

selectivity for CDK4 than CDK6 compared to palbociclib and ribociclib, and has 

established clinical efficacy as a monotherapeutic agent in HR+/HER2- breast 

cancer.10-12 CDK4 and CDK6 are highly homologous serine/threonine kinases 

that play key roles in mammalian cell proliferation. The assembly of CDK4/6 

with cyclin D affects the phosphorylation of Retinoblastoma (Rb) protein and this 

complex induces the activation of E2F transcription factors, driving the cell cycle 

progression from G1 to S phase. The cyclinD1-CDK4/6 complex is negatively 

regulated by CDK inhibitors, p16, encoded by CDKN2A gene. One of the E2F 

targets, cyclinE1, binds to CDK2 and the cyclinE1-CDK2 complex further 

phosphorylates Rb to positively regulate CDK4/6-Rb signaling.13,14 The 

CDK4/6-Rb pathway is frequently altered in gastric cancer.15 In a TCGA study 

(The Cancer Genome Atlas, Nature 2017), approximately 37% of stomach 

adenocarcinoma patients have defects in the CDK4/6-Rb pathway 

(143/388patients); notable signatures include alterations of Rb1 (7%), p16 (14%), 

CDK4 (4%), CDK6 (8%), cyclinD1 (6%), and cyclinE1 (12%). p16 frequently 

presents homozygous deleted or silenced by epigenetic methylation.16-19 

Here, we investigated molecular genetic profiling of G1/S phase regulators and 

also screened the sensitivity to CDK4/6 inhibitors in a panel of gastric cancer cell 

lines. Comparisons of molecular genetic profiling and abemaciclib response 

reveal that p16 methylation is associated with abemaciclib sensitivity. We further 

identify p16 methylation as a predictive marker. We also evaluated the efficacy of 

abemaciclib as a single agent in vitro and in vivo. This study proposes CDK4/6 
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inhibitor as the potential therapeutic for GC treatment and suggests p16 

methylation as a promising predictive marker of CDK4/6 inhibitors. 
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II. MATERIALS AND METHODS 

 

 

1. Drug 

 

CDK4/6 inhibitor, abemaciclib (a small molecule inhibitor targeting both of 

CDK4 and CDK6) was given by Eli Lilly (Indianapolis, IN, USA). Paclitaxel, 

Oxaliplatin, 5-FU, Irinotecan and 5-aza-2-deoxycytidine were all purchased from 

Sigma-Aldrich (St. Louis, MO, USA). 

 

 

2. Cell culture 

 

Forty-nine gastric cancer cell lines were used in this study. Three cell lines were 

obtained from the American Type Culture Collection (ATCC, Manassas, VA, 

USA), 11 cell lines were obtained from the Korean Cell Line Bank (KCLB, Seoul, 

Korea), 10 cell lines were purchased from the Japanese Cancer Research 

Resources Bank (JCRB, Osaka, Japan), and 25 cell lines were established by the 

Cancer Metastasis Research Center, Yonsei University College of Medicine 

(CMRC, Seoul, Korea) and Songdang Institute for Cancer Research, Yonsei 

University College of Medicine (SICR, Seoul, Korea) from metastatic gastric 

cancer patients through isolation of ascites or pleural fluids from 1989 to 2013. 

Each Cell lines were maintained in suggested culture media; Eagle’s Minimum 

Essential Medium (EMEM), Roswell Park Memorial Institute-1640 (RPMI-1640) 

medium, or Dulbecco Modified Eagle’s Medium (DMEM) containing 10% 

heat-inactivated fetal bovine serum (Lonza, Basel, Switzerland), 100 units/mL 

penicillin and 100 mg/mL streptomycin (Lonza, Basel,  Switzerland). Cultured 

cells were incubated at 37℃ in an atmosphere with 5% CO2. 
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3. Patients  

 

Gastric cancer tissue samples were collected from 146 patients who were treated 

at Severance Hospital of Yonsei University between 1996 and 2004. Clinical data 

were obtained from electronic medical records of Severance Hospital and survival 

data were retrieved from the tumor registry at Yonsei Cancer Center. Formalin 

fixed paraffin embedded (FFPE) GC biopsies from 146 patients were available for 

p16 methylation detection. 

 

 

4. Whole exome sequencing and RNA sequencing data analysis 

 

Whole exome sequencing (WES) and RNA sequencing data of the 49 GC cell 

lines were obtained from the genome database of Songdang Institute for Cancer 

Research, Yonsei University College of Medicine (SICR, Seoul, Korea). In short, 

copy number variants (CNVs) and single nucleotide variants (SNVs) were 

evaluated using WES data. The mRNA expression levels were measured in 

fragments per kilobase (kb) of exon model per million mapped reads (FPKM) 

without normalization. 

 

 

5. Pyrosequencing analysis 

 

Genomic DNA from the cells was extracted using phenol-chloroform-isoamyl 

alcohol (25:24:1) and genomic DNA from FFPE tissue was extracted using 

QIAamp DNA FFPE tissue kit (Qiagen, Valencia, CA, USA). Sodium bisulfite 

modification of genomic DNA was performed using the EZ DNA methylation kit 

(ZYMO Research, Irvine, CA, USA) according to the manufacturer`s instructions. 

A total of 500ng bisulfite-modified DNA was carried on for two-step PCR using 

the AmpliTaq GoldTM DNA polymerase (Life Technologies, Carlsbad, CA, 

USA) to detect 2 CpG sites located in the promoter region of CDKN2A gene. The 
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PCR conditions for the first reaction were as follows: 95°C for 10 minutes; 50 

cycles of 95°C for 30 seconds, 61°C for 30 seconds, and 72°C for 30 seconds; 

72°C for 5 minutes. (forward, 5’ GGG GTA GGT GGG GAG GAG TT 3’; 

reverse, 5’, CCC CTC CTC TTT CTT CCT CC 3’) The second reaction condition 

for biotinylation as follows: 95°C for 10 minutes; 50 cycles of 95°C for 30 

seconds, 56°C for 30 seconds, and 72°C for 30 seconds; 72°C for 5 minutes. 

(forward, 5’ TTG TTT TCG GTT GGT GTT TT 3’; reverse, 5’, GGG ACA CCG 

CTG ATC GTT TAA CCC TAT CCC TCA AAT CCT CTA AAA 3’) 

Pyrosequencing was performed using the PyroMark Q24 (Qiagen, Valencia, CA) 

per manufacturer`s instructions. PyroMark Q24 software was used to analyze the 

methylation status of CDKN2A promoter region. Methylated and unmethylated 

human bisulfite-converted DNA (Qiagen, Valencia, CA, USA) was used as a 

positive control and negative control, respectively. 

 

 

6. Western blot analysis 

 

Total proteins were extracted with cell lysis buffer (50 mM Tris HCl (pH 8.0), 

10% Glycerol, 150mM NaCl, 1mM EDTA, 1mM EGTA, 1% NP-40, and 0.1% 

SDS) containing 1X protease inhibitor (Roche, Basel, Switzerland) and 

phosphatase inhibitor (Sigma, St. Louis, MO, USA). Protein concentration was 

assessed by Bradford assay and 20ug of protein extracts were separated by 

10–15% SDS-PAGE, transferred to PVDF membranes, and were subjected to 

immunoblot analyses using following primary antibodies at 4°C overnight: Rb, 

CDK4, cyclinD1, cyclinE1 (Santa Cruz Biotech, Santa Cruz, CA, USA), 

pRb(S780), CDK6 (Cell Signaling Technology, Beverly, MA, USA), p16 

(Abcam, Cambridge, MA, USA). HRP-conjugated anti-mouse or anti-rabbit were 

used as secondary antibodies. Immunoreactive proteins were visualized by 

ChemiDoc XRS+ System (Bio-rad, Hercules, CA, USA). Data was normalized to 

α-tubulin (Sigma, St. Louis, MO, USA) and protein intensity was semi-quantified 

by Image J Software (NIH, Bethesda, MD, USA). 
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7. Cell viability assay  

 

Cells (8X103/well) were seeded in 96-well plates overnight and exposed to 

specific doses of abemaciclib 0μM, 0.005μM, 0.05μM, 0.5μM, 5μM, 50μM for 

72 hrs the following day. The Cell Counting Kit-8 (CCK-8; Dojindo, Kumamoto, 

Japan) solution was added to the cells and plates were further incubated at 37°C 

for 2 hrs. The absorbance was measured at 450nm and IC50 values were 

determined with CalcuSyn software (Biosoft, Cambridge, UK). The sensitivity of 

abemaciclib was also analyzed at inhibition rate (%) at clinically achievable 

concentrations (Cmax 0.5μM).  

For combination treatment, cells (8X103/well) were seeded in 96-well plates and 

in the following days, 0.5μM abemaciclib was added with or without specific 

doses of chemotherapeutic agents (paclitaxel, 0.01μM; oxaliplatin, 0.5μM or 

1μM; 5-FU, 0.5μM or 1μM; Irinotecan, 0.5μM or 1μM). Combination index (CI) 

value was determined using CalcuSyn software (Biosoft, Cambridge, UK): 

additive effect (CI = 1), synergism (CI < 1), and antagonism (CI > 1).  

To evaluate the effect of p16 demethylation on abemaciclib sensitivity, 

SNU-601 and KATOIII cells (2X105/well) were seeded in 6-well plates and 

incubated for 24 hrs. Cells were treated with 5-aza-2dC at concentrations that did 

not affect cell viability but showed DNA demethylating activity. After 72 hrs 

incubation, the cells were trypsinized and re-seeded in 96 well plates 

(8X103/well) plates overnight and exposed to specific doses of abemaciclib as 

described, 0μM, 0.005μM, 0.05μM, 0.5μM, 5μM, 50μM for 72 hrs the following 

day. The Cell Counting Kit-8 (CCK-8; Dojindo, Kumamoto, Japan) solution was 

added to the cells and plates were further incubated at 37°C for 2 hrs. The 

absorbance was measured at 450nm and IC50 values were determined with 

CalcuSyn software (Biosoft, Cambridge, UK). 
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8. Quantitative real-time PCR (qRT-PCR) analysis 

 

Total RNA of cells with or without 5-aza-dC was isolated using Trizol reagent 

(Invitrogen, Carlsbad, CA, USA). cDNA synthesis was performed on 200ng of 

total RNA using SuperScript™ II Reverse Transcriptase (Invitrogen, Carlsbad, 

CA, USA) according to manufacturer`s instructions. qRT-PCR was performed 

with QuantiTect SYBR®  Green PCR Kits (Qiagen, Hilden Germany) and primers 

was designed as follows: forward, 5’ TCC TGG ACA CGC TGG TGG T 3’; 

reverse, 5’, GGA CCT TCC GCG GCA TCT A 3’. Delta-delta Ct method was 

used to calculate the fold-changes in gene expression for each gene, after 

normalization with GAPDH. 

 

 

9. Cell cycle analysis 

 

Cells (4X105/well) were seeded in 60mm cell culture dish and treated with 

abemaciclib at 0.5μM for 24 hrs the following day. Cells were then harvested 

with trypsin/EDTA and fixed with cold 75% ethanol at -20°C for at least 24 hrs. 

Next, cells were washed twice in cold PBS, and stained with PI/RNase Staining 

Buffer for 20 min in the dark at room temperature. The cell cycle distribution was 

analyzed by BD LSRII (BD Pharmingen, Bedford, MA, USA) and Flow Jo 

Software (Tristar, CA, USA). 

 

 

10. In vivo study 

 

Athymic nude mice (female, aged 5.5wks, 18-20g) were purchased from Central 

Lab Animal (Seoul, Korea). YCC-30 cells (5x106) in a 1:1 mixture of PBS and 

Matrigel (BD Bioscience, Franklin Lakes, NJ, USA) were subcutaneously 

injected into the right flanks of the mice. The tumor size was monitored by 

measuring the length (L) and width (W) with calipers, and the volumes were 
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calculated using the formula: (L × W 2) × 0.5. When average tumor volume 

reached 100-200mm3 in size, mice were randomized into two groups: treated 

with vehicle (1% HEC in 25mM phosphate buffer solution, pH 2) alone (n=7) 

and treated with 75 mg/kg abemaciclib via oral gavage once daily for 28 days 

(PO, QD X 28), (n=7). Sacrifice was done on the following day of treatment 

completion and extracted tumors were paraffin-embedded for 

immunohistochemistry (IHC) and frozen at -80°C for protein analysis by 

Western blot. 

 

 

11. Immunohistochemistry 

 

The paraffin-embedded tumor tissues of 4μm thickness were deparaffinized and 

rehydrated with xylene and graded ethanol solution. Antigen retrieval was 

processed through heat induced method by placing the slide in citrate buffer (pH 

6.0). The sections were then incubated with following primary antibody: Ki-67 

(Dako, Glostrup, Denmark) and pRb (Cell Signaling Technology, Beverly, MA, 

USA) at a dilution of 1:200. Diaminobenzidine (DAB) (Dako, Glostrup, 

Denmark) was used as chromogen. Sections were counterstained with 

hematoxylin and mounted with a cover glass.  

 

 

12. Statistical analysis 

  

Student`s t-tests and one-way ANOVA were conducted to analyze the findings 

of the in vitro assay using SPSS 21.0 software (SPSS Inc., Chicago, IL, USA). . 

The disease-free survival (DFS) and the overall survival (OS) were estimated 

using the Kaplan-Meier method and compared using the log-rank test. Linear 

mixed model was used to account of Interaction effect of the in vivo assay. 

p-value of less than 0.05 was considered statistically significant. 
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III. RESULTS 

 

 

 

Figure 1. Integrative profiling of G1/S phase regulatory molecules in 49 

gastric cancer cell lines. (A) Oncoprint of G1/S phase regulatory genes with 

genetic alterations. Copy number and SNV (single nucleotide variant) were 

analyzed by WES data. Promoter methylation of CDKN2A was analyzed by 

pyrosequencing. (B) mRNA expression was analyzed by RNA sequencing data 

and denoted with color gradient according to heatmap. (C) Protein expression of 

G1/S phase regulators was determined by western blot assay.  

 

 

We evaluated the status of selected G1/S phase regulatory molecules in 49 GC 

cell lines via WES data, pyrosequencing data, RNA sequencing data, and results 

of Western blots analyses. Amplification and deletion were defined on the basis 

of copy numbers converted to log2. The biological effect of mutation was 

assessed using OncoKB database (https://www.oncokb.org/). For Rb1 (RB1), 

there was 1/49 (2%) of Rb1-deleted cell lines: YCC-3/7. We also identified 

genetic variants of RB1 in 3/49 (6.1%) cell lines: SNU-719 (R621S), MKN-74 

(905del) and SNU-638 (L461P). R621S and 906del were considered as 

likely-loss of function, while L461P was novel (Figure 1A). For p16 (CDKN2A), 
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18/49 (36.7%) of p16 deleted cell lines and 19/49 (38.8%) of p16 promoter 

hypermethylated cell lines were observed. Deletion and promoter 

hypermethylation of p16 were mutually exclusive (Figure. 1A). Correlation noted 

between either gene silencing due to deletion or promoter hypermethylation of 

p16 with low RNA expression of p16 (p<0.01), but not with protein expression of 

p16 (Figure 1A, 1B, 1C). Genetic variants of p16 were found in 2/49 (4%) cell 

lines: SNU-5 (R80X), SNU-484 (A109fs). R80X was known as likely loss of 

function, while A109fs was novel. There was no alteration on CDK4, and 1/49 

(2%) of cell lines were CDK6-amplified (2.9 copies). For cyclinD1 (CCND1), 

1/49 (2%) of cell lines, SNU-638 (N174S), was cyclinD1-mutated. For cyclinE1 

(CCNE1), 1/49 (2%) of cell lines, MKN-7 was cyclinE1-amplified (2.4 copies) 

and 1/49 (2%), YCC-27 (L227V), was cyclinE1-mutated (Figure 1A). Both 

N174S and L227V were novel. RNA expressions from RNA sequencing data and 

protein expressions from Western Blot results of CDK4, CDK6, cyclinD1 and 

cyclinE1 were positively correlated (CDK4, R2=0.3, p<0.05; CDK6, R2=0.45, 

p<0.01; cyclinD1, R2=0.3, p<0.05; cyclinE1, R2=0.4, p<0.01) but Rb1 and p16 

were not (Rb1, R2=0.26, p=0.07; p16, R2=-0.09, p=0.53). (Fig. 1B, 1C). To 

summarize, large majority of GC cell lines express Rb1 and silencing of p16 gene 

(37/49, 75.5%) is predominant in GC cell lines. Alterations of CDK4/6, cyclinD1 

and cyclinE1 were relatively less specific in GC cell lines (4/49, 8.2%). 
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Figure 2. Sensitivity of abemaciclib in 49 gastric cancer cell lines. (A) 

Waterfall plots represent of IC50 values for each cell line. IC50 values were 

determined with CalcuSyn software. TCGA subtype of each cell line was shown 

in color (EBV, orange; MSI, blue; GS like, green; CIN like, purple). (B) 

Dose-response curves for 49 gastric cancer cell lines. Abemaciclib cytotoxicity 

was evaluated by CCK-8 assay and expressed as percentage cell viability. TCGA 

subtype of each cell line was shown in color as (A). The error bar represents the 

standard deviation from the mean (±SD). Mean values of IC50 and sensitive cell 

lines (%) according to TCGA subtypes were presented in the table (right). 

 

 

We evaluated the effect of abemaciclib on 49 gastric cancer cell lines that 

represent the TCGA subtypes of the stomach adenocarcinoma (Figure 2A, B). 

Most of GC cell lines were inhibited dose-dependently, being totally inhibited at 

highest dose (Figure 2B). They exhibited diverse responses to abemaciclib, with 
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IC50 values ranging from 7nM to 19μM. We divided cell lines into sensitive 

group and resistant group with IC50 values at clinically achievable concentrations 

(Cmax 0.5μM). Among the 49 GC cell lines, 53.1% of cell lines (26/49) were 

sensitive to abemaciclib (IC50<0.5μM) whereas 46.9% of cell lines (23/49) were 

resistant (IC50≥0.5μM) (Figure 2A). All EBV and MSI type of cell lines were 

responsive to abemaciclib (IC50<0.5μM), while CIN and GS type cell lines 

exhibited various responses (Figure 2A-C). 
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Figure 3. Correlation between G1/S phase regulatory molecules and 

abemaciclib sensitivity. (A) Correlation of abemaciclib sensitivity with Rb1 

mRNA expression, Rb1 protein expression, phospho-Rb (Ser780) expression, and 

ratio of phospho-Rb (Ser780) to Rb1 (p=0.09, p=0.21, p=0.50, and p=0.27, 

respectively). (B) Correlation of abemaciclib sensitivity with copy number 

deletion, promoter methylation, mRNA expression, and protein expression of p16 

(p=0.44, p<0.001, p=0.09, and p=0.56, respectively). (C) Correlation of 

abemaciclib sensitivity with mRNA expression and protein expression of CDK4 

(p=0.94, p=0.27). (D) Correlation of abemaciclib sensitivity with mRNA 

expression and protein expression of CDK6 (p=0.74, p=0.40). (E) Correlation of 

abemaciclib sensitivity with mRNA expression and protein expression of 



17 

 

cyclinD1 (p=0.93, p=0.55). (F) Correlation of abemaciclib sensitivity with 

mRNA expression and protein expression of cyclinE1 (p<0.05, p<0.05 

respectively). The error bar represents the standard deviation from the mean 

(±SD). *, **, *** meaning statistical significance; p<0.05, p<0.01, p<0.001, 

respectively. 

 

 

Based on the results of profiling of G1/S regulatory molecules and sensitivity 

screening, we investigated the candidate biomarker that can predict the response 

to abemaciclib. For Rb1, increasing Rb1 mRNA expression tended to be sensitive 

to abemaciclib although not statistically significant (p=0.09). But there was no 

correlation with basal protein expression of Rb1 or phospho-Rb (Ser780) (p=0.21 

and p=0.50, respectively). Ratio of phospho-Rb (Ser780)/Rb1 was not correlated 

with abemaciclib sensitivity indicating that activation of Rb1 did not affect 

sensitivity (p=0.27) (Figure 3A). Hypermethylaion of p16 promoter was 

significantly associated with abemaciclib sensitivity (chi-square test p<0.001). 

mRNA expression of p16 also tended to be positively correlated with response to 

abemaciclib (p=0.09). However, no correlation found between abemaciclib 

sensitivity with copy number deletion nor protein expression (chi-square test 

p=0.44, p=0.56, respectively). (Figure 3B). mRNA expression or protein 

expression of CDK4, CDK6 and cyclinD1, which are direct targets of 

abemaciclib, were not associated with abemaciclib response (p=0.94, p=0.27, 

p=0.74, p=0.40, p=0.93 and p=0.55, respectively) (Figure 3C, D, E). Both of 

RNA expressions and protein expressions of cyclinE1 were negatively correlated 

with abemaciclib sensitivity (p<0.05, p<0.05, respectively), suggesting that 

overexpression of cyclinE1 confers resistance to abemaciclib (Figure 3F). Our 

results suggest that up-regulation of CDK4/6-Rb pathway through high 

expression of RB1, low expression of CCNE1 and cyclinE1 and epigenetic 

silencing of p16 confers sensitivity to abemaciclib. 
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Figure 4. Correlation between p53 status and abemaciclib sensitivity in 49 

gastric cancer cell lines. (A) IC50 values of abemaciclib according to the 

genetic alteration status of p53 (TP53). Colors of each cell line coded by 

genetic alteration status of p16 (CN deletion, blue; Nonsense mutation, black; 

Frameshift mutation, purple; Missense mutation, green; wild type, gray). (B) 

IC50 values of abemaciclib according to protein expression of p53 determined 

by IHC. Grouping of cell lines according p53 IHC intensity as follows: <5% 

(low), 30-50% (intermediate), >75% (high). Genetic alteration status of p53 of 

each cell lines was shown in color as follows. The error bar represents the 

standard deviation from the mean (±SD). *, **, *** meaning statistical 

significance; p<0.05, p<0.01, p<0.001, respectively. 
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In examining the effects of p53 signaling on the response to abemaciclib, 

genetic alteration of p53 was examined via WES data and protein expression of 

p53 was analyzed via IHC results to determine association with IC50. There was 

1/49 (2%) of p53-deleted cell lines: KATOIII. We also identified genetic 

variants of p53 in 20/49 (40.8%) cell lines: 4/49 (8.2%) were nonsense 

mutation (YCC-23, E162X; YCC-27, R81X and Q33X; YCC-31, R81X and 

Hs746T, K187X), 2/49 (4.1%) were frameshift mutation (YCC-19, M37fs and 

YCC-34, N178fs), and 14/49 (28.6%) were missense mutation (YCC-1, .R43H; 

YCC-11,.R150W; YCC-20, R150W; YCC-25, I63T; YCC-26,.I63T; YCC-3/7, 

R43H; YCC-38, M105I, MKN1, V11A; MKN7, P146S; SNU-1, C44W; 

SNU-16, Y73F; SNU-216, V84M; SNU-638, R150W and SNU-668, S83N). 

Different types of missense mutations were present within the p53 

DNA-binding domain. All mutations were considered as likely-loss of function 

or loss of function in the OncoKB database. p53-deleted KATOIII was 

extremely sensitive to abemaciclib (IC50=0.012). Nonsense mutant type cell 

lines (IC50 range, 0.40-0.58; average, 0.46) were significantly more sensitive to 

abemaciclib compared to missense mutant type (IC50 range, 0.007-14.11; 

average, 3.40) and wild type cell lines (IC50 range, 0.02-19.09; average, 2.07) 

(p<0.05). We could not find any significant abemaciclib response association 

between the frameshift mutant type cell lines (IC50 range, 0.47-4.04; average, 

2.25) and other type of cells. Protein expression level of p53 was not related 

with abemaciclib sensitivity. Our results suggest that p53 is frequently mutated 

and subsequent loss of p53 function, caused by either copy number deletion or 

nonsense type mutation, may related with abemaciclib response. 
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Figure 5. Demethylation of p16 was associated with reduced abemaciclib 

inhibition and increased cell survival in p16 promoter hypermethylated 

gastric cancer cell lines. (A), (B) Histogram representing changes in 

methylation levels of p16 analyzed by pyrosequencing assay after 72hr treatment 

of SNU-601 and KATOIII in demethylating agent 5-aza-2dC in SNU-601 (A) 

and KATOIII (B). Square dots representative fold changes in transcriptional 

expression analyzed by qRT-PCR assay of p16 in SNU-601 and KATOIII. (C), 

(D) Bar graph representing of abemaciclib cytotoxicity as measured by CCK-8 

assay in SNU-601 (C) and KATOIII (D) with or without pretreatment of 

5-aza-2dC. Values of CCK-8 assay given as a percentage with vehicle controls as 

100%. The error bar represents the standard deviation from the mean (±SD). *, **, 

*** meaning statistical significance; p<0.05, p<0.01, p<0.001, respectively. 

 

 

To determine if p16 methylation was associated with abemaciclib sensitivity, we 

tested cellular responses to abemaciclib after downregulating p16 methylation 

levels with epigenetic drug in two p16 methylated cell lines. CpGs were 33% and 
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25.5% demethylated in SNU-601 and KATOIII, respectively, after 72hrs of 

treatment with 5-aza-dC at concentrations that did not affect cell viability. 

Relative RNA expressions of p16 in these cell lines increased up to ~12.8 fold 

and ~6.8 fold compared to control (Figure 5A, B). Induced expression of p16 

through decreased methylation levels resulted in slightly reduced 

anti-proliferative activity in response to abemaciclib (Figure 5C, D). These results 

suggest that p16 methylation might play an important role in predicting response 

to abemaciclib in GC cell lines. 
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Figure 6. Comparison of Kaplan-Meier analysis between gastric cancer 

patients with and without p16 methylation. (A) Overall survival. (B) 

Disease-free survival. 

 

We examined the promoter methylation in tumor tissues from 146 patients with 

gastric cancer by pyrosequencing. Aberrant methylation of p16 was detected in 

32.2% (47/146) cases. The median overall survival of patients with p16 

methylation was 18.0 months and that of patients without p16 methylation was 

29.2 months (p=0.11) (Figure 6A). Patients without p16 methylation had better 

progression-free survival (21.3 months) than patients with p16 methylation (145.1 

months) (p<0.05) (Figure 6B). We also confirmed the expression of MLH-1 and 

MSH-2 in 73/146 case using IHC analysis. 72/73 (98.6%) cases, both MLH-1 and 

MSH-2 were identified as positive, hence, MSS type. 1/73 (1.4%) cases was 

identified as MLH-1 negative and MSH-2 positive. These findings suggest that 

methylation of p16 is frequent and might be a prognostic factor in gastric cancer. 
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Figure 7. Abemaciclib selectively inhibited gastric cancer through G1/S 

arrest through downregulation of Rb signaling. (A) Change of cell cycle 

distribution analyzed by flow cytometry after 24 hrs of dosing in 

abemaciclib-sensitive cell lines. (B) Change of cell cycle distribution analyzed by 

flow cytometry after 24 hrs of dosing in abemaciclib-resistant cell lines. (C) 

Changes in expression determined by western blot of G1/S phase regulatory 

proteins after 24 hrs of dosing in abemaciclib-sensitive cell lines. (D) Changes in 

expression determined by western blot of G1/S phase regulatory proteins after 24 

hrs of dosing in abemaciclib-resistant cell lines. 

 

 

To identify the effect of abemaciclib on cell cycle and G1/S phase regulatory 

molecules, cell cycle analysis and western blots were performed on selected 

abemaciclib-sensitive cell lines and abemaciclib-resistant cell lines. Abemaciclib 

induced G1 cell cycle arrest in sensitive cell lines, but there was no increase of 
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G1 phase in resistant cell lines after treatment 0.5μM abemaciclib for 24hrs. 

There was no increase in the sub G1 population indicating that abemaciclib did 

not promote apoptosis (Figure 7A, B). Consistent with cell cycle results, the 

levels of phospho-Rb (S780) were decreased after abemaciclib treatment in all 

sensitive cell lines, whereas in two resistant cell lines, YCC-32 and YCC-9, pRb 

was still observed at doses higher than clinically achievable concentrations. 

YCC-3/7, Rb1-deleted cells, showed no expression of Rb1 and phospho-Rb 

(S780). The expression of cyclinD1 in KATOIII and cyclinE1 in SNU-1 were 

increased through abemaciclib (Figure 7C, D). These observations indicated that 

abemaciclib has anti-proliferative effects by inhibiting the phosphorylation of Rb 

leading to cell cycle arrest in GC cell lines. 
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Figure 8. Combination therapy of abemaciclib with chemotherapeutic agents 

in gastric cancer cell lines. Scatter plots diagrams showing drug responses to 

paclitaxel, oxaliplatin 5-FU, and irinotecan by 24 gastric cancer cell lines in the 

presence or absence of abemaciclib. 
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Table 1. Combination index (CI) of combination abemaciclib with 

chemotherapeutic agents calculated from Bliss independence model.  

Cell line Drug Dose CI 
AGS PTX 0.01 2.259271 
IM95m PTX 0.01 1.165872 
NCI-N87 PTX 0.01 1.834846 
NUGC-3 PTX 0.01 1.374702 
SNU-484 PTX 0.01 2.582504 
SNU-601 PTX 0.01 1.350049 
SNU-620 PTX 0.01 1.306234 
SNU-638 PTX 0.01 1.173279 
SNU-719 PTX 0.01 1.402742 
YCC-1 PTX 0.01 1.697485 
YCC-11 PTX 0.01 0.99422 
YCC-2 PTX 0.01 1.844929 
YCC-22 PTX 0.01 1.623887 
YCC-23 PTX 0.01 1.221166 
YCC-26 PTX 0.01 1.375141 
YCC-28 PTX 0.01 1.272189 
YCC-32 PTX 0.01 1.225348 
YCC-34 PTX 0.01 1.292595 
YCC-38 PTX 0.01 1.38484 
YCC-9 PTX 0.01 1.154843 
OCUM-1 Oxaliplatin 0.5 1.178414 
OCUM-1 Oxaliplatin 1 1.333872 
YCC-10 Oxaliplatin 0.5 1.150793 
YCC-10 Oxaliplatin 1 1.270482 
YCC-23 Oxaliplatin 0.5 2.788286 
YCC-23 Oxaliplatin 1 1.566977 
YCC-31 Oxaliplatin 0.5 1.09227 
YCC-31 Oxaliplatin 1 1.436117 
YCC-36 Oxaliplatin 0.5 1.04235 
YCC-36 Oxaliplatin 1 1.053021 
OCUM-1 5-FU 0.5 1.191083 
OCUM-1 5-FU 1 1.497363 
YCC-10 5-FU 0.5 1.148532 
YCC-10 5-FU 1 1.403701 
YCC-23 5-FU 0.5 1.711391 
YCC-23 5-FU 1 1.311983 
YCC-31 5-FU 0.5 1.933349 
YCC-31 5-FU 1 2.207317 
YCC-36 5-FU 0.5 1.170145 
YCC-36 5-FU 1 1.201158 
OCUM-1 Irinotecan 0.5 1.272097 
OCUM-1 Irinotecan 1 1.548326 
YCC-10 Irinotecan 0.5 1.460591 
YCC-10 Irinotecan 1 1.771904 
YCC-23 Irinotecan 0.5 1.902407 
YCC-23 Irinotecan 1 1.955077 
YCC-31 Irinotecan 0.5 1.375782 
YCC-31 Irinotecan 1 2.28399 
YCC-36 Irinotecan 0.5 1.13134 
YCC-36 Irinotecan 1 1.140617 
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We explored the efficacy of combining abemaciclib with chemotherapeutic 

agents on 24 gastric cancer cell lines using CCK-8 assay. We screened the effects 

of combining 0.5μM abemaciclib with 0.01μM paclitaxel at 1:1 fixed ratio in 20 

gastric cancer cell lines, but 1/20 cell lines showed addictive effects and 19/20 

cell lines showed antagonistic effects. Combined effects of 0.5μM abemaciclib 

with 0.5μM and 1μM oxaliplatin, 5-FU, and irinotecan were examined for 5 cell 

lines with moderate response to abemaciclib, respectively. No synergistic effects 

of abemaciclib and chemotherapeutic agents noted in 5 gastric cancer cell lines. 

These results indicate there is no combination benefit by combining abemaciclib 

with chemotherapy in GC cells (Figure 8, Table 1). 
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Figure 9. Abemaciclib activity in gastric cancer cell line xenograft mouse 

models. (A) Growth curves for YCC-30 xenografts treated with or without 

abemaciclib (75mg/kg), 7 mice per arm. Control, gray; Abemaciclib-treated, 

black arm. The error bar represents the standard error from the mean (±SEM). (B) 

Weights of extirpated tumor xenografts. Control, gray; Abemaciclib-treated, 

black. The error bar represents the standard error from the mean (±SEM). (C) 

Changes in mouse body weights. Control, gray; Abemaciclib-treated, black. The 

error bar represents the standard error from the mean (±SEM). (D) Representative 

IHC results of Ki-67, and pRb expression in tumor tissues from xenografts treated 

with or without abemaciclib (75mg/kg) (magnification 400X). (E) Western blot 

assay of using tumor tissue acquired a day after completion of dosing schedule. 

YCC-30 protein obtained by 2D culture was used as a positive control (P.C) to 

compensate for expression between different blots. *, **, *** meaning 

statistically significant difference from vehicle control; p<0.05, p<0.01, p<0.001, 

respectively.  
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We investigated in vivo efficacy of abemaciclib in abemaciclib-extremely 

sensitive cell lines, YCC-30 xenograft model. Tumor growth started to reduce 

significantly in abemaciclib-treated group than in the control mice after 18 days 

of abemaciclib treatment; tumor weight was also significantly lesser (Figure 9A, 

B). No significant difference was found in body weight between two groups 

indicating no clinical toxicity in the mice administered abemaciclib (Figure 9C). 

IHC analysis of abemaciclib-treated tumors confirmed reduction of Ki-67 and 

pRb levels compared with control tumors (Figure 9D). Following IHC analysis, 

significant pRb decrease was also confirmed by western blot assay (Figure 9E). 
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IV. DISCUSSION 

 

Dysregulation of cell cycle is a characteristic of cancerous cells that renders the 

targeting of abnormalities in cell cycles a considerable approach in cancer therapy. 

CDK4/6-Rb pathway is frequently altered and pharmacologically targeting this 

pathway is currently being studied in clinical trials, including palbociclib, 

ribociclib, and abemaciclib, which are CDK4 and CDK6 targeting inhibitors. 

Abemaciclib has greater selectivity for CDK4 than CDK6 compared to other 

palbociclib and ribociclib, and clinically has efficacy has established clinical 

efficacy as a monotherapeutic agent in HR+/HER2- breast cancer. 10-12 In this 

study, we profiled the status of the CDK4/6-Rb pathway related genes and 

presented an analysis of the preclinical activity of abemaciclib in a panel of 49 

GC cell lines. We found that p16 (CDKN2A) silencing through deletion or 

promoter methylation is common in gastric cancer cells. Deletion of p16 occurs 

in 37% of cells, and hypermethylation of p16 promoter occurs in 39% of cells, 

and they were mutually exclusive. All p16 deleted cells had homozygous deletion 

of the whole exon, but it was not correlated with protein expression. Alterations 

of CDK4/6, cyclinD1 and cyclinE1 are rare in cells. Rb1 deletion occurs only 2% 

of cells. Loss of Rb1 confers intrinsic and acquired resistance to CDK4/6 

inhibitor in breast cancer. 20 Majority of GC cell lines express intact Rb1 and 

CDK4/6-Rb signaling is activated through p16 silencing, confirming the 

adequacy of abemaciclib for the treatment of gastric cancer. Assessment of 

abemaciclib sensitivity in cell lines demonstrate that the majority of gastric 

cancer cell lines are responsive to abemaciclib. Cell lines with p16 silencing via 

promoter methylation, a prevalent feature amongst most cell lines, were 

significantly more sensitive to abemaciclib than unmethylated cell lines. 

Silencing of p16 through deletion did not affect abemaciclib sensitivity of cell 

lines unexpectedly. Cell lines with relatively high cyclinE1 expression levels 

were more resistant to abemaciclib, indicating that cyclinE1 overexpression is 

responsible for resistance to CDK4/6 inhibitors. However, since there is no lucid 

cutoff value of cyclinE1 overexpression, and only one cell line exhibited 
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cyclinE1 gene amplification, there are limitations in using cyclinE1 

overexpression as a predictive biomarker of CDK4/6 inhibitors. We further 

investigated the association of p53 status and abemaciclib sensitivity because 

G1/S checkpoint is recognized as being p53 dependent. The majority of the cell 

lines were p53 altered, and cells with p53-deficiency due to truncated mutation or 

deletion turned out to be sensitive to abemaciclb. To improve the response 

prediction for abemaciclib, we combined the candidate predictive markers, p16 

methylation, cyclinE1 overexpression, p53 deficiency, but with no significant 

advancements. We focused on p16 methylation, which was strongly correlated 

with response of abemaciclib, and further assessed the relation between drug 

sensitivity and p16 methylation. We induced the decrease of p16 methylation 

levels using DNA demethylating agent 5-aza-2dC in p16 hypermethylated cell 

lines, SNU-601 and KATOIII. Reversal of epigenetic aberration were associated 

with the restoration of p16 mRNA expression, and dampened response to 

abemaciclib in two cell lines. Hypermethylation of p16 was associated with 

significantly poorer survival in gastric cancer patients compared to gastric 

patients with unmethylated p16. These data suggest that hypermethylation of p16 

plays a role in disease aggressiveness and might serve as informative predictive 

marker of response to abemaciclib.  

Further validation of abemaciclib efficacy as a mono-therapeutic was performed 

in selected cell lines based on abemacilb sensitivity. Treatment with abemaciclib 

inhibited cell proliferation and led to G1 cell cycle arrest concurrent with the 

inhibition of Rb phosphorylation. Inihibition of tumor growth brought by 

decrease in Rb phosphorylation was identified in the YCC-30 xenograft model. 

Combination of abemaciclib with chemotherapeutic agents were attempted, with 

no enhanced anti-proliferative effects noted. 

Collectively, our data have shown a high frequency of p16 methylation amongst 

gastric cancer and have confirmed that p16 methylation is a potential predictive 

marker in selecting a population that will positively respond to abemaciclib in 

gastric cancer. It also provides abemaciclib has efficacy in vitro and in vivo as a 

monotherapy. 
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V. CONCLUSION 

 

CDK4/6-Rb pathway is activated in cancer and targeting dysregulation of cell 

cycle is a strategy for cancer therapy. In this study, we suggest that targeting 

CDK4/6 inhibition is a potential GC treatment and p16 methylation is a promising 

predictive marker of CDK4/6 inhibitors.  
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위암 세포주에서 CDK4/6 inhibitor의  

  

감수성 평가와 biomarker 탐색 
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배 현 주 

 

 

 

위암은 전세계적으로 네번째로 높은 발병률을 나타내며 암 

사망원인 3위이다. 전이성 위암환자의 중앙 생존기간은 2년 

미만으로 좋지 않은 예후를 보인다. 최근 분자 생물학적인 

연구와 기술의 개발로 맞춤치료의 일환으로 HER2 양성인 

진행성 위암환자를 대상으로 HER2에 대한 단일클론 항체인 

trastuzumab의 사용과 2차 치료 전략으로써 ramucirumab이 치료 

옵션으로 권고된다. 그러나 HER2 양성 위암 환자는 10%에 

불과하며 입증된 ramucirumab의 biomarker는 없다. 따라서 

예후가 좋지 않고 유병률이 높은 진행성 위암 치료에 대한 

새로운 접근 기법이 절실한 상황이다. 최근 세포주기를 

조절하는 CDK를 표적으로 하는 치료제들이 개발되고 다양한 

암 종에서 임상시험이 진행 중이다. 그 중 CDK4와 CDK6를 
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이중으로 억제하여 G1기의 arrest를 유도하는 억제제를 사용하는 

많은 임상 연구가 진행 중이고 대표적으로 palbociclib (Pfizer), 

abemaciclib (Lilly), ribociclib (Novartis) 등이 있다. CDK4/6 

inhibitor는 비소세포폐암 (NSCLC), 흑색종, 아교모세포종을 

비롯한 여러 PDX 모델에서 종양 성장 억제 효과를 나타냈고 

유방암, 흑색종을 대상으로 한 임상 1상 시험에서 효과를 

보였지만 위암에서 CDK4/6 inhibitor를 대상으로 한 연구는 적은 

상황이다. 본 연구에서는 위암에서 CDK4/6 inhibitor인 

abemaciclib의 표적치료제로써의 효과를 확인하고, 약제의 

효과를 예측할 수 있는 biomarker를 찾아보고자 한다. 49개 

위암세포주에서 G1/S기 관련 인자의 유전적 변이와 발현을 

확인하고 abemaciclib 감수성과 관련 지어 효과를 나타내는 

인자를 찾아본 결과 p16 유전자의 methylation이 abemaciclib 

감수성과 연관이 있는 것을 확인하였고 이를 증명하기 위해 

methylation 수준을 감소시켰을 때의 abemaciclib 감수성 변화를 

확인했다. 또한 abemaciclib 감수성을 토대로 세포주를 선별한 

뒤, 약제의 효능을 in vitro와 in vivo 상에서 확인하였다. 이로써 

CDK4/6 억제제가 위암 치료에 있어 유망하며 p16의 

methylation은 약제의 효과를 예측할 수 있는 predictive marker로 

가능성이 있음을 제시하고자 한다. 
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