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Abstract
Background Gastric cancer is heavily influenced by aberrant DNA methylation that alters multiple cancer-related pathways, 
and may respond to DNA demethylating agents, such as 5-aza-2′-deoxycytidine (5-aza-dC). Here, we aimed to analyze 
whether 5-aza-dC can sensitize gastric cancer cells to clinically used cytotoxic drugs.
Methods Ten gastric cancer cell lines were treated with 5-aza-dC for 72 h and their growth was analyzed by conducting 
WST assay. In vivo effect of the drugs was analyzed using xenografts of OCUM-2 M/SN38 cells. Genome-wide expression 
and DNA methylation analyses were conducted using microarrays, and biological functions were identified through ingenu-
ity pathway analysis.
Results The cell lines most resistant to SN38 (an active metabolite of irinotecan), CDDP, PTX, and 5-FU, were identified. 
5-Aza-dC pre-treatment of the resistant cell lines decreased the  IC50 values for SN38 (TMK1, 226.4 nM to 32.91 nM; 44As3, 
128.2 nM to 19.32 nM; OCUM2 M/SN38, 74.43 nM to 16.47 nM) and CDDP (TMK1, 5.05 µM to 2.26 µM; OCUM2 M, 
10.79 µM to 2.77 µM), but not PTX and 5-FU. The reactivation of apoptosis-related genes, such as RUNX3, PYCARD, TNF, 
FAS, and FASLG, was induced by pre-treatment with 5-aza-dC, and the DNA demethylation of promoter CpG islands of 
RUNX3 and PYCARD was confirmed. In a xenograft model with OCUM2 M/SN38, treatment with 5-aza-dC before irinotecan 
showed markedly enhanced tumor suppression.
Conclusion Epigenetic priming with 5-aza-dC can improve the sensitivity of gastric cancer cells to SN38 and CDDP.
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Introduction

Cancer is caused by irreversible changes of gene function, 
namely genetic and epigenetic alterations [1]. Between these 
two kinds of alterations, gastric cancer is more heavily influ-
enced by epigenetic alterations, namely aberrant DNA meth-
ylation [2–4]. Analysis of the mutation and methylation bur-
dens in gastric tissues demonstrated that the accumulation of 
aberrant DNA methylation has a 2.3-fold stronger impact on 
gastric cancer risk than that of point mutations [3]. In addi-
tion, a multicenter prospective cohort study demonstrated 
that even among gastric cancer patients treated by endo-
scopic submucosal dissection, DNA methylation accumula-
tion in gastric mucosa can predict the risk of metachronous 
gastric cancer [5, 6]. Furthermore, the simultaneous analysis 
of genetic and epigenetic alterations in gastric cancer has 
shown that major cancer-related pathways are affected more 
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frequently by aberrant DNA methylation than by genetic 
alterations [7].

To remove aberrant DNA methylation, DNA demethylat-
ing agents, such as 5-aza-2′-deoxycytidine (5-aza-dC) and 
5-azacytidine (5-aza-CR), are approved by the US Food and 
Drug Administration, and clinically used for the treatment 
of myelodysplastic syndromes (MDS) and acute myeloid 
leukemia (AML) [8–10]. Multiple clinical trials involving 
the treatment of solid tumors with a DNA demethylating 
agent are currently being conducted. Some trials have shown 
promising results by restoring drug sensitivity to lung and 
ovarian cancers that were once resistant to cytotoxic drugs 
[11, 12]. This method is known as epigenetic priming [13, 
14]. The use of a DNA demethylating agent may be useful 
for the treatment of gastric cancers, considering the lim-
ited number of molecular target drugs available [15–17] 
and the limited efficacy of the immune-check point inhibi-
tors [18–20]. A recent phase I study on epigenetic priming 
using 5-aza-CR in gastric cancer showed that the priming in 
combination with epirubicin, oxaliplatin, and capecitabine 
(EOX) was well tolerated in a neoadjuvant setting and that 
some of the six loci analyzed were successfully demethyl-
ated by the priming [21]. However, priming effect for the 
other key cytotoxic drugs of gastric cancer, such as irinote-
can and taxane, has not been examined, and, importantly, 
the mechanisms of how epigenetic priming works are still 
unclear.

In this study, we aimed to investigate which clinically 
used cytotoxic drugs can be effectively administered in com-
bination with epigenetic priming and how epigenetic prim-
ing works in gastric cancer.

Materials and methods

Chemicals

Four chemotherapeutic drugs, namely, SN38 (the active 
metabolite of irinotecan), cisplatin (CDDP), paclitaxel 
(PTX; a taxane), and 5-fluorouracil (5-FU), and a demeth-
ylating agent, 5-aza-2′-deoxycytidine (5-aza-dC) were pur-
chased from Sigma-Aldrich (St. Louis, MO, USA). SN38 
and 5-FU were dissolved in dimethyl sulfoxide (DMSO). 
CDDP, PTX, and 5-aza-dC were dissolved in phosphate 
buffered saline (PBS).

Gastric cancer cell lines

MKN45 and NUGC3 cell lines were purchased from the Jap-
anese Collection of Research Bioresources (Tokyo, Japan), 
MKN1 cell line from RIKEN BioResource Center Cell 
Bank (Tsukuba, Japan), and AGS cell line from the Ameri-
can Type Culture Collection (ATCC; Manassas, VA, USA). 

44As3, HSC43, and HSC60 cell lines were kindly provided 
by Dr. K. Yanagihara at the National Cancer Center, and 
TMK1 cell line by Dr. W. Yasui at Hiroshima University. 
The OCUM-2  M/SN38 cell line was established as an 
SN38-resistant cell line from OCUM-2M [22]. The cells 
were cultured in Roswell Park Memorial Institute (RPMI)-
1640 (MKN45, NUGC3, AGS, 44As3, HSC43, HSC60, 
MKN1, and TMK1) or Dulbecco’s modified Eagle medium 
(DMEM) with high glucose (OCUM-2M and OCUM-2M/
SN38) at 37 °C in a humidified atmosphere with 5%  CO2. 
All media were supplemented with 10% fetal bovine serum 
and 1% penicillin/streptomycin. The cells were tested for 
Mycoplasma infection using the MycoAlert mycoplasma 
detection kit (Lonza; Basel, Switzerland).

Cell treatment and viability assay

For the sensitivity assay to cytotoxic drugs (Supplementary 
Fig. S1a), cells were seeded at a density of 2 × 103 cells per 
well in a 96-well microplate on day 0 in triplicate. The cells 
were treated with a cytotoxic drug on day 1 for 72 h, and 
cell viability was evaluated using a WST-8 [2-(2-methoxy-
4-nitrophenyl)-3-(4-nitrophenyl)-5-(2, 4-disulfophenyl)-2H 
tetrazolium, monosodium salt] assay (Nacalai Tesque Inc., 
Kyoto, Japan) on day 4. Briefly, each well in the 96-well 
plate was added with 10 µl of WST-8 and incubated for 2 h at 
37 °C. The absorbance of each sample was determined using 
a microplate reader (Wallac 1420 Victor2, Perkin–Elmer, 
Waltham, MA) with a reference wavelength of 450 nm. The 
average of the triplicate values was normalized against that 
of untreated cells. The half maximal inhibitory concentration 
 (IC50) and a 95%-confidence interval were calculated by the 
non-linear regression analysis of log (inhibitor) versus the 
normalized response with a variable slope using a GraphPad 
Prism program (GraphPad Software, La Jolla, CA).

For the analysis of 5-aza-dC priming (Supplementary 
Fig. S1b), cells were seeded at a density of 3 × 104 cells 
in a 10-cm dish on day 0 in triplicate. On days 1 to 3, cells 
were treated with 5-aza-dC (0.03 µM for NUGC3, AGS, 
and 44As3; and 0.3  µM for TMK1, OCUM-2  M, and 
OCUM-2 M/SN38). The medium was replaced on day 4, 
and the cells in the well were re-plated at a density of 2 × 103 
cells per well in the 96-well microplate on day 7. Different 
concentrations of chemotherapeutic drugs were adminis-
trated on day 8 for 72 h (after 4 days of drug holiday). Cell 
viability was assessed on day 11 using a microplate reader 
as described above. The triplicate experiments were repeated 
thrice to evaluate biological fluctuations.

For the expression microarray analysis (Supplementary 
Fig. S1c), cells were seeded at a density of 3 × 104 cells in 
a 10-cm dish on day 0. On day 1 to 3, cells were treated 
with 5-aza-dC (0.03 µM for 44As3; 0.3 µM for TMK1 and 
OCUM-2M/SN38), and the medium was replaced on day 
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4. The cells (4–6 × 105) were re-plated in a 10-cm dish on 
day 7. A cytotoxic drug was administered (SN38, 20 nM for 
44As3 and OCUM-2 M/SN38; CDDP, 3 µM for TMK1) on 
day 8 after 4 days of drug holiday, and RNA was extracted 
on day 9 to collect cells before death of responding cells.

For the DNA methylation analysis (Supplementary Fig. 
S1d), cells were seeded at 3 × 104 cells in a 10-cm dish 
on day 0. On day 1 to 3, cells were treated with 5-aza-dC 
(0.1 µM for 44As3; 0.3 µM for OCUM-2 M/SN38 and 
TMK1), and the medium was replaced with fresh medium 
on day 4. DNA was extracted on day 8 (after 4 days of drug 
holiday) to obtain information of potentially primed cells.

Expression microarray experiments and data 
processing

Total RNA was extracted using the ReliaPrep™ RNA Cell 
Miniprep System (Promega, Madison, WI, USA). Cy3-
labeled cRNA was synthesized from 200 ng of total RNA 
using a Low Input Quick Amp Labeling Kit (Agilent Tech-
nologies, Santa Clara, CA, USA), and 600 ng of labeled 
cRNA was fragmented and hybridized to a gene expression 
microarray (SurePrint G3 Human Gene Expression 8 × 60 K 
v2 Microarray; Agilent Technologies). The hybridized 
microarray was scanned with an Agilent G2565BA microar-
ray scanner (Agilent Technologies). The scanned data were 
processed using Feature Extraction Ver.10.7 software (Agi-
lent Technologies), and analyzed using GeneSpring Ver.13.5 
software (Agilent Technologies). The 75th percentile of the 
signal intensity of all probes was normalized to be 0, and 
the signals were distributed from − 7 to 10. A signal inten-
sity above -1 was considered as positive expression. The 
expression microarray experiment was conducted once for 
a sample, based upon the high reproducibility reported [23].

Ingenuity pathways analysis (IPA)

Analysis of the biological functions of the microarray data 
was performed using Ingenuity Pathway Analysis (IPA) 
(Qiagen, Ingenuity H Systems, Redwood City, CA; http://
www.ingen uity.com). A gene set was prepared from the 
microarray data by selecting genes whose expression was 
induced (≥ 2-fold) by the 5-aza-dC priming and that were 
abundantly expressed (signal intensity > − 1). By perform-
ing the core analysis, the modules of “Diseases and Bio-
functions” module were algorithmically generated from the 
gene set. The P values were calculated using a right-tailed 
Fisher’s exact test.

Gene‑specific expression analysis

cDNA was synthesized from 1  µg of total RNA using 
reverse-transcriptase (SuperScript IV; Invitrogen, Carlsbad, 

CA, USA). Quantitative PCR was carried out using SYBER 
Green I and specific primers to the individual genes. The 
amplification of a sample cDNA was compared to control 
samples with known copy numbers of target DNA, and the 
number of cDNA molecules was obtained. The number 
of the target gene was normalized to that of GAPDH. The 
primer sequences and PCR conditions are given in Supple-
mentary Table 1.

Genome‑wide DNA methylation analysis

The genome-wide DNA methylation analysis was carried out 
using an Infinium HumanMethylation450 BeadChip array 
(Illumina, San Diego, CA, USA) as previously described 
[24]. The methylation levels of 485,512 probes (482,421 
probes for CpG sites and 3.091 probes for non-CpG sites) 
were obtained as a β value that ranged from 0 (completely 
unmethylated) to 1 (completely methylated). The probes 
were assembled into 296,494 genomic blocks comprising 
one to multiple CpG sites (mean = 1.7) within 500 bp [25, 
26]. The genomic blocks were classified based on their loca-
tions relative to a transcription start site (TSS) [TSS200 
(200 bp upstream region from TSS), TSS1500 (regions 
between 200 bp upstream and 1,500 bp upstream from 
TSS), 5′-UTR, 1st exon, gene body, 3′-UTR, and intergenic 
region] and their locations against a CpG island (CGI) (N 
Shelf, N Shore, CGI, S Shore, S Shelf, and non-CGI). The 
methylation microarray experiment was conducted once for 
a sample, based upon the high reproducibility reported [27].

Xenograft tumor formation assay in nude mice

OCUM-2 M/SN38 (1.0 × 106) cells were injected subcuta-
neously into the left flank of 6-week-old female nude mice 
(BALB/c-nu/nu; CLEA Japan, Tokyo, Japan). When tumors 
reached a volume of 200 mm3, the mice were randomized 
into four groups (7 mice per group); (1) vehicle (5% DMSO), 
(2) 5-aza-dC (2.5 mg/kg), (3) irinotecan (20 mg/kg), and 
iv) both 5-aza-dC and irinotecan. 5-Aza-dC was intraperi-
toneally administered daily from days 1 to 3. After 3 days of 
drug holiday, irinotecan was intraperitoneally administered 
on day 7. The animal body weight and the length and width 
of the tumors were measured twice per week. The tumor 
volume was calculated using the following formula: (length 
x  width2) × 0.5. After three courses of treatment (one course/
week), tumors were excised from the surviving mice, and 
their weights were measured. Total blood was collected for 
determination of the number of leukocytes, erythrocytes and 
platelets. All of the animal experimental procedures con-
ducted in the present study were approved by the Commit-
tee for Ethics in Animal Experimentation at the National 
Cancer Center.

http://www.ingenuity.com
http://www.ingenuity.com
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Immunohistochemistry

For the immunohistochemistry, four-μm tissue sections were 
prepared from formalin fixed, paraffin-embedded blocks. 
Deparaffinized and rehydrated sections were incubated 
in HistoVT One (Nacalai Tesque) at 80 °C for 40 min to 
unmask the antigen [28]. After blocking with Blocking One 
Histo (Nacalai Tesque), the sections were stained with a rab-
bit anti-human Ki-67 antibody (Clone SP6; Thermo Fisher 
Scientific, Fremont, CA, USA) with 500-fold dilution at 4 °C 
overnight. The immune complex was visualized using a Vec-
tastain Elite ABC kit (Vector Laboratories, Burlingame, CA, 
USA). Microscopic images were obtained using a BZ-X710 
microscope system (Keyence, Osaka, Japan). To analyze the 
number of the positive cells, cells were counted in three ran-
domly selected areas. The Ki-67 labeling index was defined 
as a percentage of the positive cells in the number of counted 
cells (the mean of the counted cells: mock, 1,119 cells/area; 
5-aza-dC, 776 cells/area; irinotecan, 686 cells/area; and 
5-aza-dC + irinotecan, 862 cells/area).

Results

Identification of gastric cancer cell lines resistant 
to chemotherapeutic drugs in clinical use

To identify the gastric cancer cell lines resistant to chemo-
therapeutic drugs in clinical use (SN38, CDDP, PTX, and 
5-FU), we evaluated the drug sensitivity of ten gastric cancer 
cell lines (Fig. 1a), and selected the two most resistant ones. 
For SN38, the  IC50 values ranged from 2.4 to 44.1 nM, and 
TMK1  (IC50 = 44.1 nM) and 44As3  (IC50 = 41.1 nM) were 
selected as SN38-resistant cell lines. OCUM-2 M/SN38 was 
established as an SN38-resistant cell line  (IC50 = 31.1 nM), 
and was also selected. For CDDP, the  IC50 values ranged 
from 0.3 to 7.7  µM, and TMK1 (IC50 = 5.0  µM) and 
OCUM-2  M (IC50 = 6.0  µM) were selected as CDDP-
resistant cell lines. For 5-FU, the  IC50 values ranged from 
3.1 to 32.0 µM, and TMK1  (IC50 = 32.0 µM) and NUGC3 
 (IC50 = 21.1 µM) were selected as 5-FU-resistant cell lines. 
For PTX, the  IC50 values ranged from 1.5 to 10.9 nM, and 
TMK1  (IC50 = 4.7 nM) and AGS  (IC50 = 10.9 nM) were 
selected as PTX-resistant cell lines (Fig. 1b).

Enhancement of cytotoxic effect by epigenetic 
priming

To analyze the effect of epigenetic priming with 5-aza-dC, 
we evaluated changes in the sensitivity of the above men-
tioned cell lines after priming. To obtain the maximum 
demethylating effect by 5-aza-dC, we adopted a long-term 

and low-dose protocol based on previously reported meth-
ods [29–31]. Among the four cytotoxic drugs, the effects 
of epigenetic priming were most pronounced on the cyto-
toxic effects of SN38 and CDDP, but not those of PTX and 
5-FU (Fig. 2). Epigenetic priming lowered the  IC50 values 
for SN38 from 226.4 to 32.9 nM (7-fold improvement) in 
TMK1, from 125.2 to 21.0 nM (6-fold) in 44As3, and from 
73.4 to 16.5 nM (4-fold) in OCUM-2M/SN38. In addition, 
epigenetic priming also lowered the  IC50 values for CDDP 
from 6.0 to 2.3 µM (3-fold) in TMK1 and from 10.8 to 
2.8 µM (4-fold) in OCUM-2 M.

Reactivated pathways by the epigenetic priming

To investigate the mechanisms of how the epigenetic prim-
ing enhanced the cytotoxic effects of SN38 and CDDP 
in their resistant cell lines, we analyzed the gene expres-
sion profiles using microarrays. Among the three cell lines 
treated with SN38, 44As3 and OCUM-2 M/SN38 were 
selected. Among the two cell lines treated with CDDP, 
TMK1 was selected. Using the three cell lines, gene 
expression profiles were obtained from the following four 
treatment groups: (i) mock-treated cells, (ii) cells treated 
with a cytotoxic drug only, (iii) cells treated with epige-
netic priming only, (iv) cells treated with a cytotoxic drug 
after epigenetic priming.

The biological functions of the up-regulated genes 
in (iv) cells treated with a cytotoxic drug after epige-
netic priming compared with (i) mock-treated cells were 
screened by IPA. The cell death and survival category was 
one of the top five significantly enriched categories in the 
molecular and cellular functional categories of the “Dis-
ease and Bio-Functions” module (Fig. 3a). Notably, this 
biological function was selected based on IPA of all three 
cell lines. Furthermore, characteristics of the annotated 
genes in the cell death and survival category were exam-
ined, and five genes associated with apoptosis and cell 
death (RUNX3, PYCARD, TNF, FAS, and FASLG) were 
identified from the cell death and survival category.

To confirm the expression changes in the isolated genes, 
quantitative RT-PCR was performed. The isolated genes 
were expressed at considerably higher levels in cells 
with epigenetic priming than in those without priming 
(Fig. 3b). Of note, cytotoxic drug treatment only did not 
upregulate these genes, but epigenetic priming reactivated 
these genes (in 44As3 and TNK1). Even in OCUM-2M/
SN38 with established SN38 resistance, epigenetic prim-
ing activated genes associated with apoptosis and cell 
death after SN38 treatment. These results indicated that 
the apoptosis- and cell death-related genes were associated 
with the enhancement of the cytotoxic effects mediated by 
epigenetic priming.



109Epigenetic priming sensitizes gastric cancer cells to irinotecan and cisplatin by restoring…

1 3

Methylation changes underlying the reactivated 
genes

To investigate whether the reactivation was caused by the 
demethylation effect of 5-aza-dC, we explored the methyla-
tion status of the reactivated genes. In all three cell lines, 
extensive global demethylation was observed in the cells 
subjected to epigenetic priming compared to that in non-
treated cells in all three cell lines (Fig. 4a). Among the above 

reactivated genes, the demethylation of the CpG island of the 
RUNX3 promoter was evident (Fig. 4b). The CpG island of 
the PYCARD promoter was demethylated; however, it was 
only partially methylated even in non-treated cells. Given 
this outcome, it remains unclear whether the demethylation 
was responsible for gene reactivation. The FAS CpG island 
was not methylated even in non-treated cells. FASLG and 
TNF did not have promoter CpG islands, and the effect of 
demethylation on transcription remains unclear.

Fig. 1  Sensitivity of 10 gastric 
cancer cell lines to four clini-
cally used cytotoxic drugs. a 
Dose–response curves of the 
10 gastric cancer cell lines 
to SN38, CDDP, PTX, and 
5-FU. Data are shown as the 
Mean ± SEM obtained from 
three independent experiments. 
b The  IC50 values of the 10 
gastric cancer cell lines for 
individual drugs. The two (three 
for SN38) most resistant cell 
lines (shown by asterisks) were 
selected and used for the follow-
ing experiments
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In vivo tumor suppression effect of epigenetic 
priming

Finally, the in vivo effects of epigenetic priming were ana-
lyzed using an OCUM-2 M/SN38 xenograft model, which 
is well known as a model of SN38 resistance [22]. The 
administration of 5-aza-dC exerted weak tumor suppres-
sion effects, and irinotecan treatment showed only moder-
ate tumor suppression effects (Fig. 5a, b, and c). However, 
after the epigenetic priming, irinotecan showed strong tumor 

suppression effects. Histologically, both 5-aza-dC and iri-
notecan treatment induced cell loss, and 5-aza-dC treat-
ment additionally accentuated diverse cellular morphol-
ogy, including cellular enlargement, nuclear swelling, and 
cytoplasmic degeneration, including pseudoground glass 
appearance or vacuolization (Fig. 5d). The irinotecan treat-
ment after epigenetic priming induced massive cell loss with 
fibrosis and inflammation, and enlarged cells constituted the 
major the surviving cells. The Ki-67 immunohistochem-
istry showed that the number of Ki-67-positive cells was 

Fig. 2  Effect of epigenetic 
priming by 5-aza-dC. Resist-
ant cells were first treated with 
5-aza-dC or mock first, and 
subsequently treated with a 
cytotoxic drug. The  IC50 values 
were significantly lower for 
SN38 and CDDP, but not for 
PTX and 5-FU
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Fig. 3  Identification of path-
ways and genes reactivated 
by epigenetic priming. Genes 
up-regulated by the epigenetic 
priming and drug treatment 
were identified by expres-
sion microarray in 44As3 and 
OCUM-2 M/SN38 for SN38, 
and in TMK1 for CDDP. a IPA 
analysis of the biological func-
tions of the up-regulated genes 
during treatment. The cell death 
and survival category was one 
of the top five most significantly 
enriched functions. b Confirma-
tion of the expression of five 
genes associated with apoptosis 
and cell death (RUNX3, TNF, 
PYCARD, FAS, and FASLG) by 
quantitative RT-PCR
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significantly decreased by irinotecan treatment or epigenetic 
priming, and was significantly decreased by irinotecan treat-
ment after epigenetic priming (Fig. 5e, f).

Regarding the adverse effects of the treatment, body weight 
loss was observed in mice treated with 5-aza-dC (Supplemen-
tary Fig. S2a), but the body weights were recovered after ter-
mination of the treatment. Notably, two of the seven mice in 
the 5-aza-dC group and three of the seven epigenetic prim-
ing group died before 24 days; three of the five mice showed 
body weight loss, but the causes of death of the remaining 
two were unclear. Severe hematotoxicity was observed in mice 

treated with 5-aza-dC (Supplementary Fig. S2b). These results 
showed that 5-aza-dC priming enhanced the cytotoxic effects 
of irinotecan treatment in vivo and that the adverse effects 
need to be reduced by a further dose adjustment of 5-aza-dC 
priming.

Fig. 4  DNA methylation 
analysis by DNA methylation 
microarray. a Extensive DNA 
demethylation by epigenetic 
priming. b Demethylation of 
RUNX3 and PYCARD promoter 
CGI. FAS has a promoter CGI, 
but was not methylated in 
cancer cells. FASLG and TNF 
do not have promoter CGIs and 
were unlikely to be methylation-
silenced β-

va
lu

e 
of

tr
ea

te
d 

ce
lls

R=0.941.0

0.8

0.6

0.4

0.2

0.0
0.0 0.2 0.4 0.8 1.00.6

R=0.89

a

b β-value of non-treated cells

OCUM2M/S44As3

β-
va

lu
e 

5-Aza-dC - +

TNF 
TSS200 CGI (-)

RUNX3
TSS200 CGI (+)

TNF
TSS200 CGI (-)

PYCARD
TSS200 CGI (+)

TMK1

FAS
TSS200 CGI (+)

FASLG
TSS200 CGI (-)

R=0.94

44As3

OCUM-2M/S

TMK1

1.0

0.8

0.6

0.4

0.2

0.0

1.0

0.8

0.6

0.4

0.2

0.0
0.0 0.2 0.4 0.8 1.00.6 0.0 0.2 0.4 0.8 1.00.6

β-
va

lu
e 

β-
va

lu
e 

5-Aza-dC - +

5-Aza-dC

PYCARD
TSS200 CGI (+)

- +

- +

- + - +
RUNX3

TSS200 CGI (+)

- + - +

0.4

0.6

0.8

0.2

0

1.0

0.4

0.6

0.8

0.2

0

1.0

0.4

0.6

0.8

0.2

0a

1.0



113Epigenetic priming sensitizes gastric cancer cells to irinotecan and cisplatin by restoring…

1 3

Discussion

Epigenetic priming was shown to be effective for SN38, an 
active metabolite of irinotecan, and for CDDP in gastric can-
cer cell lines. The reactivation of genes involved in the cell 
death and survival category was shown mechanistically, and 
the demethylation of the promoter CpG islands of at least 

RUNX3, and possibly PYCARD, was identified. RUNX3 is 
a well-known tumor-suppressor gene in gastric cancer that 
plays pleiotropic functions, such as cell cycle regulation in 
cooperation with p53 and augmentation of the tumor-sup-
pressive activity of TGF-β [32, 33]. PYCARD, also known 
as ASC or TMS1, is involved in the regulation of apopto-
sis and the inflammasome [34]. Even in vivo, the priming 

Fig. 5  In vivo effect of epige-
netic priming on the resistance 
of OCUM-2 M/SN38 to SN38. 
a Macroscopic view of the 
xenografts in the four treatment 
groups. b Tumor growth curves 
of the four treatment groups. 
Although only irinotecan 
showed a growth-suppressive 
effect, this was augmented 
by epigenetic priming. c The 
therapeutic effect assessed by 
tumor weight at necropsy. d 
Representative HE staining in 
the four treatment groups. e 
Ki-67 immunohistochemistry 
in the four treatment groups. f 
Ki-67 labeling index in the four 
treatment groups
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effect of a DNA demethylating agent for irinotecan was 
also shown. The results provided a rationale for conducting 
further preclinical studies to implement epigenetic priming 
prior to standard therapy for gastric cancer. Genes in the 
“cell movement category” were consistently up-regulated, 
and this was due to up-regulation of immune-related genes, 
such as IL1ß and IL32.

We tested four key cytotoxic drugs for gastric cancer 
treatment, namely SN38, CDDP, PTX, and 5-FU, as poten-
tial combination partners for epigenetic priming using the 
cell lines that were most resistant to the individual drugs. 
As a result, the priming effects were evident for SN38 and 
CDDP, but not for PTX and 5-FU. The epigenetic priming 
activated genes involved in apoptosis and cell death, such as 
RUNX3, TNF, PYCARD, FAS, and FASLG. Few reports are 
available for the direct involvement of their inactivation in 
SN38 or CDDP resistance, and involvement via apoptosis 
suppression was suggested. Indeed, in ovarian cancer, the 
up-regulation of genes involved in DNA repair and antitumor 
immune responses has been reported to mediate enhanced 
CDDP sensitivity [35]. In colon cancer, the re-expression 
of genes involved in cell adhesion and DNA repair has been 
reported to enhance irinotecan sensitivity [36].

The regulation of RUNX3 by DNA methylation was indi-
cated in 44As3 and TMK1, and that of PYCARD was sug-
gested in TMK1. In contrast, although TNF was strongly 
induced by epigenetic priming in 44As3 and TMK1, it is 
unlikely to be regulated by DNA methylation, since TNF 
does not have a promoter CGI. Nevertheless, TNF could 
serve as an important mediator of epigenetic priming. TNF 
is well established to be capable of inducing apoptosis [37], 
and its transcription is controlled by multiple transcription 
factors [38]. There is a possibility that the methylation-
silencing of such transcription factors or their co-factors was 
restored by epigenetic priming.

In vivo experiments also showed the effect of epigenetic 
priming effect for irinotecan. However, the dose and sched-
ule adopted here caused severe leukopenia (Supplementary 
Fig. S2b). The dose of 2.5 mg/kg and schedule of three con-
secutive days were determined based on previous reports 
[30]. However, since the priming effect was sufficiently 
observed, there seems to be room for reducing the dose or 
days of administration. The death of two and three mice in 
the 5-aza-dC and epigenetic priming groups, respectively, 
also indicated the need for dose reduction. Since it is known 
that the maximum biological dose, not the maximum toler-
ated dose, is important for epigenetic therapy, we need to 
explore the dose and schedule that produces the maximum 
DNA demethylation effect in tumor cells and the least cyto-
toxic effects in bone marrow cells.

In conclusion, epigenetic priming was found to be effec-
tive for gastric cancer cell lines that are resistant to SN38 
and CDDP. In addition, our results indicated that epigenetic 

priming is primarily mediated by the activation of apoptosis- 
and cell death-related genes.
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