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Abstract
Inactivation of tumor suppressor Runt-related transcription factor 3 (RUNX3) plays an important role during early
tumorigenesis. However, posttranslational modifications (PTM)-based mechanism for the inactivation of RUNX3 under
hypoxia is still not fully understood. Here, we demonstrate a mechanism that G9a, lysine-specific methyltransferase (KMT),
modulates RUNX3 through PTM under hypoxia. Hypoxia significantly increased G9a protein level and G9a interacted with
RUNX3 Runt domain, which led to increased methylation of RUNX3 at K129 and K171. This methylation inactivated
transactivation activity of RUNX3 by reducing interactions with CBFβ and p300 cofactors, as well as reducing acetylation of
RUNX3 by p300, which is involved in nucleocytoplasmic transport by importin-α1. G9a-mediated methylation of RUNX3
under hypoxia promotes cancer cell proliferation by increasing cell cycle or cell division, while suppresses immune response
and apoptosis, thereby promoting tumor growth during early tumorigenesis. Our results demonstrate the molecular
mechanism of RUNX3 inactivation by G9a-mediated methylation for cell proliferation and antiapoptosis under hypoxia,
which can be a therapeutic or preventive target to control tumor growth during early tumorigenesis.

Introduction

RUNX transcription factors are essential regulators of
diverse biological processes, including embryonic devel-
opment, cell proliferation, differentiation, lineage determi-
nation, and apoptosis [1, 2]. There are three RUNX genes in
mammals (RUNX1, RUNX2, and RUNX3), which have
distinct tissue-specific expression patterns. The RUNXs
heterodimerize with a common non-DNA binding core
binding factor beta (CBFβ) subunit, which act as both
transcriptional activators and repressors [1, 2]. Among the
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RUNXs, RUNX3 regulates the decision of the cell to pro-
gress through the restriction point of the cell cycle by
modulation of chromatin structure [3, 4]. Inactivation of
RUNX3 dysregulates this important cell cycle check-point
and prevents cell cycle arrest and apoptosis. Consistent with
this observation, Runx3-targeted deletion in mouse lungs
led to lung adenomas and shortened the latency of mutant
Kras induced adenocarcinomas [5]. Transcriptional silen-
cing of RUNX3 by hemizygous deletion or increased DNA
methylation in the promoter has been reported in about 60%
of human gastric cancers [6]. These observations highlight
the tumor suppressor function of RUNX3 and indicate that
silencing of RUNX3 plays an important role during early
stages of tumorigenesis.

Our previous work demonstrated that RUNX3 was
downregulated in gastric cancers under hypoxia by epige-
netic mechanism involving histone deacetylation and
methylation [7]. Hypoxia stimulated gene silencing of
RUNX3 by histone methylation of the RUNX3 promoter
region, while it did not affect DNA methylation of RUNX3
promoter or the expression of DNA methyltransferases. We
found that histone methylation by G9a histone methyl-
transferase (HMT) and deacetylation by HDAC1 dimin-
ished RUNX3 expression and inhibited nuclear translocation
of RUNX3 during hypoxia. This transcriptional regulation
decreased mRNA level of RUNX3 as well as the protein
level in several gastric cancer cell lines, however, not in all
tested [7]. For instance, hypoxia inhibited the protein
expression of RUNX3 but not the mRNA expression in
SNU5 and SNU484 cells. Although we demonstrated the
silencing mechanism of RUNX3 at the transcription level
under hypoxia, these cell lines suggest an additional
molecular mechanism regulating RUNX3 expression under
hypoxia in gastric cancer.

Despite various studies, the underlying molecular
mechanisms involved in the regulation of RUNX3 activity
remain not fully understood. In the present study, we first
demonstrated the molecular mechanism of Lys methylation
of RUNX3 under hypoxia in gastric cancer, an unexplored
mechanism of posttranslational modification (PTM) for
RUNX3 activity. In addition, we showed the distinctive
function of G9a as a non-histone protein methyltransferase
that directly methylates RUNX3 in hypoxia. This methy-
lation inhibit the transactivation activity of RUNX3 and
thereby impairs its tumor suppressive functions. By using
integrated analysis of chromatin-immunoprecipitation
sequencing (ChIP-seq) and gene expression profiling, we
elucidated the mechanistic link between Lys methylation of
RUNX3 under hypoxia and transcriptional regulation of
genes involved in cell proliferation, cell cycle arrest, and
apoptosis at the global level. Our study provides new
insights into the regulation of RUNX3 protein stability
under hypoxia and has clinical implications for RUNX3

inactivation during early stages of gastric cancer
development.

Materials and methods

Cell lines and culture

Human embryonic kidney cells (HEK293) and gastric
cancer cells (SUN484, SNU5, MKN1, and SNU16) were
purchased from the American Type Culture Collection
(Manassas, VA, USA) and the Korean Cell Line Bank
(KCLB, Seoul Korea) and passaged according to KCLB
protocols. Cells were maintained in RPMI-1640 supple-
mented with 10% fetal bovine serum (HyClone, Logan, UT,
USA) under normoxia (21% O2) at 37 °C. For hypoxic
exposure, cells were cultured in hypoxic chambers (Thermo
Scientific, Waltham, MA, USA and Astec, Fukuoka, Japan)
to maintain low oxygen tension (1% O2, 5% CO2, balanced
with N2). Mycoplasma contamination was tested using e-
Myco™ Mycoplasma PCR Detection Kit (iNtRON Bio-
technology). No mycoplasma contamination was detected
in all cell lines used in this study.

Western blot analysis

Western blot analysis was performed as previously
described [7]. Antibodies specific to human proteins were
anti-RUNX3 (ab40278, Abcam), anti-G9a (#3306, Cell
Signaling Technology), and β-actin (SC-47778, Santa
Cruz), pan-methyl lysine antibody (ab23366, Abcam).

Real-time PCR analysis

Real-time RT-PCR was performed using specific primers.
The PCR program consisted of an initial denaturation step
at 95 °C for 10 s, followed by 40 cycles of 95 °C for 5 s and
60 °C for 1 min. See Table S4 for primer sequences used.

Immunofluorescence

After cells or tissues were fixed with 4% paraformaldehyde,
immunofluorescence was performed as described pre-
viously [7]. The slides were examined under fluorescence
microscopy (Carl Zeiss, AG, Germany).

Western blot analysis of human gastric tissues

The human gastric tissues specimens were provided from
the Seoul National University Hospital. Proteins were
extracted from human gastric tumor or normal tissues by
tissue homogenization in RIPA buffer (Thermo Scientific).
Tissue lysates were subjected to western blot analysis sing
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anti-RUNX3 (ab40278, Abcam), anti-G9a (#3306, Cell
Signaling Technology), and β-actin (SC-47778, Santa Cruz)
antibodies. This study was approved by the Institutional
Review Board of Seoul National University Hospital (1706-
105-860), and informed consent was obtained from each
subject.

Immunoprecipitation

Immunoprecipitation (IP) and western blot analyses were
performed as previously described [7]. Briefly, subconfluent
HEK293 cells were transfected with plasmids containing
pCS4-3Myc-RUNX3 (full-length RUNX3), RUNX3 dele-
tion/point mutants, pEGFP-G9a, pEGFP-G9a SET deletion
mutants, and Flag-tagged G9a deletion mutants. Twenty-
four hours post-transfection cells were lysed with RIPA and
immunoprecipitated with antibodies to Myc.

In vitro translation and protein interaction

In vitro translation was performed using TnT Quick Cou-
pled Translation System (Promega, #L1170) according to
the manufacture’s instruction. Briefly, pCS4-HA-RUNX3,
pCS4-HA-G9a, pCS4-HA-G9a-ΔSET plasmids were
translated with TnT rabbit reticulocyte lysate using a TnT
SP6 RNA polymerase. In vitro translated proteins were
electrophoresed in SDS-PAGE gel and western blot analysis
was performed with anti-HA antibody (SC-7392, Santa
Cruz) to confirm the protein synthesis. Proteins (400 µg)
were immunoprecipitated with anti-RUNX3 antibody
(ab40278, Abcam) and immunoblotted with anti-HA anti-
body to check their interaction.

Fly strains

The UAS-lz was provided by Dr. U. Banerjee (University of
California, Los Angeles, CA). The fly line glass multimer
reporter (GMR)-Gal4 was obtained from the Bloomington
Stock Center (Bloomington, IN). Drosophila stocks were
maintained and cultured by using standard cornmeal-yeast-
agar medium at 25 °C. The EP GenExel library used in the
screening was obtained from the BioMedical Research
Center of the Korea Advanced Institute of Science and
Technology.

HMT assay

G9a activity was measured using the HMT assay reagent kit
(Millipore, Billerica, MA, USA), according to the manu-
facturer’s instructions. For the in vitro methyltransferase
assay, the recombinant Runt domain was incubated with the
in vitro translated G9a enzyme using 1 μCi [3H]-adenosyl-
L-methionine (SAM, PerkinElmer, Waltham, MA) as the

methyl donor. 3H-methylated protein was transferred to a
membrane, soaked in scintillation cocktail and radioactivity
was measured using a β-counter (PerkinElmer).

Protein methyltransferase assays and point
mutagenesis

Protein purification and in vitro methyltransferase assays
with RUNX3 Runt domain and G9a SET proteins were
performed as previously described [8]. The Runt domain of
hRUNX3 proteins (0, 2, and 8 μM) were incubated in the
reaction mixture. Samples were then separated by SDS-
polyacrylamide gel electrophoresis and transferred to a
polyvinylidene difluoride membrane. The membrane was
applied to FLA-5000 (Fuji Film) for radioactive imaging,
stained with Ponceau S, and then scanned with LAS-3000
(Fuji Film) for protein quantification. RUNX3 mutants were
generated through site-directed mutagenesis (KOD plus
polymerase kit; Toyobo) using the pGEX4T-1 vector con-
taining RUNX3 Runt domain. For the double mutants, we
used the pGEX4T-1 vector containing the RUNX3_K129A
as a template for T173I, V174M, G176R, R178Q, and
R178W, and RUNX3_K171A as a template for S118F,
R122C, and A126T. All mutations were verified by DNA
sequencing.

Liquid chromatography tandem mass spectrometry
(LC–MS/MS) analysis

GST-RUNX3 proteins with 0.5 mM S-adenosylmethionine
(NEB, B9003S) were incubated in the presence or absence
of G9a SET for 4 h at room temperature. The reaction was
stopped by adding 5× SDS loading buffer and boiling at
95 °C for 10 min. The protein bands corresponding to
RUNX3 were excised and subjected to LC–MS/MS ana-
lysis. The resulting data were preprocessed by PE-MMR to
assign the accurate precursor masses prior to the database
search [9]. The processed data were then searched against a
protein database that contains the NCBI reference sequence
of human RUNX3 protein and common contaminants (180
entries) by using MS-GF+ search engine (v10089) [10]
with the following parameters in the target-decoy setting:
mass tolerance= 20 ppm for precursor ions, semi-tryptic
option, a static modification on carbamidomethylation of
cysteine (C, +57.0214 Da), and dynamic modifications on
oxidation of methionine (M, +15.994915 Da), mono-
methylation on lysine and arginine (KR, +14.0156 Da),
and di-methylation on lysine and arginine (KR, +28.0313
Da). Peptides with false discovery rate < 1% were identi-
fied. For the mono-/di-methylated peptides at K129 and
K171 of RUNX3, manual inspection was performed to
ensure that the major peak assignments in the MS/MS
spectra were matched with theoretical predictions of b- and
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y-fragmented ions using a software SpectrumLook (version
1.5.48) [11] with the default parameters.

Luciferase reporter assay

The pGL3-6xOSE-Luc reporter plasmid, which contains six
tandem repeats of the osteoblast-specific core binding
sequence [12], was transfected into subconfluent HEK293
cells using Vivamagic Transfection Reagent (Vivagene,
Daegu, Korea) according to the manufacturer’s protocol.
Luciferase reporter assay was performed as previously
described [13].

Gene information and expression constructs, and
siRNAs

The SET domain of hG9a (NM_006709.3, 913–1103 a.a.)
and the Runt domain of hRUNX3 (NM_001031680.2,
65–186 a.a.) were expressed in Escherichia coli BL21 (DE3)
cells. The full-length RUNX3 cDNA, as well as deletion and
point mutants, were amplified by PCR and subcloned into
pCS4-3HA or pCS4-3Myc plasmids [13]. The pGL3-6xOSE-
Luc construct was provided by SCB (Chungbuk National
University, Cheongju, Korea). The full-length pEGFP-G9a
and the pEGFP-G9a-ΔSET mutant were provided by Dr.
Martin Walsh (Mt. Sinai School of Medicine, New York, NY,
USA). See Table S3 for siRNA sequences used.

Chromatin immunoprecipitation (ChIP)

SNU484 cells were transfected with RUNX3 expression
plasmids (WT, K129R, or K171R mutant) using Lipo-
fectamine 2000 (Invitrogen, Carlsbad, CA, USA). Twenty-
four hours post-transfection cells were exposed to hypoxic
conditions for 8 h then processed for ChIP experiments.
ChIP-seq experiments were performed using iDeal ChIP-
seq kit for Transcription Factors (Diagenode SA, Belgium).
Briefly, cells (~1.2 × 107 cells for each ChIP experiment)
were fixed for 15 min at room temperature with 1%
formaldehyde-containing medium. Nuclei were isolated,
and the chromatin was sonicated in the mixture of the
shearing buffer and protease inhibitor cocktail to an average
size of 220 bp. Sonicated chromatin was used for IP by
incubation with anti-RUNX3 antibodies (40 μg; ab11905,
Abcam) overnight at 4 °C. One percent of the chromatin
used for each ChIP reaction was kept as input DNA.
Washed protein A-coated magnetic beads (120 μl) were
added to each ChIP reaction and reactions were incubated
2 h at 4 °C. The beads were then incubated in 400 μl elution
buffer at 65 °C for 4 h to elute immunoprecipitated mate-
rials. We performed ChIP-seq assays using chromatin
and input controls from three different cell cultures. The
ChIP-seq libraries were prepared using DNA SMARTTM

ChIP-Seq Kit (Clontech Laboratories, USA) and then run
on the Illumina sequencer Hi-Seq 2500 (DNA Link, Korea)
with 50-bp paired-end reads. ChIP-qPCR experiments were
performed using Pierce Agarose ChIP-PCR Kit (26156,
Thermo Fisher Scientific, Waltham, MA, USA), according
to the manufacturer’s instructions. Briefly, cells were fixed
with 1% formaldehyde for 10 min, and the reaction was
stopped by adding glycine. Nuclei were isolated and
digested with Micrococcal Nuclease for 20 min at 37 °C.
Digested chromatin was immunoprecipitated with anti-myc
tag antibody (ab9132, Abcam) overnight at 4 °C. Immu-
noprecipitants were washed three times and eluted after
treatment of proteinase K. Immunoprecipitated chromatin
was subjected to qRT-PCR using specific primers. See
Table S4 for primer sequences used.

ChIP-seq data analysis

For the read sequences generated from ChIP-seq for each of
12 samples (2 ChIP samples and 2 input DNA samples for
WT, K129R or K171R mutant), adapter sequences were
trimmed using cutadapt [14] (version 1.12). Remaining
reads were then aligned to the human genome (GRCh38)
using Bowtie2 [15] (version 2.2.6). PCR or optical dupli-
cate reads, multi-mapped reads, and the reads aligned with
mapping quality (MAPQ) < 5 were filtered out using Picard
(version 1.85) and Samtools [16] (version 1.3) before peak
calling. For each pair of samples (one ChIP sample and its
corresponding input DNA sample), we called peaks with q
value < 0.01 using MACS2 [17] (version 2.1.1) and filtered
out the peaks with the number of mapped reads ≤20. Diff-
Bind [18] (version 2.6.5) was used to identify consensus
peaks that were consistently detected in at least two pairs of
samples among the total 6 pairs (2 pairs for WT, K129R,
and K171R) and also to count the number of reads mapped
onto these consensus peaks in the individual samples. In
each sample, the numbers of reads were converted to counts
per million (CPM) based on the library size; and the CPM
values were converted to log2-CPM values after adding one
to the CPM values. For each comparison (K129R or K171R
versus WT), log2-fold-changes of consensus peaks were
calculated as the mean difference of log2-read counts. A
normalized read density for the neighboring region (±2 kb)
of each consensus peak was calculated using SeqMiner [19]
(version 1.3.4) with 50 bp window. Each consensus peak
was assigned to a genomic region (promoter, 5′-UTR, CDS,
1st intron, other introns, 3′-UTR, or downstream regulatory
region) based on the genomic coordinate of its center.

RNA isolation and microarray analysis

Total RNA was isolated from SNU484 cells expressing
WT, K129R mutant, or K171R mutant RUNX3 proteins 8 h
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after exposure to hypoxia for microarray experiments. Total
RNA integrity was checked using a Bioanalyzer 2100
(Agilent, Santa Clara, CA, USA) and all samples were
sufficiently good for gene expression analysis with an RNA
integrity number > 9. According to the standard Agilent
protocols, the RNA was reverse-transcribed, amplified, and
then hybridized onto the array (Agilent-039494 SurePrint
G3 Human GE v2 8x60k), which includes 62,976 probes
corresponding to 23,705 annotated genes. The mRNA
levels were measured for two biological replicates for each
condition: hypoxia-treated wild type (WT), hypoxia-treated
K129R mutant (K129R), and hypoxia-treated K171R
mutant (K171R). Log2-intensities of the probes were nor-
malized using quantile normalization [20]. To identify dif-
ferentially expressed genes (DEGs), we then applied an
integrative statistical method previously reported [21] to the
following comparisons: (1) K129R versus WT; and (2)
K171R versus WT. In brief, for each gene, we calculated a
T-statistic value using Student’s t test and also a log2-
median-ratio in each comparison. We then estimated
empirical distributions of T-statistic values and log2-med-
ian-ratios for the null hypothesis (i.e., the genes are not
differentially expressed) by random permutation experi-
ments of all samples. Using the estimated empirical dis-
tributions, for each gene, we computed adjusted p values for
the observed T-statistic value and log2-median-ratio and
then calculated the overall p value by combining these
p values using the Stouffer’s method [22]. Finally, we
identified DEGs as the ones that have the overall p values <
0.01, as well as t test p values < 0.1, and absolute log2-
median-ratios > 0.406 (1.33-fold), the mean of 1st and 99th
percentile of the empirical distribution for log2-median-
ratios.

Enrichment analysis of GO biological processes

The enrichment analysis of gene ontology biological pro-
cesses (GOBPs) was performed to identify cellular pro-
cesses enriched by a list of genes using DAVID software
[23]. The GOBPs with p < 0.05 computed from DAVID
were selected as the ones enriched by the genes used.

Reconstruction of network model

To construct the network model, we first selected the
upregulated genes that are annotated with the GOBPs
related to cell death [24], involved in the “Apoptosis” in the
Kyoto Encyclopedia of Genes and Genomes (KEGG)
pathway database [25], or reported to be involved in
apoptosis-related processes based on the previous litera-
tures. We then constructed the network model showing
interactions among the selected genes and their first
neighbors (nodes). The nodes in the network model were

arranged according to the activation or repression infor-
mation obtained from the KEGG pathway database and the
previous literatures.

Mouse models

Animal experiments were carried out with the approval of
the KNU Animal Care and Use Committee (KNU 2014-
0189). Six-week-old athymic nude mice [BALB/c-nu/nu
(18–21 g)] were purchased from SLC Inc. (Japan), and
maintained under specific pathogen-free conditions on a
standard diet. Males and females were assigned randomly to
experimental groups.

Analysis of mRNA-seq data from TCGA and ACRG
gastric cancer cohort

For the TCGA cohort, we collected Fragment Per Kilobase
of transcript per Million mapped reads (FPKMs) for 60,483
gene features for 375 stomach adenocarcinoma samples
from TCGA genomic data commons (GDC) data portal
[26]. Among these genes, we selected the genes with
FPKM > 1 in more than 50% of the tumor samples as
expressed genes and normalized FPKM values of the genes
using the quantile normalization method [20] after con-
verting them to log2-(FPKM+ 1). For the ACRG cohort,
we collected raw files (.CEL files) for 300 gastric cancer
samples (GSE62254) [27] from Gene Expression Omnibus
database and then normalized the log2-intensity using
GCRMA [28] (version 2.48.0). To evaluate the correlation
of mRNA expression with patient survival, for each gene,
we divided the samples into two groups (top and bottom
25% of patients with highest and lowest log2-FPKM or
log2-intensity values, respectively) and evaluated differ-
ences in survival curves between the two groups using
Gehan–Breslow–Wilcoxon test [29]. Clinical information
(tumor stage and survival data) for patients from TCGA and
ACRG cohorts were obtained from NCI GDC data portal
and Cristescu et al. [27], respectively.

Somatic mutations of RUNX3

Somatic mutations of RUNX3 relevant to cancers were
obtained from TCGA GDAC (https://gdac.broadinstitute.
org) and COSMIC database [30]. For each amino acid, a
mutation cluster score was calculated as the sum of the
numbers of mutations of the amino acid and two neigh-
boring amino acids based on the scan statistics previously
reported [31]. Single nucleotide variations (SNVs) with or
without amino acid changes (non-synonymous or synon-
ymous mutations) and insertions/deletions (INDELs) were
used to calculate the mutation cluster scores. Mutation
cluster regions were then determined as the regions within
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which the maximum nutation cluster score ≥ 3 (p < 0.05 by
random permutation test) and the number of amino acids
with SNV or INDEL ≥ 5.

TUNEL, cell proliferation, and colony formation
assays

SNU484 cells were transfected with lysine mutants (K129R,
K171R, or K129R/K171R) RUNX3 and incubated under
hypoxia. To assess proliferation, cells were counted based
on trypan blue exclusion. The TUNEL assay was performed
according to the manufacturer’s instructions (Promega,
Madison, WI, USA). Soft agar colony formation assay for
6 days was performed as previously described [32].

In vivo tumor xenograft experiments and
immunohistochemistry (IHC)

Stable cell lines were established by transfecting
MKN1 cells (1 × 107) with pEGFP-G9a+pcDNA-3Myc-
RUNX3, pEGFP-G9a+pcDNA-3Myc-RUNX3 K129R,
pEGFP-G9a+ pcDNA-3Myc-RUNX3 K171R, pEGFP-G9a
+ pcDNA-3Myc-RUNX3 K129/171R vector and then
selected with G418. The stable cells were mixed with
Matrigel (BD Biosciences) and subcutaneously injected into
both sides of the mouse flank. Tumor size was measured
every other day from 10 days after injection to the 26th day.
IHC against CD31 was performed on frozen sections
(10 µm) of tumor tissues to determine microvessel density.
TUNEL assay was performed with CD31 immunostaining
to detect cell apoptosis, and Ki67 immunostaining was
performed to visualize proliferating cells. For detection of
hypoxic regions in a tumor mass, Hypoxyprobe-1™ (60
mg/kg, Natural Pharmacia International) was injected at 90
min before tissue fixation. Tumors were harvested, sec-
tioned, and stained with Alexa Flour 647-conjugated anti-
Hypoxyprobe antibody and anti-Runx3 (D234-3, MBL
International) or anti-G9a antibody (#3306, Cell Signaling
Technology), followed by Alexa Flour 488-conjugated IgG.
Tumor volumes (cm3) were calculated by multiplying
height by length by depth.

Tissue microarray experiments

Surgically resected gastric cancer tissues from 450 gastric
cancer patients were obtained during surgery at Seoul
National University Hospital. To investigate RUNX3 pro-
tein expression in these tissues, we generated tissue array
slides and then immunostained them using anti-RUNX3
antibody (Active Mofit, #39301; MBL International #D234-
3) using Vectastain Elite ABC peroxidase kit (#PK-6100,
Vector Laboratories, Burlingame, CA). Briefly, sections
(4 µm) were cut from each tissue array block, deparaffinized

with xylene and dehydrated using ethanol. After antigen
retrieval with 10 mM sodium citrate buffer, endogenous
peroxidase activity was quenched with 0.6% H2O2. Normal
serum was used to block nonspecific protein binding. IHC
staining for RUNX3 was performed using a standard
avidin-biotin immunoperoxidase complex method (Vectas-
tatin Elite ABC peroxidase kit: Vector Laboratories, Bur-
lingame, CA). The immunostaining interpretation was
graded as 0, 1, 2, or 3 based on the intensity of the staining.
Clinicopathologic parameters, such as age, sex, histologic
subtype, presence of lymphatic invasion, depth of invasion,
presence of lymph node or distant metastasis, and patho-
logic stage were evaluated by reviewing the medical charts
and pathology records. The clinical outcome was deter-
mined from the date of surgery until death or up to
60 months. The data from cases lost to follow-up and deaths
caused by problems other than GC were censored during the
survival analysis. This study was approved by the Institu-
tional Review Board of Seoul National University Hospital
(1911-120-1080), and informed consent was obtained from
each subject.

Statistical analysis

Details of statistical analyses are indicated in the figure
legends or described in the “Materials and methods” sec-
tion. Statistical analyses were performed using GraphPad
Prism v7.04 or MATLAB R2016a. Student’s t test or
ANOVA followed by multiple comparisons testing were
used to compare experimental groups as indicated in the
figure legends. The number of independent replicates for
each experiment is indicated in the figure legends.

Accession numbers

The microarray and ChIP-seq data generated in this study
have been deposited in NCBI Gene Expression Omnibus
database (accession numbers of GSE81693 for microarray
data and GSE124481 for ChIP-seq data).

Results

G9a physically and genetically interacts with RUNX3

We examined protein expression of G9a and RUNX3 under
hypoxia in gastric cancer cell and investigated the patterns
of exogenously expressed RUNX3 under hypoxia. Protein
levels of G9a were increased under hypoxia, while protein
levels of RUNX3 were decreased under hypoxia in the
gastric cancer cell lines (Fig. 1A) without affecting mRNA
levels of RUNX3 (Fig. S1A, B). We next examined the
expression and localization of RUNX3 and G9a in vitro
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under hypoxia using immunoflurosescence (IF). RUNX3
expression was decreased and localized in the cytoplasm
under hypoxia, while G9a expression was increased and
localized in the nucleus under hypoxia (Fig. 1B). To
examine the time point when G9a binds with RUNX3, we
first tested the binding for various periods of time under
hypoxia (less than 1% O2) using IP and immunoblotting

(IB) analysis. We found that the binding of G9a with
RUNX3 was highly increased under hypoxia after 8 h in
SNU484 cells (Fig. S1C), which interaction was mostly
observed in the nucleus of SNU484 cells (Fig. S1D). The
estimated proportion of their binding in the cytoplasm and
the nucleus under hypoxia was 1.0–7.6, respectively
(Fig. S1E). We confirmed the localization of RUNX3 either

Fig. 1 G9a physically and genetically interacts with RUNX3. A
Western blot analysis of G9a and RUNX3 expression under normoxia
(N) and hypoxia for 4, 8, 12, and 24 h in SNU484, SNU5, MKN1-Rx3,
and SNU16-Rx3 cells. B Immunofluorescence of RUNX3 and G9a
expression under normoxia and hypoxia for 8 h using a confocal laser
scan microscope. Nuclear DNA was detected by staining with 4′,6-dia-
midino-2-phenylindole (DAPI). Scale bar= 10 μm. C Western blot
analysis of G9a and RUNX3 expression in human gastric normal and
tumor tissues. D Immunofluorescence analysis of RUNX3 and G9a
expression in human gastric cancer tissue section. Nuclei were coun-
terstained with Harris-modified hematoxylin. Scale bar= 100 μm.
E Western blot analysis of RUNX3 and G9a expression under hypoxia
for 8 h in SNU484 and MKN1-Rx3 cells transfected with scrambled
(Con-si) or two different G9a siRNAs (siG9a #1 and #2). FWestern blot
analysis of RUNX3 in MKN1 cells transfected with wild-type G9a

(pEGFP-G9a) or G9a-ΔSET (pEGFP-G9a-ΔSET). G Co-
immunoprecipitation (IP) assay of RUNX3 and G9a in HEK293 cells
transfected with pCS4-3Myc-RUNX3 or pEGFP-G9a. Whole-cell
lysates and immunoprecipitates were analyzed by immunoblotting with
anti-G9a or anti-RUNX3 antibodies. H In vitro translated proteins (20
µg) of RUNX3, G9a, and G9a-ΔSET were electrophoresed in SDS-
PAGE gel and performed by western blot analysis with anti-HA antibody
(left panel). Black arrow indicates RUNX3 protein, red arrow indicates
G9a protein, and blue arrow indicates G9a-ΔSET protein. In vitro
translated proteins (400 µg) of RUNX3 and G9a or G9a-ΔSET were
mixed, immunoprecipitated with anti-RUNX3 antibody and immuno-
blotted with anti-HA antibody (right panel). I P-element insertion sites of
two loss-function mutants G603 and G1854 in the genomic structure of
G9a. ATG, translation initiation codon. J–N Dissecting stereomicro-
scope images of ommatidial defects in the indicated mutant lines.
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in normoxia (20% O2) or hypoxia (1% O2) using α-tubulin
as a cytosolic marker and DAPI as a nuclear marker.
RUNX3 was co-localized either with DAPI in the nucleus
or with α-tubulin in the cytoplasm under normoxia
(Fig. S1F). Most RUNX3 was distributed in the cytoplasm
and co-localized with α-tubulin in the cytoplasm under
hypoxia while a little RUNX3 was co-localized with DAPI
in the nucleus (Fig. S1F). These results indicate that most
RUNX3 was translocated to the cytoplasm under hypoxia
for 8 h. In addition, RUNX3 protein expression was
decreased while G9a expression was increased in human
gastric tumor tissue compared to normal human gastric
tissue (Fig. 1C). Consistently, IF analysis of human gastric
tumor tissue sections showed that gastric cancers had low
expression of RUNX3 compared to the normal, while gas-
tric cancers had high expression of G9a compared to the
normal (Fig. 1D), and this pattern was also seen in various
human cancers (Fig. S1C). These results suggest that the
reciprocal expression between G9a and RUNX3 is mani-
fested in various human cancers.

Knockdown of G9a by siRNA restored the protein levels
of RUNX3 downregulated by hypoxia (Fig. 1E). G9a
overexpression by WT G9a plasmid downregulated the
protein levels of RUNX3 in a dose-dependent manner
(Fig. 1F), whereas a mutant G9a with the SET domain
deleted (G9a-ΔSET) did not alter RUNX3 protein levels. To
test the interaction between G9a and RUNX3, G9a (GFP-
G9a) was co-expressed with RUNX3 (Myc-RUNX3), and
binding was examined by IP. The results show that G9a
coprecipitates with RUNX3 and vice versa suggesting an
interaction between these proteins (Fig. 1G). To confirm
this result, G9a and RUNX3 were translated in vitro and
used for an interaction assay. Interestingly, RUNX3 bound
with both WT G9a and G9a-ΔSET (Fig. 1H), which sug-
gested RUNX3 did not directly bind to SET domain of G9a.
These results indicate that RUNX3 is reciprocally regulated
by G9a through direct binding.

Next, we examined the genetic interaction of drosophila
RUNX (lz/RUNX) and G9a in ommatid development. lz/
RUNX overexpression resulted in an ommatidial defect that
appeared as a rough eye phenotype (Fig. 1J). A large-scale
genetic screen using a previously reported fly mutant library
including ~20,000 mutants [5] revealed two loss-of-
function mutants in G9a, G603 and G1854, which map to
an upstream regulatory region and the 1st exon of G9a,
respectively (Fig. 1I). Both of these mutations alone showed
no apparent ommatidial defects (Fig. 1K, L) however the
combination of these G9a mutants with overexpression of
lz/RUNX showed a more severe ommatidial defects
(Fig. 1M, N) than lz/RUNX overexpression in a WT back-
ground (Fig. 1J). These results indicate a genetic interaction
between G9a and lz/RUNXs and further suggest that G9a
negatively regulates RUNX3 in the fly ommatid.

G9a methylates RUNX3 by direct binding

To further elucidate the interaction between G9a and
RUNX3, we sought to determine the specific location where
G9a bound to RUNX3 using domain mapping analysis. For
this, we made Flag-tagged mutants of G9a that correspond
to the three conserved domains in G9a (Fig. 2A, upper
panel) [33–35]. RUNX3 preferentially bound to the G9a
mutant corresponding to the central ANK (domain B) in
G9a (Fig. 2A, lower panel), which is known to be involved
in protein–protein interactions [34, 36]. To further deter-
mine the specific location of RUNX3 binding to G9a, Myc-
tagged mutants of RUNX3 were used. RUNX3 has three
conserved domains (Fig. 2B, upper panel) [37]. G9a did not
bind to RUNX3-ΔRunt (Fig. 2B, lower panel), which is
missing the conserved DNA-binding domain (128aa) that
binds to a specific motif in DNA [37]. Together these data
suggest that the ankyrin repeat region of G9a interacts with
the Runt domain of RUNX3.

Since G9a also plays a role as a non-histone protein
methyltransferase [38, 39], we examined whether G9a
methylated RUNX3 under hypoxia. RUNX3 methylation
was increased by hypoxia in a time-dependent manner
(Fig. 2C), suggesting G9a could methylate RUNX3 under
hypoxia. To examine the RUNX3 methylation by G9a,
GFP-G9a was co-overexpressed with Myc-RUNX3, and the
levels of RUNX3 methylation was measured. The co-
overexpression with the WT plasmids also induced RUNX3
methylation (Fig. 2D). Treatment of the cells with a specific
inhibitor of G9a methyltransferase, BIX-01294 [40],
reduced methylation of RUNX3 (Fig. 2D). In addition,
deletion of the Runt domain in RUNX3 (ΔR) or SET
domain in G9a (ΔS) did not induce RUNX3 methylation.
We also examined the RUNX3 methylation with the con-
structs A or C of G9a, which do not contain region B. The
expression of G9a or RUNX3 was confirmed using western
blot analysis in HEK293 cells co-transfected with G9a
plasmids (pEGFP-G9a; FL, A, and C) or RUNX3 plasmid
(pCS4-3Myc-RUNX3). We found that the constructs of
RUNX3 or G9a was co-expressed in the HEK293 cells
(Fig. 2E, upper). We next examined the binding interaction
of RUNX3 with G9a using IP assay, and we found that FL
construct induced RUNX3 methylation, while A or C
constructs did not (Fig. 2E, lower). These results indicated
that G9a without region B was not able to methylate
RUNX3. The expression and localization of RUNX3 was
examined by treatment of BIX-01294 or leptomycin using
IF. BIX-01294 or leptomycin induced RUNX3 expression
and localization in the nucleus (Fig. 2F), suggesting G9a
inhibition can induce nuclear residence of RUNX3. Since
G9a interacted with the Runt domain of RUNX3, we next
investigated whether G9a could methylate the Runt domain
using in vitro methylation assays. The result showed that
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Fig. 2 G9a mediates RUNX3 methylation under hypoxia. Sche-
matic diagram showing full and truncated constructs of G9a (A, B, C,
AB, and BC (A) or RUNX3 (full-length RUNX3, truncated RUNX3 at
325 or 187, and ΔRunt (B) (upper panel) and interactions of the
constructs with G9a or RUNX3 measured in HEK293 cells (lower
panel). C Western blot analysis of methylated RUNX3 (Me-RUNX3)
in SNU484 and SNU5 cells under normoxia (N) and at 4, 8, 12, and
24 h after hypoxic exposure. D Western blot analysis of methylated
RUNX3 (Me-RUNX3) in HEK293 cells treated with vehicle or BIX-
01294 or transfected with wild-type or mutant RUNX3 or G9a. ΔR,
ΔRUNT; ΔS, ΔSET. E Western blot analysis of G9a and RUNX3 in
HEK293T cells co-transfected with G9a plasmids (pEGFP-G9a; FL,
A, and C) or RUNX3 plasmid (pCS4-3Myc-RUNX3). β-actin was
used as a loading control (upper). Co-immunoprecipitation (IP) assay

and western blot analysis of methylated lysine for methylated RUNX3
(Me-RUNX3) in the HEK293 cells (lower). F Immunocytochemistry
analysis of RUNX3 (6E9 antibody) and G9a in SNU484 cells treated
with vehicle, BIX-01294 (10 µM), or leptomycin (10 µM) for 16 h
under hypoxia. Nuclear DNA was detected by staining with 4′,6-dia-
midino-2-phenylindole (DAPI). Scale bar= 10 μm. G In vitro
methyltransferase assays of recombinant Runt and histone proteins.
Data are shown as the mean ± SD (n= 2-3). cpm counts per minute;
*p < 0.05 by one-way ANOVA with Tukey’s posthoc corrections. H
Immunofluorescence analysis of G9a, RUNX3, and methylated-lysine
expression in human gastric normal and tumor tissues. Nuclei were
counterstained with DAPI. Scale bar= 100 μm. *p < 0.05; ****p <
0.0001 by one-way ANOVA with Tukey’s posthoc corrections.

RUNX3 methylation drives hypoxia-induced cell proliferation and antiapoptosis in early tumorigenesis 1259



G9a could methylate specifically the Runt domain of
RUNX3 (Fig. 2G). To elucidate the RUNX3 methylation by
G9a in human biopsy, we compared the expression of
RUNX3 and localization of methylated-lysine in human
gastric tumor tissues and normal tissues using IF. Although
levels of RUNX3 were decreased in gastric tumors, the
colocalization of methylated-lysine with RUNX3 was
increased in human gastric tumor compared to normal tis-
sues (Fig. 2H). These results suggest that G9a methylates
RUNX3 by direct binding both in vitro and in vivo.

G9a methylated RUNX3 at K129 and K171

Since G9a methylated RUNX3 (Fig. 2C, D, F), the specific
lysine residues of RUNX3 were investigated. The Runt
domain of RUNX3 contains six lysine residues, four of
which (K94, K129, K148, and K171) are exposed on the

surface of the protein [41]. We substituted these four lysine
residues to arginine (R) in RUNX3 and examined the ability
of G9a to methylate these proteins in cells (Fig. 3A) and
with purified proteins (Fig. 3B–F). K129R or K171R
mutants showed lower RUNX3 methylation compared to
WT, and the double mutant (K129/171R) showed no
methylation (Fig. 3A). K94R and K148R mutants showed
similar levels of methylation compared to WT (Fig. 3A). In
in vitro methyltransferase assays, K129A or K171A
mutants also showed lower RUNX3 methylation compared
to WT, and the double mutant (K129/171A) showed no
methylation (Fig. 3B). To further confirm these results,
LC–MS/MS analysis of RUNX3 was performed by fol-
lowing tryptic digestion after incubating RUNX3 with G9a.
Through MS-GF+ search [42] of the LC–MS/MS data,
mono- and di-methylated peptides of RUNX3 at K129
(Fig. 3C) or K171 (Fig. 3D) were identified. These

Fig. 3 G9a methylates RUNX3 at K129 and K171. A Western blot
analysis of methylated RUNX3 (Me-RUNX3) in HEK293 cells trans-
fected with G9a (GFP-G9a) and indicated RUNX3 plasmids. B In vitro
methyltransferase assay of WT or lysine-mutant Runt proteins (2 or
8 µM) of RUNX3 using 3H-SAM as a methyl donor, followed by
autoradiography or Ponceau staining. MS/MS spectra of mono- and di-
methylated peptides (precursors) containing K129 (C) or K171 (D) using

LC–MS/MS analysis. The spectra show intensities (y-axis) of fragmented
y and b ions (red lines) at their mass-to-charge (m/z) ratios (x-axis).
Fragmented ions at K129 or K171 were labeled in blue. yi, i-th y ions; bi,
i-th b ions; −NH3 and –H2O, NH3 and H2O adducts; CS charge state;
and+ and + +, single and double positively changed ions. Intensities of
mono- and di-methylated peptides (precursors) containing K129 (E) or
K171 (F) with or without G9a incubation.
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methylated peptides were not detected in the absence of
G9a (Fig. 3E, F). These results suggest that G9a methylates
RUNX3 specifically at K129 and/or K171 residues of the
Runt domain.

The methylation by G9a reduces RUNX3
transactivation by inhibiting its interaction with
CBFβ and p300

To examine the role of G9a in the interaction between
RUNX3 and CBFβ and p300, the binding of RUNX3 to
these proteins was examined with and without over-
expression of G9a (Fig. 4A, B). Binding of CBFβ and p300
to RUNX3 was inhibited by overexpression of G9a but not
by the G9a-ΔSET mutant. These data indicate that G9a
inhibits the formation of heterocomplex RUNX3 with
CBFβ and p300. In addition, G9a overexpression decreased
the acetylation of RUNX3. These data indicate that G9a
inhibits the binding of RUNX3 with p300 and the sub-
sequent acetylation of RUNX3. In contrast the interaction of
RUNX3 with CBFβ (Fig. 4C) or p300 (Fig. 4D), as well as
acetylation of RUNX3 (Fig. 4D), were significantly
increased in RUNX3 mutants (K129R, K171R, and K129/
171R) compared to those in RUNX3 WT. These results
indicate that G9a-mediated RUNX3 methylation at K129
and K171 inhibits the interaction of RUNX3 with its tran-
scriptional cofactors, CBFβ and p300, and potentially
reducing promoter binding of RUNX3.

Importin-α1 strongly bound to RUNX3 in the absence of
CBFβ, while weakly bound to RUNX3 in the presence of
CBFβ (Fig. 4E). Importin-α7 bound to RUNX3 only when
CBFβ was present suggesting importin-α7 does not bind
RUNX3 directly (Fig. 4E). To further examine the role of
G9a in the formation of the RUNX3 and importin com-
plexes, G9a (GFP-G9a) was co-overexpressed with RUNX3
and the importins. Importin-α1 strongly bound to RUNX3
both in the presence and absence of G9a (Fig. 4F), while the
binding of importin-α7 with RUNX3 and CBFβ was
inhibited by G9a in a dose-dependent manner (Fig. 4G).
These results suggest that RUNX3 is transported into the
nucleus in part by binding to CBFβ, which binds importin-
α7 and translocates the complex into the nucleus.

RUNX3 methylation by G9a globally affects RUNX3
target gene expression

Hypoxia reduced the transcriptional activity of RUNX3 and
this activity was recovered by G9a knockdown (Fig. 5A).
Further, we co-transfected our RUNX3 mutants (K94R,
K129R, and K171R) and G9a, and measured the luciferase
activity. G9a suppressed the transcriptional activity of
RUNX3 WT and RUNX3 mutant (K94R) under hypoxia,
while G9a (WT or ΔSET) did not suppress the transcriptional

activity of RUNX3 mutant (K129R, K171R) under hypoxia
(Fig. 5B). These results indicate that the K129 and K171 in
the Runt domain of RUNX3 are essential for the suppression
of the transactivation activity of RUNX3 by G9a.

We systematically investigated the modulation of
RUNX3 transcriptional activity by G9a-mediated methyla-
tion using chromatin-IP sequencing (ChIP-seq). K129R and
K171R mutations strongly increased read counts of the
consensus peaks (Fig. 5C) and in neighboring regions
(Fig. 5D) compared to WT, suggesting an increase of
binding affinity of RUNX3 mutants (K129R and K171R) to
target genes. The numbers and distributions of the con-
sensus peaks in the genomic regions (Fig. 5E, F) further
showed that the binding of RUNX3 was more enriched in
the promoter, intron, and downstream regulatory regions
than in coding sequences (CDSs) and 5′ and 3′ untranslated
regions (UTRs).

To further elucidate the effects of the increased RUNX3
binding in these three enriched regions on mRNA expres-
sion of target genes, mRNA expression was profiled in
SNU484 overexpressing WT, K129R and K171R mutant
RUNX3 under hypoxia. Six hundred and ninety-two DEGs
were identified between WT and the mutants, including 387
upregulated and 305 downregulated genes by K129R or
K171R mutation. The RUNX3-binding affinity changes
were compared in each of the three regulatory regions of the
up- and downregulated genes with those of non-DEGs. In
the promoter region, the up- and downregulated genes
showed significantly (p < 0.05) higher and lower log2-fold-
changes of the consensus peaks than non-DEGs, respec-
tively (Fig. 5G, H). In contrast the intron and downstream
regulatory regions of these DEGs showed no significant
differences in log2-fold-chagnes of the consensus peaks
compared to non-DEGs (Fig. S2A–C). Thus, although
K129R and K171R mutations increased RUNX3 target
promoter binding, they increased the binding strongly and
weakly for the up- and downregulated genes, respectively,
compared to that for non-DEGs. These results suggest that
G9a-mediated methylation decreases RUNX3 target pro-
moter binding with differential extents depending on the
target genes.

RUNX3 methylation promotes cancer cell
proliferation but inhibits apoptosis under hypoxia

We identified 211 DEGs (118 upregulated and 93 down-
regulated) that also showed increased promoter binding by
the mutant RUNX3s (Fig. 6A, Tables S1 and S2). Enrich-
ment analysis of GOBPs revealed that the upregulated
genes were mainly associated with the processes related to
immune response and apoptosis, whereas the down-
regulated genes were associated with the processes related
to cell cycle (Fig. 6B). These data suggest that RUNX3
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Fig. 4 G9a-mediated methylation inhibits interactions between
RUNX3 and CBFβ/p300. A Co-immunoprecipitation (IP) assay of
CBFβ and RUNX3 in HEK293 cells transfected with control vector
and G9a plasmids (WT, ΔSET). Immunoprecipitates were analyzed by
immunoblotting with anti-CBFβ, anti-RUNX3, anti-G9a, and anti-β-
actin antibodies. B Co-immunoprecipitation (IP) assay of p300 and
RUNX3 in HEK293 cells transfected with control vector, p300 (HA-
p300) and G9a plasmids (WT, ΔSET). Immunoprecipitates were
analyzed by immunoblotting with anti-acetyl Lysine (#9441, Cell
Signaling Technology), anti-RUNX3, anti-p300 (ab10485, abcam),
anti-G9a, and anti-β-actin antibodies. C Co-immunoprecipitation (IP)
assay of CBFβ and RUNX3 in HEK293 cells transfected with G9a
plasmid (pEGFP-G9a) and indicated RUNX3 mutants. Immunopre-
cipitates were analyzed by immunoblotting with anti-CBFβ, anti-
RUNX3, anti-G9a, and anti-β-actin antibodies. D Co-
immunoprecipitation (IP) assay of p300 and RUNX3 in HEK293
cells transfected with G9a plasmid (pEGFP-G9a) and indicated
RUNX3 mutants. Immunoprecipitates were analyzed by immuno-
blotting with anti-RUNX3, anti-p300, anti-acetyl Lysine, anti-G9a,
and anti-β-actin antibodies. Protein levels were quantified from
the western blot images (n= 3), and data are shown as the mean ± SD.

*p < 0.05 (CBFβ and RUNX3) and #p < 0.05 (Ace-RUNX3) by one-
way ANOVA with Tukey’s posthoc correction. E Co-
immunoprecipitation (IP) assay of RUNX3 and importins in
HEK293 cells transfected with RUNX3 (Flag-RUNX3), importins
(Myc-importin-α1, Myc-importin-α7), and/or CBFβ (HA-CBFβ)
plasmids. Immunoprecipitates were analyzed by immunoblotting with
anti-Myc (ab9106, abcam), anti-HA (SC-7392, Santa Cruz), anti-Flag
(F1804, Sigma), anti-CBFβ (ab124693, abcam), anti-RUNX3, and
anti-Tubulin (SC-5286, Santa Cruz) antibodies. F Co-
immunoprecipitation (IP) assay of RUNX3 and importin-α1 in
HEK293 cells transfected with RUNX3 (Flag-RUNX3), importins
(Myc-importin-α1), and/or G9a (pEGFP-G9a) plasmids. Immunopre-
cipitates were analyzed by immunoblotting with anti-Myc, anti-HA,
anti-GFP, anti-RUNX3, anti-importin-α1, anti-G9a, and anti-β-actin
antibodies. G Co-immunoprecipitation (IP) assay of RUNX3 and
importin-α7 in HEK293 cells transfected with RUNX3 (Flag-
RUNX3), CBFβ (HA-CBFβ), importin (Myc-importin-α7) and/or G9a
(pEGFP-G9a) plasmids. Immunoprecipitates were analyzed by
immunoblotting with anti-Myc, anti-HA, anti-Flag, anti-GFP, anti-
RUNX3, anti-CBFβ, anti-importin-α7, anti-G9a, and anti-β-actin
antibodies.
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methylation by hypoxia promotes gastric cancer cell pro-
liferation through the increased cell cycle or cell division,
while it suppresses immune response and apoptosis.

Cell proliferation and colony formation were increased
under hypoxia compared to normoxia in the RUNX3 WT,
whereas they were significantly (p < 0.05) decreased in the

K129R, K171R, or K129R/K171R mutants (Fig. 6C and
S3A). In addition, the number of apoptotic cells was
decreased under hypoxia compared to normoxia in the
RUNX3 WT, but not apparently in the mutants (Fig. 6D).
The network model showed that both apoptosome and
inflammasome-mediated apoptotic pathways were

Fig. 5 Hypoxia-induced methylation modulates RUNX3 tran-
scriptional activity. A Luciferase reporter assay of RUNX3 under
hypoxia in HEK293 cells transfected with G9a siRNA (siG9a, +, 5
nM; ++, 20 nM) and/or RUNX3 plasmid (pCS4-3Myc-RUNX3). The
result was normalized to the activity of β-gal. Data are shown as the
mean ± SD (n= 3). *p < 0.05 (normoxia) and #p < 0.05 (hypoxia) by
one-way ANOVA with Tukey’s posthoc correction. B Luciferase
reporter assay of RUNX3 in HEK293 cells transfected with G9a
plasmids (WT, ΔSET) and/or indicated RUNX3 mutants. The result
was normalized to the activity of β-gal. Data are shown as the mean ±
SD (n= 3). *p < 0.05 by one-way ANOVA with Tukey’s posthoc
correction. C Scatter plot of log2-fold-changes of consensus peak (red

dot) intensities (read counts) for K129R versus WT (x-axis) and
K171R versus WT (y-axis). D Distributions of read counts in the
neighboring regions of consensus peaks (−2 kb and +2 kb from
consensus peak centers). Blue and red bars, consensus peaks with no
intensity changes between WT and the mutant and increased intensities
in the mutants, respectively. Color bar, gradient of read counts at
individual bases. Distribution of the mean consensus peak intensities
(RPKMs) (E) and numbers of consensus peaks (F) in the indicated
genomic regions. Distributions (G) and cumulative density functions
(H) of log2-fold-changes of consensus peak intensities in up- and
downregulated genes and non-DEGs. *p < 0.05 by one-way ANOVA
with Tukey’s posthoc corrections.
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Fig. 6 Hypoxia-induced RUNX3 methylation regulates a subset of
target genes involved in apoptosis and proliferation. A Relation-
ships between DEGs and target genes with differential promoter
bindings between RUNX3 WT and mutants. Numbers of DEGs and
target genes were denoted in parenthesis. B Radar plot showing cel-
lular processes enriched by up- and downregulated genes. Enrichment
scores, –log(p), where p is the enrichment p value, for cellular pro-
cesses. The levels of proliferation (C) or apoptosis (D) were deter-
mined under normoxia (N) or hypoxia (H) by cell count in SNU484
cells stably expressing RUNX3 WT and mutants (Rx K129R, K171R,
and K129/171R). E Network model describing interactions among up-
or downregulated genes involved in cell death/apoptotic process and
proliferation, respectively. Node colors, up- (red) and downregulated
(green) RUNX3 target genes and genes with no expression changes
(yellow) in the mutants, compared to WT. Arrow, activation; sup-
pression symbol, inhibition; solid and dotted lines, direct and indirect

interactions, respectively; ISRE interferon (IFN)-sensitive response
element, ISGs IFN-stimulated genes, TRE 12-O-Tetra-
decanoylphorbol-13-acetate (TPA) response element, EBS ETS-
binding site. Confirmation of increased promoter binding (F) and
upregulation (G) of five representative genes in SNU484 cells stably
expressing WT and mutant RUNX3 (Rx K129R and K171R) by ChIP-
PCR and qRT-PCR analyses, respectively. H In vivo xenograft assays
in nude mice inoculated with MKN1 cells expressing the indicated
constructs (n= 8 mice/condition). I Immunohistochemistry analysis of
CD31, Ki67, and TUNEL in the tumors from (H). J Relative counts of
proliferating (Ki67) and apoptotic (TUNEL) cells quantified from the
images in (I). Cell counts were normalized by those obtained from
MKN1 cells expressing G9a. The results in (C), (D), (F), (G), and (J)
represent the mean ± SD of two or three independent experiments.
*p < 0.05 and #p < 0.05 (TUNEL) by one-way ANOVA with Tukey’s
posthoc correction.
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upregulated by the mutations (Fig. 6E). In contrast, the net-
work model showed that the activities of FGF-PI3K-FOS
signaling pathway and cell cycle were decreased by the
mutations. The target genes were confirmed by ChIP-PCR
and qRT-PCR analyses, which are involved in mitochondrial
dysfunction (TRIM22), interferon signaling (MX1), and
apoptosome (BCL2L11) and inflammasome (NLRP3 and
IL1β)-mediated apoptotic pathways (Fig. 6E–G, and S3B).

Since overexpression of RUNX3 alone strongly slowed
down tumor growth (Fig. S4), we co-overexpressed G9a
with RUNX3 WT or mutants. Tumors expressing K129R
(RUNX3 K129R) and/or K171R (RUNX3 K171R) mutants
of RUNX3 grew slower than those expressing RUNX3 WT,
mock (control), or G9a alone (Fig. 6H). This pattern of
tumor growth was similar to that observed with over-
expression of RUNX3 WT without G9a (Fig. 6H and S4).
In addition, tumors expressing RUNX3 mutants showed
significantly (p < 0.05) higher numbers of TUNEL-positive
cells and lower numbers of Ki67-positive cells than tumors
expressing RUNX3 WT (Fig. 6I, J). Taken together, these
results suggest that G9a-mediated methylation of RUNX3
under hypoxia enhances cancer cell proliferation by
increasing cell cycle or cell division with possibility of
suppressing apoptosis through inhibiting inflammasome-
mediated apoptotic pathways, which might promote tumor
growth.

RUNX3 methylation has potential clinical
implications in human cancers

Using somatic mutations of RUNX3 from Catalog of
Somatic Mutations in Cancer (COSMIC) database and
TCGA data portal [43, 44], two mutation cluster regions
(MCR1 and 2) near K129 and K171 (Fig. 7A) were iden-
tified. We examined the ability of mutations in MCR1/2 to
alter the extent of G9a-mediated methylation at K129 and
K171 using in vitro methylation assays. R122C mutation in
MCR1 decreased K129 methylation in SNU484 cells
expressing K171A mutant. T173I, G176R, and R178W/Q
mutations in MCR2 decreased K171 methylation in
SNU484 cells expressing K129R mutant (Fig. 7B). These
results suggest that somatic mutations can alter the extent of
G9a-mediated RUNX3 methylations, thereby inhibiting
negative regulation of RUNX3 by G9a in human gastric
cancers.

Patients (top 25%) with higher mRNA expression levels
of RUNX3 at stages 1 and 2 showed better survival than
patients (bottom 25%) with lower mRNA expression levels
of RUNX3 (Fig. 7C). However, this survival pattern was
not observed in patients at stages 3 and 4 (Fig. S5), con-
sistent with the previously reported role of RUNX3 in early
tumorigenesis [3, 4]. To confirm this positive correlation of
RUNX3 levels with patient survivals at the protein level,

IHC analysis was performed for tissue samples from 450
gastric cancer patients using tissue microarrays. Depending
on RUNX3 protein levels in gastric epithelium, the patients
were categorized into four groups with Grades 0–3
(Fig. 7D). Patients (Grades 1–3) expressing RUNX3 pro-
teins showed better survival than patients (Grade 0) with
virtually no RUNX3 protein expression (Fig. 7E). Our
results provide a molecular mechanism for the hypoxia-
induced inhibition of RUNX3, which can enhance survival/
proliferation of gastric cancer cells and suppressing their
apoptosis during early tumorigenesis (Fig. 7F): hypoxia
induces G9a that methylates RUNX3 at K129/K171,
inducing cytosolic localization of RUNX3 via dissociating
with importin-α7 (1) and the methylation decreases the
binding of RUNX3 to the promoter of target genes (3) by
inhibiting interactions of RUNX3 with CBFβ and p300 (2).

Discussion

Diverse PTMs affect tumor suppressive functions of
RUNX3, such as stability, subcellular localization, and
transactivation activity [1]. p300-mediated acetylation of
RUNX3 induced by TGFβ signaling inhibits degradation of
RUNX3 via Smurf-dependent ubiquitination [45]. In con-
trast, sumoylation of RUNX3 by PIAS suppresses its
transactivational activity [46]. Moreover, phosphorylation
of RUNX3 by Src [47] or PIM1 kinase [48] decreases
nuclear import of RUNX3, thereby reducing its transacti-
vation activity. Recently, G9a was shown to interact with
RUNX3 [49], suggesting that G9a might directly modulate
RUNX3 to control tumor suppressive functions of RUNX3.
However, the precise molecular mechanism of RUNX3
methylation by G9a under hypoxia and its links to tumor
suppressive functions of RUNX3 were not fully
investigated.

In this study, we demonstrated that K129 and K171 are
methylated by G9a under hypoxic conditions. The acet-
ylation and methylation at K171 led to activation and
inactivation of RUNX3, respectively, under different con-
ditions (e.g., serum-stimulated and hypoxic conditions).
Accordingly, these two PTMs at K171 may not occur
simultaneously because RUNX3 is likely to be activated or
inactivated under specific condition. Although p300, BRD2,
and G9a interact with the same Runt domain of RUNX3,
these data suggest that cells undergo differential lysine
modifications of RUNX3 through interactions with these
proteins to adequately adapt them to the varying tumor
microenvironment. In particular, tumor cells appear to
have methylation of K129 and K171 as the predominant
lysine modifications under hypoxic microenvironment.

Regarding the reduced activity of promoter binding to
the RUNX3 target genes (Figs. 5 and 6), we can suggest the
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two possible explanations from the results (Fig. 4), the time-
dependent RUNX3 expression pattern, and RUNX3-G9a
interaction in the nucleus at 8 h under hypoxia (Fig. S1C–E).

One possibility is that the early increase of G9a under
hypoxia methylates RUNX3, and the methylation of
RUNX3 inhibits the interaction with CBFβ and p300, key
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cofactors to activate RUNX3 transactivation activity
[45, 50]. The decreased interaction of RUNX3 with these
cofactors would be an essential mechanism of reduced
binding activity to the target gene promoters when RUNX3
is abundant in the nucleus in the primary stage of hypoxic
exposure. Further, methylated RUNX3 dissociate with
importin-α7 and translocate into the cytosol resulting in the
reduced amount of the RUNX3 protein in the nucleus. This
methylation-induced cytosolic translocation and degradation
would be another possible mechanism to decrease RUNX3
transactivation activity. Most RUNX3 was distributed in the
cytoplasm under hypoxia, while a little RUNX3 was loca-
lized in the nucleus. RUNX3 methylation by G9a decreased
nuclear localization of RUNX3 under hypoxia, which might
induce the RUNX3 protein degradation by the cytosolic
mislocalization [51], resulting in the reduction of its trans-
activation activity. Inhibition of nuclear export by lepto-
mycin redistributed RUNX3 in the nucleus under hypoxia
(Fig. 2F), which blocked translocation of RUNX3 to the
cytoplasm and accumulated RUNX3 in the nucleus without
protein degradation. Therefore, G9a induced less nuclear
localization of RUNX3 by dissociating of RUNX3 with
importin-α7 in the nucleus, but not by inhibiting nuclear
import of RUNX3 in the cytoplasm. Therefore, RUNX3
methylation by G9a reduced RUNX3 transactivation activity
and increased protein degradation by the cytosolic locali-
zation, which finally promoted tumor progression by the
reduction of a tumor suppressor.

Hypoxia is highly associated with the early stage of
tumorigenesis [52, 53]. We showed that G9a-mediated
methylation led to RUNX3 inactivation under hypoxia
during early tumorigenesis. Our association analyses
revealed that somatic mutations in the neighboring regions
of K129 and K171 decreased G9a-mediated methylation of

RUNX3, and higher basal levels of RUNX3 at early stage
of tumorigenesis showed better patient survival. Accord-
ingly, somatic mutations and high basal levels of RUNX3
can determine the rate of RUNX3 inactivation by G9a-
mediated methylation during early tumorigenesis, thereby
affecting patient survival. G9a-mediated RUNX3 methyla-
tion thus can serve as a potential therapeutic target to pre-
vent tumor growth by increasing cell proliferation and
antiapotosis during early tumorigenesis.

Acknowledgements We thank Drs. Dong Chenfang, Martin Walsh,
Ihn Sik Seong, and Suk Min Jang for providing mutants, mass spec-
trometry analysis, and/or useful comments. We thank Dr. Joanne R.
Doherty for critically reading the manuscript. This work was supported
by NRF grants (2011-0020334 to JJS, R16-2003-002-01001-02006 to
SCB, and 2017R1A2B3002227 and 2020R1A5A2017323 to YML)
and the Institute for Basic Science (IBS-R013-A1 to DH) funded by
the Korean government.

Author contributions YML and DH directed this project. SHL, DYH,
SHY, SCB, DH, and YML designed in vitro and vivo experiments and
ChIP-seq and gene expression analysis. SHL, DYH, SHY, SMH, JWJ,
JHJ, MPN, XZC, SA, KH, SCB, and HJJ, performed the experiments
and data analysis. JJS, SCB, WHK, DH, and YML interpreted the
data. SHL, JHJ, JJS, SCB, DYH, SHY, DH, and YML wrote the
manuscript.

Compliance with ethical standards

Conflict of interest The authors declare that they have no conflict of
interest.

Publisher’s note Springer Nature remains neutral with regard to
jurisdictional claims in published maps and institutional affiliations.

Open Access This article is licensed under a Creative Commons
Attribution 4.0 International License, which permits use, sharing,
adaptation, distribution and reproduction in any medium or format, as
long as you give appropriate credit to the original author(s) and the
source, provide a link to the Creative Commons license, and indicate if
changes were made. The images or other third party material in this
article are included in the article’s Creative Commons license, unless
indicated otherwise in a credit line to the material. If material is not
included in the article’s Creative Commons license and your intended
use is not permitted by statutory regulation or exceeds the permitted
use, you will need to obtain permission directly from the copyright
holder. To view a copy of this license, visit http://creativecommons.
org/licenses/by/4.0/.

References

1. Ito Y, Bae SC, Chuang LS. The RUNX family: developmental
regulators in cancer. Nat Rev Cancer. 2015;15:81–95.

2. van Wijnen AJ, Stein GS, Gergen JP, Groner Y, Hiebert SW, Ito
Y, et al. Nomenclature for Runt-related (RUNX) proteins.
Oncogene. 2004;23:4209–10.

3. Chi XZ, Lee JW, Lee YS, Park IY, Ito Y, Bae SC. Runx3 plays a
critical role in restriction-point and defense against cellular
transformation. Oncogene. 2017;36:6884–94.

4. Lee JW, Kim DM, Jang JW, Park TG, Song SH, Lee YS, et al.
RUNX3 regulates cell cycle-dependent chromatin dynamics by

Fig. 7 Potential clinical implications of RUNX3 methylation in
human cancers. A Distributions of non-synonymous somatic muta-
tions of RUNX3 reported in COSMIC database and TCGA data portal
near K129 (left) and K171 (right) in indicated cancers. MCRs 1 and 2
with high mutation scores were shown. B In vitro methyltransferase
assay of RUNX3 in SNU484 cells expressing the indicated RUNX3
constructs and G9a using 3H-SAM as a methyl donor, followed by
autoradiography or coomassie staining. C Survival differences
between two groups of patients expressing high (top 25%) and low
(bottom 25%) mRNA expression levels of RUNX3 at stages 1 and 2 in
TCGA and ACRG cohorts. D Immunohistochemistry analysis of tis-
sue samples in Grades 0–3 from tissue microarray experiments. Brown
color represents expression of RUNX3 protein. E Overall survival rate
in gastric cancer patients with high-grade (Grades 1–3) and low-grade
(Grade 0) tumor according to RUNX3 protein expression. F A sche-
matic model describing modulation of RUNX3 by G9a-mediated
methylation under hypoxia in early gastric tumorigenesis: (1) RUNX3
methylation by G9a under hypoxia and induction of cytosolic locali-
zation of RUNX3 via dissociating with importin-α7, (2) inhibition of
the RUNX3-CBFβ/p300 interaction, and (3) decrease of RUNX3
binding to the promoter of target genes.

RUNX3 methylation drives hypoxia-induced cell proliferation and antiapoptosis in early tumorigenesis 1267

http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/


functioning as a pioneer factor of the restriction-point. Nat
Commun. 2019;10:1897.

5. Lee YS, Lee JW, Jang JW, Chi XZ, Kim JH, Li YH, et al. Runx3
inactivation is a crucial early event in the development of lung
adenocarcinoma. Cancer Cell. 2013;24:603–16.

6. Li QL, Ito K, Sakakura C, Fukamachi H, Inoue K, Chi XZ, et al.
Causal relationship between the loss of RUNX3 expression and
gastric cancer. Cell. 2002;109:113–24.

7. Lee SH, Kim J, Kim WH, Lee YM. Hypoxic silencing of tumor
suppressor RUNX3 by histone modification in gastric cancer cells.
Oncogene. 2009;28:184–94.

8. An S, Yeo KJ, Jeon YH, Song JJ. Crystal structure of the human
histone methyltransferase ASH1L catalytic domain and its
implications for the regulatory mechanism. J Biol Chem.
2011;286:8369–74.

9. Shin B, Jung HJ, Hyung SW, Kim H, Lee D, Lee C, et al.
Postexperiment monoisotopic mass filtering and refinement (PE-
MMR) of tandem mass spectrometric data increases accuracy of
peptide identification in LC/MS/MS. Mol Cell Proteom.
2008;7:1124–34.

10. Kim S, Mischerikow N, Bandeira N, Navarro JD, Wich L,
Mohammed S, et al. The generating function of CID, ETD, and
CID/ETD pairs of tandem mass spectra: applications to database
search. Mol Cell Proteom. 2010;9:2840–52.

11. Zhang X, Monroe ME, Chen B, Chin MH, Heibeck TH, Schep-
moes AA, et al. Endogenous 3,4-dihydroxyphenylalanine and
dopaquinone modifications on protein tyrosine: links to mito-
chondrially derived oxidative stress via hydroxyl radical. Mol Cell
Proteom. 2010;9:1199–208.

12. Ducy P, Karsenty G. Two distinct osteoblast-specific cis-acting
elements control expression of a mouse osteocalcin gene. Mol
Cell Biol. 1995;15:1858–69.

13. Chi XZ, Kim J, Lee YH, Lee JW, Lee KS, Wee H, et al. Runt-
related transcription factor RUNX3 is a target of MDM2-mediated
ubiquitination. Cancer Res. 2009;69:8111–9.

14. Martin M. Cutadapt removes adapter sequences from high-
throughput sequencing reads. EMBnet.journal. 2011;17:10–2.

15. Langmead B, Salzberg SL. Fast gapped-read alignment with
Bowtie 2. Nat Methods. 2012;9:357–9.

16. Li H, Handsaker B, Wysoker A, Fennell T, Ruan J, Homer N,
et al. The sequence alignment/map format and SAMtools.
Bioinformatics. 2009;25:2078–9.

17. Zhang Y, Liu T, Meyer CA, Eeckhoute J, Johnson DS, Bernstein
BE, et al. Model-based analysis of ChIP-Seq (MACS). Genome
Biol. 2008;9:R137.

18. Ross-Innes CS, Stark R, Teschendorff AE, Holmes KA, Ali HR,
Dunning MJ, et al. Differential oestrogen receptor binding is
associated with clinical outcome in breast cancer. Nature.
2012;481:389–93.

19. Ye T, Krebs AR, Choukrallah MA, Keime C, Plewniak F,
Davidson I, et al. seqMINER: an integrated ChIP-seq data inter-
pretation platform. Nucleic Acids Res. 2011;39:e35.

20. Bolstad BM, Irizarry RA, Astrand M, Speed TP. A comparison
of normalization methods for high density oligonucleotide
array data based on variance and bias. Bioinformatics.
2003;19:185–93.

21. Chae S, Ahn BY, Byun K, Cho YM, Yu MH, Lee B, et al. A
systems approach for decoding mitochondrial retrograde signaling
pathways. Sci Signal. 2013;6:rs4.

22. Hwang D, Rust AG, Ramsey S, Smith JJ, Leslie DM, Weston AD,
et al. A data integration methodology for systems biology. Proc
Natl Acad Sci USA. 2005;102:17296–301.

23. Huang DW, Sherman BT, Lempicki RA. Systematic and inte-
grative analysis of large gene lists using DAVID bioinformatics
resources. Nat Protoc. 2009;4:44–57.

24. Ashburner M, Ball CA, Blake JA, Botstein D, Butler H, Cherry
JM, et al. Gene ontology: tool for the unification of biology. The
Gene Ontology Consortium. Nat Genet. 2000;25:25–29.

25. Kanehisa M, Goto S. KEGG: kyoto encyclopedia of genes and
genomes. Nucleic Acids Res. 2000;28:27–30.

26. Grossman RL, Heath AP, Ferretti V, Varmus HE, Lowy DR,
Kibbe WA, et al. Toward a shared vision for cancer genomic data.
N Engl J Med. 2016;375:1109–12.

27. Cristescu R, Lee J, Nebozhyn M, Kim KM, Ting JC, Wong SS,
et al. Molecular analysis of gastric cancer identifies subtypes
associated with distinct clinical outcomes. Nat Med.
2015;21:449–56.

28. Gharaibeh RZ, Fodor AA, Gibas CJ. Background correction using
dinucleotide affinities improves the performance of GCRMA.
BMC Bioinform. 2008;9:452.

29. Gehan EA. A generalized Wilcoxon test for comparing arbitrarily
singly-censored samples. Biometrika. 1965;52:203–23.

30. Tate JG, Bamford S, Jubb HC, Sondka Z, Beare DM, Bindal N,
et al. COSMIC: the catalogue of somatic mutations in cancer.
Nucleic Acids Res. 2019;47:D941–7.

31. Naus JI. Approximations for distributions of scan statistics. J Am
Stat Assoc. 1982;77:177–83.

32. Lee YM, Lee SH, Lee KB, Nguyen MP, Lee MY, Park GH, et al.
Silencing of reversion-inducing cysteine-rich protein with Kazal
motifs stimulates hyperplastic phenotypes through activation of
epidermal growth factor receptor and hypoxia-inducible factor-
2alpha. PLoS ONE. 2013;8:e84520.

33. Brown SE, Campbell RD, Sanderson CM. Novel NG36/G9a gene
products encoded within the human and mouse MHC class III
regions. Mamm Genome. 2001;12:916–24.

34. Milner CM, Campbell RD. The G9a gene in the human major
histocompatibility complex encodes a novel protein containing
ankyrin-like repeats. Biochem J. 1993;290:811–8.

35. Dillon SC, Zhang X, Trievel RC, Cheng X. The SET-domain
protein superfamily: protein lysine methyltransferases. Genome
Biol. 2005;6:227.

36. Sedgwick SG, Smerdon SJ. The ankyrin repeat: a diversity of
interactions on a common structural framework. Trends Biochem
Sci. 1999;24:311–6.

37. Fukushima-Nakase Y, Naoe Y, Taniuchi I, Hosoi H, Sugimoto T,
Okuda T. Shared and distinct roles mediated through C-terminal
subdomains of acute myeloid leukemia/Runt-related transcription
factor molecules in murine development. Blood.
2005;105:4298–307.

38. Lee JS, Kim Y, Kim IS, Kim B, Choi HJ, Lee JM, et al. Negative
regulation of hypoxic responses via induced Reptin methylation.
Mol Cell. 2010;39:71–85.

39. Lee JS, Kim Y, Bhin J, Shin HJ, Nam HJ, Lee SH, et al. Hypoxia-
induced methylation of a pontin chromatin remodeling factor.
Proc Natl Acad Sci USA. 2011;108:13510–5.

40. Kubicek S, O’Sullivan RJ, August EM, Hickey ER, Zhang Q,
Teodoro ML, et al. Reversal of H3K9me2 by a small-molecule
inhibitor for the G9a histone methyltransferase. Mol Cell.
2007;25:473–81.

41. Tahirov TH, Sato K, Ichikawa-Iwata E, Sasaki M, Inoue-Bungo T,
Shiina M, et al. Mechanism of c-Myb-C/EBP beta cooperation
from separated sites on a promoter. Cell. 2002;108:57–70.

42. Kim S, Pevzner PA. MS-GF+ makes progress towards a universal
database search tool for proteomics. Nat Commun. 2014;5:5277.

43. Forbes SA, Bhamra G, Bamford S, Dawson E, Kok C, Clements J,
et al. The catalogue of somatic mutations in cancer (COSMIC).
Curr Protoc Hum Genet. 2008;Chapter 10:Unit 10.11.1-26.

44. Tomczak K, Czerwinska P, Wiznerowicz M. The Cancer Genome
Atlas (TCGA): an immeasurable source of knowledge. Contemp
Oncol. 2015;19:A68–77.

1268 S. H. Lee et al.



45. Jin YH, Jeon EJ, Li QL, Lee YH, Choi JK, Kim WJ, et al.
Transforming growth factor-beta stimulates p300-dependent
RUNX3 acetylation, which inhibits ubiquitination-mediated
degradation. J Biol Chem. 2004;279:29409–17.

46. Kim JH, Jang JW, Lee YS, Lee JW, Chi XZ, Li YH, et al. RUNX
family members are covalently modified and regulated by PIAS1-
mediated sumoylation. Oncogenesis. 2014;3:e101.

47. Goh YM, Cinghu S, Hong ET, Lee YS, Kim JH, Jang JW, et al.
Src kinase phosphorylates RUNX3 at tyrosine residues and
localizes the protein in the cytoplasm. J Biol Chem.
2010;285:10122–9.

48. Zhu X, Xu JJ, Hu SS, Feng JG, Jiang LH, Hou XX, et al. Pim-1
acts as an oncogene in human salivary gland adenoid cystic car-
cinoma. J Exp Clin Cancer Res. 2014;33:114.

49. Verbaro DJ, Sakurai N, Kim B, Shinkai Y, Egawa T. Cutting
edge: the histone methyltransferase G9a is required for silencing
of helper T lineage-associated genes in proliferating CD8 T cells. J
Immunol. 2018;200:3891–6.

50. Speck NA. Core binding factor and its role in normal hemato-
poietic development. Curr Opin Hematol. 2001;8:192–6.

51. Ito K, Liu Q, Salto-Tellez M, Yano T, Tada K, Ida H, et al. RUNX3,
a novel tumor suppressor, is frequently inactivated in gastric cancer
by protein mislocalization. Cancer Res. 2005;65:7743–50.

52. Helmlinger G, Yuan F, Dellian M, Jain RK. Interstitial pH and
pO2 gradients in solid tumors in vivo: high-resolution measure-
ments reveal a lack of correlation. Nat Med. 1997;3:177–82.

53. Folkman J. What is the evidence that tumors are angiogenesis
dependent? J Natl Cancer Inst. 1990;82:4–6.

RUNX3 methylation drives hypoxia-induced cell proliferation and antiapoptosis in early tumorigenesis 1269


	RUNX3 methylation drives hypoxia-induced cell proliferation and antiapoptosis in early tumorigenesis
	Abstract
	Introduction
	Materials and methods
	Cell lines and culture
	Western blot analysis
	Real-time PCR analysis
	Immunofluorescence
	Western blot analysis of human gastric tissues
	Immunoprecipitation
	In vitro translation and protein interaction
	Fly strains
	HMT assay
	Protein methyltransferase assays and point mutagenesis
	Liquid chromatography tandem mass spectrometry (LC–nobreakMS/MS) analysis
	Luciferase reporter assay
	Gene information and expression constructs, and siRNAs
	Chromatin immunoprecipitation (ChIP)
	ChIP-seq data analysis
	RNA isolation and microarray analysis
	Enrichment analysis of GO biological processes
	Reconstruction of network model
	Mouse models
	Analysis of mRNA-seq data from TCGA and ACRG gastric cancer cohort
	Somatic mutations of RUNX3
	TUNEL, cell proliferation, and colony formation assays
	In vivo tumor xenograft experiments and immunohistochemistry (IHC)
	Tissue microarray experiments
	Statistical analysis
	Accession numbers

	Results
	G9a physically and genetically interacts with RUNX3
	G9a methylates RUNX3 by direct binding
	G9a methylated RUNX3 at K129 and K171
	The methylation by G9a reduces RUNX3 transactivation by inhibiting its interaction with CBFβ and p300
	RUNX3 methylation by G9a globally affects RUNX3 target gene expression
	RUNX3 methylation promotes cancer cell proliferation but inhibits apoptosis under hypoxia
	RUNX3 methylation has potential clinical implications in human cancers

	Discussion
	Compliance with ethical standards

	ACKNOWLEDGMENTS
	References




