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1  | INTRODUC TION

Gastric cancer (GC) is the most common digestive system cancer and 
has the second highest mortality rate worldwide.1 Despite recent 
advances in the treatment of GC, including preoperative neoadju-
vant chemotherapy and postoperative chemo-radiotherapy,2,3 the 

prognosis of GC remains poor because of the low rate of early diag-
nosis and recurrence after resection.1,4 Therefore, a better under-
standing of the molecular mechanisms underlying GC initiation and 
development is necessary.

Histone methylation is a crucial epigenetic modification that de-
termines whether a gene is transcriptionally active or silent.5 H3K9 
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Abstract
The histone demethylase Jumonji domain-containing 1A (JMJD1A) is overexpressed 
in multiple cancers and promotes cancer progression. However, the role and mecha-
nism of JMJD1A in gastric cancer (GC) remains poorly understood. Here, we found 
that JMJD1A could suppress GC cell proliferation and xenograft tumor growth. 
Using RNA sequencing, we identified runt-related transcription factor 3 (RUNX3) as 
a novel target gene of JMJD1A. Mechanistically, we identified that JMJD1A upregu-
lated RUNX3 through co–activating Ets-1 and reducing the H3K9me1/2 levels at the 
RUNX3 promoter in GC cells. Functionally, JMJD1A inhibits the growth of GC cells in 
vivo, which is partially dependent on RUNX3. Moreover, JMJD1A expression was de-
creased in GC and low expression of JMJD1A was correlated with an aggressive phe-
notype and a poor prognosis in patients with GC. Importantly, JMJD1A expression 
was positively associated with RUNX3 expression in GC samples. These studies indi-
cated that JMJD1A upregulates RUNX3 expression via co–activation of transcription 
factor Ets-1 to inhibit proliferation of GC cells. Our findings provide new insight into 
the mechanism by which JMJD1A regulates RUNX3 transcription and suggest that 
JMJD1A and/or RUNX3 may be used as a therapeutic intervention for GC.
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methylation is a well-known repressive histone marker associated 
with silenced transcription. Jumonji domain-containing 1A (JMJD1A), 
also known as KDM3A or JHDM2A, is a histone demethylase that 
promotes gene expression by removing histone H3K9 mono-methyl-
ation and di-methylation.6 JMJD1A plays crucial roles in various cel-
lular processes, including spermatogenesis,7 energy metabolism,8,9 
sex determination,10 stem cell self-renewal,11,12 and differentiation.13 
JMJD1A is shown to play a tumor-promoting role in several types 
of cancers, such as colorectal cancer, prostate cancer, hepatocel-
lular carcinoma, ovarian cancer, and bladder cancer.14-20 Although 
JMJD1A has been shown to be a predictor for prognosis and a poten-
tial therapeutic target for GC,21 the role and the underlying mecha-
nism of JMJD1A in GC progression remain to be further elucidated.

Runt-related transcription factor 3 (RUNX3) is a member of the 
RUNX family, which are developmental regulators that have an es-
sential role in human cancers.22 RUNX3 is a well-characterized tumor 
suppressor that is frequently inactivated in GC due to hemizygous 
deletion or promoter hypermethylation.23,24 RUNX3 functions as a 
gatekeeper linking oncogenic Wnt and anti–oncogenic TGF-β/BMP 
signaling pathways in gastrointestinal cancers.25 Besides its role as a 
tumor suppressor, RUNX3, as recently demonstrated, is a regulator in 
hypoxia and the tumor immune microenvironment, which highlights 
the critical role of RUNX3 in the initiation and progression of cancer.26

Here we studied the effects of JMJD1A on GC cell proliferation 
and xenograft tumor growth. Using RNA-seq, we identified RUNX3 
as a novel target gene of JMJD1A. We investigated the mechanisms 
by which JMJD1A regulated RUNX3 transcription. In addition, we 
verified that JMJD1A inhibits the growth of GC cells in vivo, which is 
partially dependent on RUNX3. Importantly, we showed the positive 
correlation between JMJD1A and RUNX3 in GC samples. Moreover, 
our work indicated that low expression of JMJD1A was notably cor-
related with an aggressive phenotype and a poor prognosis in pa-
tients with GC. Our findings provide new insight into the mechanism 
by which JMJD1A regulates RUNX3 transcription.

2  | MATERIAL S AND METHODS

2.1 | Cell lines and cell culture

SGC-7901, MGC-803, and HEK-293 cells were cultured in DMEM 
(Gibco) supplemented with 10% FBS (Gibco). MKN-45 cells were 
cultured in RPMI 1640 medium (Gibco) supplemented with 10% 
FBS (Gibco). Cells were cultured in a humidified incubator at 37°C 
with 5% CO2. Cell lines SGC-7901, MGC-803, and HEK-293 were 
purchased from the Cell Bank of the Chinese Academy of Sciences.

2.2 | Plasmids, transient transfection, and 
luciferase assays

Details can be found in the supporting information materials and 
methods Data S1.

2.3 | Lentiviral transduction and generation of 
stable cell lines

Lentiviruses harboring JMJD1A, shJMJD1A, RUNX3, and shRUNX3 
were purchased from GeneChem Company. To obtain stable cell lines, 
cells were infected with lentiviral supernatants for 24 hours and then 
selected with 1 μg/mL puromycin (Sigma) for 48 hours. The infected 
cells were passaged before use after identification by western blotting.

2.4 | Cell cycle analysis

For this analysis, SGC-7901 cells (4 × 105 per well) in which JMJD1A 
was stably knocked down or overexpressed were seeded into six-well 
plates and incubated for 24 hours. The cells were digested and washed 
with PBS and then fixed in 70% cold ethanol at 4°C overnight. Cells 
were centrifuged at 1000 g for 5 minutes and resuspended in PBS. 
Then, cells were stained with propidium iodide at 37°C for 30 minutes 
in the dark. Cell cycle status was measured by flow cytometry (BD 
Biosciences).

2.5 | MTT assays

Details can be found in the supporting information materials and 
methods Data S1.

2.6 | Colony formation

For colony formation assays, 1 × 103 cells in which JMJD1A was stably 
knocked down or overexpressed were seeded into six-well plates and cul-
tured for two weeks. Two weeks later, the cells were fixed with ethanol 
and stained with trypan blue. The visible colonies were photographed 
and counted. All experiments were performed at least three times.

2.7 | RNA extraction and quantitative RT-
PCR assays

TRIzol Reagent (Invitrogen) was used to extract total RNA in 
cells. Then RNA was reverse transcribed into cDNA by using a 
Reverse Transcription Kit (Takara). SYBR Premix Ex Taq (Takara) 
was used for quantitative RT-PCR assays, which were conducted 
on a Stratagene Mx3000P real-time PCR system. The prim-
ers for RUNX3 were 5 -́ATACCTACCTCCCGCCAC-3ʹ (sense) and 
5 -́CTCCACGCCATCACTCTG-3' (antisense).

2.8 | Immunoprecipitation and western blot

Details can be found in the supporting information materials and 
methods Data S1.
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2.9 | ChIP and ChIP re–ChIP

Details can be found in the supporting information materials and 
methods Data S1.

2.10 | Tissue microarrays and 
immunohistochemistry

Gastric cancer tissue microarrays were purchased from Shanghai 
Outdo Biotechnology. These arrays contained 90 cancerous and 90 
adjacent noncancerous specimens. Clinical parameters and follow-up 
information were available for all 90 cases. Immunohistochemistry 
(IHC) for the target molecules was performed on tissue microarray 
chips and single serial sections made from xenograft tumor sam-
ples. IHC staining was performed using primary antibodies against 
JMJD1A (Abcam, ab107234), RUNX3 (Abcam, ab224641) and Ki67 
(Cell Signaling Technology, 2586), appropriate secondary antibod-
ies, and the ABC Elite immunoperoxidase kit according to the man-
ufacturer’s instructions. Immunoreactivity was quantified using 
a combined “H score,” which assesses both the staining intensity 
(0, negative; 1, weak; 2, moderate; 3, strong) and the percentage of 
positively stained cells (0, <5%; 1, 5%-25%; 2, 26%-50%; 3, 51%-75%; 
4, 76%-100%).

2.11 | RNA-seq and data analysis

Details can be found in the supporting information materials and 
methods Data S1.

2.12 | Data availability statement

RNA-seq data that support the findings of this study have been de-
posited in GEO with the accession code GSE145105 (http://www.
ncbi.nlm.nih.gov/geo/query/ acc.cgi?acc=GSE14 5105).

2.13 | Tumor xenograft analysis

All animal experiments were performed following the National 
Institutes of Health Guide for the Care and Use of Laboratory 
Animals and were approved by the Animal Ethics Committee of 
China Medical University. The stably transfected cells were har-
vested, washed with PBS, and resuspended at a concentration 
of 1 × 107 cells/mL, then 200 μL of suspended cells were injected 
subcutaneously into the flanks of 5-week-old female BALB/c nude 
mice. Tumor growth was examined every 2 days; 22 days after injec-
tion, mice were killed, and the tumors were obtained, imaged, dis-
sected, and analyzed. The volume of tumors was calculated by 1/2 
length × width2.

2.14 | Statistical analysis

The statistical analysis was carried out using SPSS (17.0) software 
(SPSS). Data of JMJD1A and RUNX3 expression in GC were analyzed 
by Spearman’s rank correlation coefficient test. The Mann-Whitney 
U test was used to analyze the association between JMJD1A or 
RUNX3 expression and clinical features. The survival curve was es-
timated using the Kaplan-Meier method. The statistical significance 
of difference was analyzed by ANOVA. Statistical significance was 
defined as P < 0.05 (*P < 0.05, **P < 0.01, ***P < 0.001). All experi-
ments were repeated three times, and data were expressed as the 
mean ± SD from a representative experiment.

3  | RESULTS

3.1 | Jumonji domain-containing 1A inhibits gastric 
cancer cell proliferation in vitro

To investigate the effects of JMJD1A on GC cell proliferation, we 
performed MTT, flow cytometry, and colony formation assays. First, 
we knocked down JMJD1A expression via lentiviral transduction in 
SGC-7901 and MGC-803 cells (Figure 1A). In contrast, JMJD1A was 
overexpressed in SGC-7901 and MGC-803 cells using lentiviral vec-
tor (Figure 1B). MTT assays showed that depletion of JMJD1A signifi-
cantly promoted cell growth compared to control (Figure 1C). CCK8 
assays showed that knockdown of JMJD1A promoted the cell prolif-
eration of MGC-803 cells (Figure 1D) and overexpression of JMJD1A 
blocked the cell proliferation (Figure 1E, F). Similarly, knockdown of 
JMJD1A reduced the G1-phase ratio and increased the S-phase and 
G2/M-phase ratios of SGC-7901 cells (Figure 1G). In contrast, over-
expression of JMJD1A increased the G1-phase ratio and decreased 
the S-phase ratio of SGC-7901 cells (Figure 1H). In addition, depletion 
of JMJD1A enhanced and overexpression of JMJD1A decreased the 
colony formation ability of SGC-7901 and MGC-803 cells (Figure 1I,J). 
These data indicate that JMJD1A inhibits GC cell growth in vitro.

3.2 | Jumonji domain-containing 1A inhibits gastric 
cancer cell proliferation in vivo

To further determine whether JMJD1A could inhibit GC cell tumo-
rigenesis in vivo, SGC-7901 cells stably transfected with shJMJD1A 
or shControl were subcutaneously implanted into nude mice. After 
22 days, tumors were completely stripped. Photographs and meas-
ured weights of the tumors indicated that knockdown of JMJD1A 
in SGC-7901 cells markedly increased xenograft tumor growth 
(Figure 2A,B). Moreover, JMJD1A depletion significantly increased 
the volumes of the tumors (Figure 2C). Consistently, histopathologic 
analyses revealed weak Ki-67 staining in shCtrl xenografts, while 
shJMJD1A xenografts displayed strong Ki-67 staining (Figure 2D). 
The expression of JMJD1A in tumor tissues was also analyzed by 

http://www.ncbi.nlm.nih.gov/geo/query/acc.cgi?acc=GSE145105
http://www.ncbi.nlm.nih.gov/geo/query/acc.cgi?acc=GSE145105
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immunohistochemical staining (Figure 2D). These data indicate that 
JMJD1A inhibits GC cell proliferation in vivo.

3.3 | Jumonji domain-containing 1A upregulates 
RUNX3 expression in gastric cancer cells

To identify possible downstream targets of JMJD1A, we performed 
RNA sequencing to investigate the transcriptomic changes in 

JMJD1A stable knockdown GC cells. Analysis of the RNA sequenc-
ing results demonstrated that 1550 genes showed differential ex-
pression (fold change >2, P < 0.05); 577 of them showed increased 
expression in JMJD1A-depleted SGC-7901 cells, while 973 of them 
were downregulated (Figure 3A and Table S1 and S2). Gene ontol-
ogy enrichment analysis indicated that these genes were enriched 
for broad categories of biological processes, among which we found 
the canonical Wnt signaling pathway (Figure 3B). Next, we found 
the Wnt and TGF-β signaling pathways in the KEGG enrichment top 

F I G U R E  1   Jumonji domain-containing 1A (JMJD1A) inhibits gastric cancer (GC) cell proliferation in vitro. Knockdown (A) or 
overexpression (B) of JMJD1A in SGC-7901 cells or MGC-803 cells as determined by western blot. (C) Cell viability was monitored by MTT 
assays. CCK8 was used to detect cell proliferation at different times using JMJD1A knockdown MGC-803 cells (D), JMJD1A overexpression 
SGC-7901 cells (E), or JMJD1A overexpression MGC-803 cells (F). Cell cycle was analyzed by flow cytometry assays using JMJD1A 
knockdown (G) or overexpression (H) SGC-7901 cells. Knockdown of JMJD1A increased (I) and overexpression of JMJD1A decreased (J) the 
colony formation of SGC-7901 and MGC-803 cells
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20 (Figure 3C). The genes shown in the heatmap (Figure 3D) were 
selected from the affected genes in the Wnt and TGF-β pathways 
after JMJD1A knockdown, as determined by KEGG enrichment 
analysis. Emerging evidence has shown that dysregulations of Wnt 

and TGF-β signaling pathways are important in gastric carcinogen-
esis.27 Moreover, RUNX3 functions as a gatekeeper linking Wnt 
and TGF-β/BMP signaling pathways in gastrointestinal cancers.25 
As a tumor suppressor, the inactivation or decreased expression of 

F I G U R E  2   Jumonji domain-containing 1A (JMJD1A) inhibits gastric cancer (GC) cell proliferation in vivo. Tumor images (A) and weights 
(B) at experimental endpoints in shControl (shCtrl) and shJMJD1A SGC-7901 xenografts. (C) Tumor volumes, measured every 2 days 
after injection. (D) Immunohistochemistry (IHC) staining showed that the expression of JMJD1A differed. Scale bar, 100 μm. *P < 0.05, 
**P ＜ 0.01, ***P ＜ 0.001
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RUNX3 is closely associated with the tumorigenesis and progression 
of GC.25,28 Therefore, we focused on RUNX3 as one of the potential 
targets of JMJD1A in GC. JMJD1A knockdown decreased the RUNX3 

mRNA level (Figure 3E). Moreover, overexpression of JMJD1A in-
creased the RUNX3 mRNA level (Figure 3F). In contrast, knockdown 
of JMJD1A reduced the RUNX3 protein level and overexpression 

F I G U R E  3   Jumonji domain-containing 1A (JMJD1A) upregulates RUNX3 expression in gastric cancer (GC) cells. (A) Heatmap showing 
differentially expressed genes in SGC-7901/shControl and SGC-7901/shJMJD1A cells, analyzed by RNA-seq (three biological replicates). (B) 
Gene ontology (GO) terms (biological processes, cellular components, and molecular functions) significantly enriched among differentially 
expressed genes, as determined by DAVID functional annotation analysis. (C) KEGG enrichment analysis of differentially expressed genes. 
(D) Heatmap of selected differentially expressed genes (the affected genes in Wnt and TGF-β signaling pathways after JMJD1A knockdown, 
as determined by KEGG enrichment analysis) in JMJD1A knockdown (shJMJD1A) or control (shCtrl) SGC-7901 cells. RUNX3 mRNA level of 
SGC-7901 cells was measured by quantitative RT-PCR after JMJD1A knockdown (E) or overexpression (F). RUNX3 protein level of SGC-7901 
and MGC-803 cells was measured by western blot after JMJD1A knockdown (G) or overexpression (H)
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of JMJD1A increased the RUNX3 protein level (Figure 3G,H). These 
data suggest that JMJD1A upregulates RUNX3 expression in GC 
cells.

3.4 | Jumonji domain-containing 1A stimulates 
runt-related transcription factor 3 promoter through 
co–activation of transcription factor Ets-1

The two promoter regions of the RUNX3 gene have been identified 
and designated P1 and P2.29 To identify the mechanism by which 
JMJD1A upregulates RUNX3 transcription, we constructed RUNX3 
P1 and P2-driven luciferase reporter plasmids and performed lucif-
erase assays. The results showed that JMJD1A was able to increase 
the P1 activity in a dose-dependent manner (Figure 4A) but not P2 
(Figure 4B). The reported potential transcription factor binding sites 
in the P1 region are shown in Figure 4C.29 We mutated the Ets-1 
or CREB1 binding site and performed luciferase assays. Mutation or 
deletion of the Ets-1 binding site impaired the increase of P1 activity 
by Ets-1 (Figure 4D). Importantly, the promotion of P1 activity by 
JMJD1A was also impaired when the Ets-1 binding site was mutated 
or deleted (Figure 4E), suggesting that Ets-1 plays an important role 
in the activation of RUNX3 mediated by JMJD1A. When the CREB1 
binding site was mutated, the increase of P1 activity by CREB1 
was impaired (Figure S1). Moreover, luciferase assays showed that 
JMJD1A was able to enhance P1 activity independently and cu-
mulatively with Ets-1 (Figure 4F). ChIP assays showed that endog-
enous JMJD1A or Ets-1 was associated with the RUNX3 promoter 
P1 (Figure 4G-H). ChIP assays also indicated that exogenous Ets-1 
was associated with P1 (Figure 4I). Importantly, ChIP Re-ChIP as-
says indicated that Ets-1 and JMJD1A acted in a combined manner 
on the RUNX3 promoter P1 (Figure 4J). We further observed that 
JMJD1A decreased the H3K9me1 level at the P1 and P2 region of 
RUNX3 promoter and H3K9me2 level at the P1 region (Figure 4K). 
Furthermore, our ChIP results showed that Ets-1 knockdown in-
creased the H3K9me2 level at promoter P1 (Figure 4L), indicating 
that Ets-1 is fundamental for the H3K9me2 level at promoter P1. 
Immunoprecipitation assay confirmed that there was an interaction 
between JMJD1A and Ets-1 in SGC-7901 cells (Figure 4M). These 
data suggest that JMJD1A activates RUNX3 transcription through 
co–activating Ets-1 and decreasing the H3K9me1/2 levels at the 
RUNX3 promoter.

To determine whether JMJD1A had a role in the regulation of 
Ets-1, we performed quantitative real-time PCR and western blot 
analysis using JMJD1A-overexpressed SGC-7901 cells. The results 
showed that JMJD1A overexpression increased Ets-1 mRNA and 
protein levels, indicating that JMJD1A upregulated Ets-1 expression 
in SGC-7901 cells (Figure S2). Moreover, our western blot results 
showed that transient overexpression of Ets-1 increased the RUNX3 
protein level in SGC-7901 cells (Figure S3). Using the TCGA data-
base, we analyzed the correlation between Ets-1 relative expression 
and RUNX3 relative expression. The result showed that the Ets-1 ex-
pression level was positively correlated with the RUNX3 expression 

level in GC patients (Figure S4A). Using the Kaplan-Meier plotter 
database, we made survival curves of GC patients based on Ets-1 
expression. Unfortunately, although it has a tendency that low ex-
pression of Ets-1 was correlated to a poor prognosis in patients with 
GC, it has no statistical significance (P > 0.05, Figure S4B).

3.5 | Jumonji domain-containing 1A inhibits the 
growth of gastric cancer cells in vivo, partially 
dependent on RUNX3 

As RUNX3 plays important roles in GC30 and JMJD1A upregulates 
RUNX3 expression in GC cells we wondered whether the inhibi-
tion of GC cell growth by JMJD1A is RUNX3-dependent. We used 
nude mouse models to examine the effect of RUNX3 on JMJD1A-
mediated GC cell proliferation in vivo. As expected, silencing of 
JMJD1A by shRNA significantly promoted the growth of GC cells 
in mice and RUNX3 overexpression impaired the growth promotion 
induced by shJMJD1A (Figure 5A-C), suggesting that RUNX3 plays 
an important role in the inhibition of GC cell proliferation induced by 
JMJD1A. Meanwhile, the expression levels of JMJD1A and RUNX3 
in tumor samples from mice were validated by western blot analysis 
(Figure 5D). Conversely, JMJD1A overexpression remarkably inhib-
ited the growth of GC cells in mice and silencing of RUNX3 by shRNA 
partially reversed the inhibitory effects of JMJD1A overexpression 
on tumor volume and weight (Figure S5), indicating that the inhibi-
tion of tumorigenicity by JMJD1A is partially RUNX3-dependent. 
Thus, we conclude that RUNX3 plays an important role in JMJD1A-
mediated GC cell growth inhibition in vivo.

3.6 | Jumonji domain-containing 1A expression is 
positively associated with runt-related transcription 
factor 3 expression in gastric cancer samples

To further explore the role of JMJD1A in GC as well as to substanti-
ate the functional link between JMJD1A and RUNX3, expression lev-
els of JMJD1A and RUNX3 were examined by immunohistochemical 
staining in GC tissue microarrays. Representative images are shown in 
Figure 6A. Unlike adjacent noncancerous tissue, low expression levels 
of JMJD1A and RUNX3 were observed in GC tissues (Figure 6A-C). 
Importantly, the JMJD1A expression level was positively correlated 
with the RUNX3 expression level (Figure 6D). To further investigate 
the important role of JMJD1A or RUNX3 clinically, we explored the 
correlation between JMJD1A or RUNX3 expression and clinicopatho-
logical characteristics of GC patients. These samples were classified 
into two groups based on JMJD1A or RUNX3 levels (histological 
score). The data showed that low expression of JMJD1A was signifi-
cantly correlated with clinical stages (P = .017), lymph node metasta-
sis (P = 0.029) and pathological stages (P = 0.033; Table 1). The data 
also showed that decreased expression of RUNX3 was notably cor-
related with clinical stages (P = 0.003), depth of invasion (P = 0.039), 
and lymph node metastasis (P = 0.009; Table 2). Furthermore, the 
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Kaplan-Meier analysis showed that the low JMJD1A expression or low 
RUNX3 expression significantly reduced overall survival (Figure 6E-F). 
Survival curves using the Kaplan-Meier plotter database showed that 
GC patients with low JMJD1A expression had a shorter overall survival 
(Figure 6G). Taken together, these data indicate that the expression of 
JMJD1A is decreased in GC tissues, leading to the decreased expres-
sion of RUNX3. The low expression of JMJD1A correlates with poor 
prognosis in GC patients.

4  | DISCUSSION

Increasing evidence has shown that JMJD1A promotes prolifera-
tion, survival, and metastasis in several types of cancers, including 
prostate cancer, colorectal cancer, hepatocellular carcinoma, ovar-
ian cancer, bladder cancer, and Ewing sarcoma.14-20,31-34 Moreover, it 
has been reported that JMJD1A is downregulated in nasopharyngeal 
carcinoma (NPC) and downregulation of JMJD1A is associated with 
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poor prognosis of NPC patients.35 JMJD1A is also downregulated 
in human germ cell-derived tumors, such as seminomas, yolk sac 
tumors, and embryonal carcinomas, and acts as a tumor suppres-
sor.36 JMJD1A functions as either a tumor promoter37,38 or tumor 
suppressor39 in breast cancer, as reported previously. However, little 
is known about the role and the underlying mechanism of JMJD1A 
in tumorigenesis and progression of GC. Here we verified a critical 
role of JMJD1A in suppressing proliferation of GC cells. Consistently, 
JMJD1A is downregulated in GC tissues. Furthermore, the decreased 
expression of JMJD1A was demonstrated to be associated with an 
aggressive phenotype and a poor prognosis in patients with GC. Our 
results support JMJD1A being a potential tumor suppressor in GC.

Jumonji domain-containing 1A functions in tumorigenesis and 
progression by controlling gene expression. Given that JMJD1A acts 
as a transcription co–activator to control cancer cell growth and 
survival,16,40 we speculated that JMJD1A might be involved in the 
regulation of RUNX3 by co–activating some transcription factors. 
Although our data suggest that Ets-1 is essential for the upregula-
tion of RUNX3 induced by JMJD1A, we cannot rule out that other 
transcription factors play a role in JMJD1A-mediated transcriptional 
control of RUNX3, such as CREB1. Further study is needed.

Our results showed that Ets-1 is essential for the upregulation of 
RUNX3 by JMJD1A. Having demonstrated that JMJD1A was able to 
interact with Ets-1 (Figure 4M), we wondered whether JMJD1A had 
a role in the regulation of Ets-1. JMJD1A bound and demethylated 
H3K9me2 at Ets-1 promoter in Ewing Sarcoma cells,41 indicating that 
JMJD1A might increase Ets-1 expression. Our results showed that 
JMJD1A overexpression increased Ets-1 mRNA and protein levels in 
SGC-7901 cells (Figure S2), which was consistent with the previous 
report.41 Further studies are needed to investigate the mechanism 
by which JMJD1A regulates Ets-1.

Because Ets-1 promotes invasion, metastasis and angiogenesis, 
it is known to be oncogenic.42 Beside promoting cell invasion, Ets-1 
attenuates cell growth in breast tumors as well as metastases,32 indi-
cating that Ets-1 plays a dual role in tumor biology. Moreover, Ets-1 is 

a transcriptional activator of p16INK4a, a known tumor suppressor.43 
We showed the Ets-1-dependency in upregulation of RUNX3 in GC 
cells and the positive correlation between Ets-1 and RUNX3 expres-
sion in GC patients (Figure S3 and Figure S4A), indicating that Ets-1 is 
a positive regulator of RUNX3. As for the relationship between Ets-1 
expression and prognosis of GC patients, further study is needed.

Runt-related transcription factor 3 functions as a gatekeeper 
linking the Wnt oncogenic and TGF-β/BMP tumor-suppressive path-
ways, and is involved in cell proliferation, apoptosis, angiogenesis, 
cell adhesion, and invasion.25,44,45 A large amount of information 
indicates that RUNX3 may be a tumor suppressor in a multitude of 
epithelial cancers, including GC, colorectal cancer, breast cancer and 
esophageal cancer.45 In this study, we showed the low expression of 
RUNX3 in GC tissues compared with adjacent noncancerous tissues, 
which is consistent with previous research.23 Moreover, we demon-
strated that the decreased expression of RUNX3 was correlated with 
an aggressive phenotype and a poor prognosis in patients with GC.

Runt-related transcription factor 3 is regulated by two distantly 
located promoters, P1 and P2.29 P2 is CpG island-rich, but P1 is not. 
Because the expressed RUNX3 in gastric cancer cells is predomi-
nantly P2-RUNX3, most studies of RUNX3 in gastric cancer focus 
on the transcript from P2. It has been shown that the transcripts 
generated by RUNX3 P2 have tumor suppressor activity.44 RUNX3 
P2 has been reported frequently to be hypermethylated in various 
cancers,46-49 whereas the role for the alternate non-CpG island 
RUNX3 P1 has been overlooked. In fact, genes with non–CpG is-
land promoters share many epigenetic features that are associated 
with CpG island promoter genes, despite their low CpG density. 
For example, it has been reported that DNA methylation occurring 
at CpG poor RUNX3 P1 directly leads to transcriptional silencing 
in 623 melanoma cells.50 Furthermore, using nucleosome occu-
pancy methylome-sequencing, NOMe-Seq, and clonal analysis, it 
was shown that RUNX3 P1 is monoallelically methylated.50 These 
results suggest that aberrant methylation patterns of RUNX3 P1 
may also contribute to tumorigenesis and should, therefore, be 

F I G U R E  4   Jumonji domain-containing 1A (JMJD1A) stimulates RUNX3 promoter through co–activation of transcription factor Ets-1. 
The activities of pGL3-P1 (A) or pGL3-P2 (B) were measured by luciferase assays in cells transfected with increasing amounts of JMJD1A 
expression vector. (C) Schematic diagram depicting genomic organization of the human RUNX3 gene and the three potential transcription 
factor binding sites in the P1 promoter of RUNX3. Black boxes represent coding exons, whereas the other boxes represent UTR. The 
effect of Ets-1 (D) or JMJD1A (E) on the activities of RUNX3 promoter P1 of wild type (WT) or the mutant (MutE) or the delete (Del) was 
examined by luciferase assays in HEK293 cells. (F) JMJD1A and Ets-1 were transiently transfected into HEK293 cells as indicated, and the 
P1 promoter activity was estimated by luciferase assays. ***P < 0.001. (G,H) SGC-7901 cells were subjected to ChIP assays with antibodies 
as indicated, followed by quantitative PCR with primers amplifying the RUNX3 promoter P1 and P2. (I) The interaction of Ets-1 with the P1 
region of RUNX3 promoter was examined by ChIP assays. SGC-7901 cells were transfected with flag-Ets-1 and JMJD1A expression vector 
as indicated. ChIP was carried out using antibody against flag, followed by PCR with primers amplifying the RUNX3 promoter P1 (P1) or 
GAPDH promoter (G-P). J, SGC-7901 cells were transiently transfected with JMJD1A expression vector and flag-Ets-1 vector. Then ChIP 
re-ChIP assays were carried out to examine whether JMJD1A and Ets-1 were assembled on the same promoter (P1). Soluble chromatin was 
first immunoprecipitated with antibody against flag (1st IP). The complexes eluted from the 1st IP were divided into two aliquots, followed 
by reimmunoprecipitation with antibody against IgG or JMJD1A (2nd IP), respectively. The PCR primers were specific for amplifying the 
RUNX3 promoter P1 (P1) or GAPDH promoter (G-P). (K) ChIP-quantitative PCR (qPCR) was carried out using H3K9me1 or H3K9me2 Abs, 
and negative control Abs (IgG) in SGC-7901 cells, followed by qPCR with primers amplifying the RUNX3 promoter P1 and P2 region. (L) ChIP 
assays were carried out with antibody against H3K9me2 in control and Ets-1 knockdown MGC-803 cells, followed by qPCR with primers 
amplifying the RUNX3 promoter P1 and P2. (M) The interaction of JMJD1A with Ets-1 was examined by immunoprecipitation (IP) assays in 
SGC-7901 cells
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included in analyses of cancer epigenetics. Moreover, Kurklu et al51 
uncovered a preneoplastic P1 hypomethylation signature reflect-
ing altered cell-type composition of the gastric epithelium/tumor 
microenvironment via immune cell infiltration. Here, we consid-
ered both P1 and P2, and found that JMJD1A mainly affected the 
activity of RUNX3 P1 (Figure 4A-B) and endogenous JMJD1A or 
Ets-1 was associated with RUNX3 P1 (Figure 4G-H). Interestingly, 
we found that JMJD1A decreased the H3K9me1 level at both P1 
and P2 regions of RUNX3 promoter (Figure 4K). We cannot rule 

out that P2 plays a role in the JMJD1A-mediated transcriptional 
control of RUNX3. The role of P2 in JMJD1A-mediated RUNX3 
transcriptional regulation needs to be further studied.

Taken together, in this study we report a novel function of 
JMJD1A in the regulation of RUNX3 through transcription factor 
Ets-1 in GC. We proposed a hypothesized model showing the mech-
anism by which JMJD1A upregulates RUNX3 through co–activating 
Ets-1 in GC cells (Figure 6H). Our findings provide new insight into 
the mechanism of RUNX3 regulation mediated by JMJD1A in GC 

F I G U R E  5   Jumonji domain-containing 1A (JMJD1A) inhibits the growth of gastric cancer (GC) cells in vivo, which is partially dependent 
on RUNX3. (A) Xenograft tumors were obtained from different groups of nude mice transfected with shCtrl, shJMJD1A, RUNX3, and 
shJMJD1A + RUNX3, respectively. The growth curves (B) and the average weights (C) of tumors from different groups of nude mice were 
shown. (D) The expression levels of JMJD1A and RUNX3 were examined by western blot analysis in tumor tissues from mice. The results of 
three independent samples are shown. RUNX3 was overexpressed by lentiviral transduction. We used lentiviral vector Ubi-MCS-3FLAG-
SV40-Cherry to construct recombinant vector. The approximately 55 kD band in the RUNX3 blotting (which was upper) was due to the 
Cherry tag

F I G U R E  6   Jumonji domain-containing 1A (JMJD1A) expression is positively associated with runt-related transcription factor 3 (RUNX3) 
expression in gastric cancer (GC) samples. (A) The expression levels of JMJD1A and RUNX3 were examined by immunohistochemistry 
(IHC) staining analysis in paracancerous tissue and GC tissue of tissue microarray. Scale bar, 100.8 μm. The IHC scores of JMJD1A (B) and 
RUNX3 (C) were quantified and plotted as graphs. (D) Spearman’s rank test was used to analyze the correlation between JMJD1A and 
RUNX3 relative expression in GC samples. Kaplan-Meier survival curves of gastric cancer patients based on JMJD1A expression (E) and 
RUNX3 expression (F). (G) Kaplan-Meier survival curves of gastric cancer patients based on JMJD1A expression using Kaplan-Meier plotter 
database. (H) Model shows the mechanism by which JMJD1A upregulates RUNX3 by Ets-1 in gastric cancer cells
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and suggest that JMJD1A and/or RUNX3 may be used as a thera-
peutic intervention for GC.
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