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Background: Jumonji domain-containing protein 2B (JMJD2B), directly targeted by hypoxia-inducible factor 1a, maintains the
histone methylation balance important for the transcriptional activation of many oncogenes. Jumonji domain-containing protein
2B has been implicated in colorectal cancer (CRC) progression; however, the mechanism remains unclear.

Methods: Immunofluorescence and western blotting detected phosphorylated histone H2AX, characteristic of double-strand
breaks, and comet assay was used to investigate DNA damage, in CRC cells after JMJD2B small interfering RNA (siRNA)
transfection. We assessed the resulting in vitro responses, that is, cell cycle progression, apoptosis, and senescence coupled with
JMJD2B silencing-induced DNA damage, studying the regulatory role of signal transducers and activators of transcription 3
(STAT3). The JMJD2B silencing anti-cancer effect was determined using an in vivo CRC xenograft model.

Results: Jumonji domain-containing protein 2B knockdown induced DNA damage via ataxia telangiectasia-mutated (ATM) and
ATM and Rad3-related pathway activation, resulting in cell cycle arrest, apoptosis, and senescence in both normoxia and hypoxia.
Signal transducers and activators of transcription 3 suppression by JMJD2B silencing enhanced DNA damage. Intratumoural
injection of JMJD2B siRNA suppressed tumour growth in vivo and activated the DNA damage response (DDR).

Conclusions: Jumonji domain-containing protein 2B has an essential role in cancer cell survival and tumour growth via DDR
mediation, which STAT3 partially regulates, suggesting that JMJD2B is a potential anti-cancer target.

Emerging evidence indicates that hypoxia is a major component of
human cancer progression and induces a range of cellular
responses, especially epigenetic responses (Watson et al, 2010),
of which histone methylation status imbalances because of
dysregulated histone methyltransferases and demethylases have
been linked to cancer (Shi, 2007; Zeng et al, 2010). Jumonji
domain-containing protein 2B (JMJD2B) is a newly identified
member of the histone demethylase JMJD2 family that is
characterised by the catalytic Jumonji C domain. Jumonji
domain-containing protein 2B specifically targets the trimethylated

lysine 9 of histone H3 (H3K9me3) for demethylation at the
pericentric heterochromatin and euchromatin (Fodor et al, 2006;
Shi et al, 2011). Expression levels of JMJD2B are notably
upregulated in numerous cancers, including breast cancer
(Yang et al, 2010; Kawazu et al, 2011; Shi et al, 2011), gastric
cancer (Li et al, 2011; Kim et al, 2012), and colorectal cancer (CRC;
Fu et al, 2012). Jumonji domain-containing protein 2B also has a
crucial role in human carcinogenesis by regulating cell cycle
progression and apoptosis (Toyokawa et al, 2011; Zhu et al, 2012;
Wen et al, 2012). Recently, we reported that JMJD2B upregulates
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the hypoxia-inducible genes involved in cancer cell proliferation
and invasion by specifically demethylating the promoter-repressive
H3K9me3 (Fu et al, 2012). However, little is currently known
about the other cellular mechanisms of action of JMJD2B.

Recent work has revealed the intricate alterations in histones,
accompanied by the DNA damage response (DDR), which is
necessary for facilitating signalling, checkpoints, and DNA repair.
Many tumour cells exhibit increased chromosome instability,
which has been proven to be linked with the loss of H3K9me3
because of JMJD2B overexpression in breast cancer (Slee et al,
2012). Hypoxia can induce genetic instability, which is associated
with the dysregulation of many DNA repair pathways, such as
DNA mismatch repair (Bindra and Glazer, 2007a; Rodrı́guez-
Jiménez et al, 2008), nucleotide excision repair (Yuan et al, 2000),
and double-stranded break (DSB) repair (Bindra et al, 2005; Chan
et al, 2008). As JMJD2B is regulated by hypoxia-inducible factor
1 a (HIF-1a), it may also be involved in the DDR leading to genetic
instability in cancer. Furthermore, JMJD2A inhibition combined
with JMJD2B can facilitate the recruitment of p53-binding protein
1 to DNA damage sites (Mallette et al, 2012); Drosophila cells
expressing JMJD2B mutants are more sensitive to ultraviolet-
induced DNA damage (Palomera-Sanchez et al, 2010).

In light of these studies indicating the importance of JMJD2B to
cancer cell growth and genetic integrity, we investigated whether
CRC cell proliferation and survival are associated with the DDR
upon JMJD2B silencing by small interfering RNA (siRNA). We
found that JMJD2B suppression remarkably stimulated the DDR,
and consequently induced tumour cell cycle arrest, apoptosis, and
senescence, which is partially regulated by signal transducers and
activators of transcription 3 (STAT3). This suggests that JMJD2B
possesses multiple functions, apart from its traditional role as a
histone demethylase, and is a potential anti-cancer target.

MATERIALS AND METHODS

Cell culture. The human CRC cell lines HCT116 and SW480 were
cultured at 37 1C in 95% air, 5% CO2 in McCoy’s 5A, and RPMI-
1640 media (Gibco BRL, Gaithersburg, MD, USA) supplemented
with antibiotics and 10% fetal bovine serum. For hypoxia
treatment, cells were incubated in 1% O2, 5% CO2, and 94% N2

in a hypoxia chamber (YCP-50S; Huaxi Electronic Technologies,
Changsha, China).

SiRNA transfection. SiRNAs were transfected into subconfluent
cells using Lipofectamine 2000 transfection reagent (Invitrogen,
Carlsbad, CA, USA) according to the manufacturer’s instructions.
The siRNAs specifically targeting HIF-1a, JMJD2B, and STAT3
have been described previously (Du et al, 2012; Fu et al, 2012). The
specificity of JMJD2B siRNA has been examined (Supplementary
Figure 1). Non-targeting control siRNA was purchased from
GenePharma (Shanghai, China). Hypoxia-inducible factor 1 a and
STAT3 siRNA transfections were carried out in 20% confluent cells
for 48 and 24 h, respectively, before 24 h hypoxia treatment. For
JMJD2B silencing, 20% confluent CRC cells were transfected with
JMJD2B siRNA for 24 h and then underwent 0, 6, 12, or 24 h
hypoxia treatment.

Plasmids transfection. Full-length STAT3 and JMJD2B cDNA
were obtained by PCR from a human cDNA library. To construct
the eukaryotic expression vectors, the STAT3 and JMJD2B cDNA
were cloned into a pCDNA-Flag vector (Invitrogen, Carlsbad, CA,
USA). The STAT3 and JMJD2B cDNA transfections were carried
out in 80% confluent cells for 72 h using Lipofectamine 2000
transfection reagent (Invitrogen) according to the manufacturer’s
instructions.

Phosphorylated histone H2AX immunofluorescent staining.
Both CRC cell lines were transfected with JMJD2B siRNA or
negative control siRNA for 48 h, and then treated with DMSO
or 50 mmol l� 1 etoposide (Sigma-Aldrich, St Louis, MO, USA) for
24 h. Cells were fixed with 4% paraformaldehyde, blocked with 1%
bovine serum albumin and 0.2% Triton X-100, and then incubated
with an anti-phosphorylated histone H2AX (gH2AX) monoclonal
antibody (Ser139, 1 : 200; Millipore, Billerica, MA, USA) and anti-
H3K9me3 polyclonal antibody (1 : 300; Abcam, Cambridge, UK).
Subsequently, the cells were incubated with Alexa Fluor 488 anti-
mouse IgG and Alexa Fluor 594 anti-rabbit IgG (1 : 500; Molecular
Probes, Eugene, OR, USA), respectively. Nuclei were stained
with 40,6-diamidino-2-phenylindole (DAPI; SouthernBiotech,
Birmingham, AL, USA). The stained cells were observed under a
fluorescent microscope (LSM-710, Zeiss, Jena, Germany).

Comet assay. HCT116 and SW480 cells were transfected with
JMJD2B or negative control siRNA. DNA damage was measured
by the comet assay (single-cell gel electrophoresis) 48 h after
transfection using the comet assay kit (Cell Biolab, San Diego, CA,
USA) according to the manufacturer’s protocol. Electrophoresis
was run in an alkaline buffer. All of these steps were conducted
under dimmed light to prevent the occurrence of additional DNA
damage. After staining the DNA with ethidium bromide, individual
comets were visualised using an Olympus IMT-2 inverted micro-
scope (Olympus Center Valley, PA, USA) with epifluorescence
capability under � 100 magnification. The measurement was
performed using a public domain PC-image analysis programme
CASP software, version 1.2.2 (CASPLab, University of Wroclaw,
Wroclaw, Poland), scoring 300 comets per condition. The comet
assay was repeated three times, and results are presented as
percentage of DNA in tail.

Western blot analysis. Total cell proteins were extracted using
RIPA lysis buffer (50mM Tris (pH 7.4), 150mM NaCl, 1% NP-40,
0.5% sodium deoxycholate, and 0.1% SDS) in the presence of a
protease inhibitor cocktail (Kangcheng, Shanghai, China). For
western blotting, samples were mixed with 5� SDS–PAGE sample
loading buffer (Kangcheng) and heated at 100 1C for 10min.
Proteins were resolved using SDS–PAGE and transferred to
nitrocellulose filter membranes (Bio-Rad, Hercules, CA, USA).
The membranes were probed using antibodies against HIF-1a
(1 : 1000; BD Transduction Laboratories, Franklin Lakes, NJ, USA);
JMJD2B (1 : 1000; Bethyl Laboratories, Montgomery, TX, USA);
gH2AX (Ser139, 1 : 1000; Millipore); phosphorylated checkpoint
kinase 2 (p-CHK2, Thr68, 1 : 1000), CHK2 (1 : 1000; Epitomics,
Burlingame, CA, USA); p53(1 : 1000), p-CHK1 (Ser317, 1 : 1000),
p-CHK1 (Ser345, 1 : 1000), CHK1 (1 : 1000), phosphorylated Janus
kinase 2 (p-JAK2, Tyr1007/1008, 1 : 1000), JAK2 (1 : 1000),
p-STAT3 (Tyr705, 1 : 1000), STAT3 (1 : 1000), and a-tubulin
(1 : 1000; Cell Signaling Technology, Danvers, MA, USA). After
incubation with the primary antibody overnight at 4 1C, the
membranes were incubated with horseradish peroxidase-conju-
gated secondary antibodies (1 : 5000; Kangcheng) for 1 h at room
temperature. Protein signals were detected by chemiluminescence
(SuperSignal West Femto Maximum Sensitivity Substrate; Thermo
Scientific, Rockford, IL, USA).

Cell viability assays. Cells were transfected with JMJD2B siRNA
or control siRNA for 24 h after passage into 96-well plates and then
incubated for 0, 6, 12, or 24 h in hypoxia. Cell viability was
evaluated at different time points using the Cell Counting Kit 8
(CCK-8, Dojindo, Kumamoto, Japan) according to manufacturer’s
instructions in triplicate and repeated three times.

Flow cytometric analysis. Cells were harvested and fixed in 75%
ethanol at � 20 1C for at least 24 h, stained with propidium iodide
(250 mgml� 1; Beyotime Institute of Biotechnology, Shanghai,
China) containing 10mgml� 1 RNase A (Takara, Shiga, Japan)
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at 37 1C for 30min, and analysed by flow cytometry for cell cycle
profiling. Apoptosis was quantified using an Annexin V Apoptosis
Detection Kit I (BD Pharmingen, San Diego, CA, USA). The
apoptosis and cell cycle assays were performed using a FACS
Calibur flow cytometer (BD Pharmingen). The fluorescence-
activated cell sorter analysis was performed in triplicate.

Senescence-associated b-galactosidase (SA-b-gal) staining.
Seventy-two hours after transfection with the negative control
siRNA or JMJD2B siRNA in normoxia, the cells were washed once
with PBS, fixed in 4% (v/v) formaldehyde for 15min, washed in
PBS again, and incubated overnight at 37 1C in staining solution
(Beyotime Institute of Biotechnology). Subsequently, the cells were
washed three times with PBS before visualisation and image
capture. The percentage of SA-b-gal-positive cells was determined
by counting the number of blue cells under bright-field illumina-
tion, and the total number of cells in the same field under phase
contrast. At least 10 fields of triplicate plates were analysed. The
evaluation of senescence was made in a blinded manner.

Gene microarray analysis. HCT116 cells were treated with
JMJD2B siRNA or control siRNA for 24 h, and then exposed to
hypoxia for another 24 h. Total RNA was extracted from each
sample using TRIzol RNA Isolation reagent (Takara) according to
the manufacturer’s instructions and purified with an RNeasy Mini
Kit (Qiagen, Hilden, Germany). The quality and quantity of the
purified RNA samples were evaluated using an Agilent 2000
Bioanalyzer (Agilent Technologies Inc., Santa Clara, CA, USA).
Data were collected with an Affymetrix Human Genome U133
Plus 2.0 Array (Affymetrix, Santa Clara, CA, USA) using standard
methods and analysed using GeneSpring GX software (Agilent
Technologies Inc.). Three biological replicates were tested. After
normalisation, differentially expressed genes with statistical
significance were identified through two compared groups (t-test,
Po0.05). Relative changes in gene expression were calculated to
identify genes that had been induced 42-fold and genes that had
been downregulated by at least 0.5-fold after JMJD2B knockdown
in hypoxia. Each up/downregulated gene was analysed for the
relationship with DNA repair according to the published literature.
Last, hierarchical clustering was performed to determine the extent
of similarity between the up/downregulated genes.

Real-time RT–PCR analysis. Total RNA was extracted using
TRIzol RNA Isolation reagent (Takara) and reverse-transcribed
using an RT Reagent Kit (Takara) according to the manufacturer’s
protocol. Quantitative real-time RT–PCR (qRT–PCR) was per-
formed using SYBR Premix Ex Taq II (Takara) at 95 1C for 30 s,
and 40 cycles at 95 1C for 5 s and 60 1C for 30 s using an ABI Prism
7300 Real-Time PCR System (Applied Biosystems, Foster City, CA,
USA). The qRT–PCR was carried out with the primers specific for
JMJD2B and selected DNA repair-related genes: BMI1, CLU,
CETN3, XPC, BTG2, and UNG (Supplementary Table 1). The
qRT–PCR was performed in triplicate.

In vivo experiments. HCT116 cells (1.0� 107) were injected
subcutaneously into the right flank of 4-week-old male BALB/c
nude mice (Experimental Animal Centre of SIBS, Shanghai,
China). After the tumours grew to 5mm in diameter, the mice
were randomly allocated (six mice per group) and treated with
multipoint intratumoural injection (10 mg per 30 ml per tumour) of
siRNA complexed with in vivo-jetPEI transfection reagent (Poly-
plus-transfection Inc., New York, NY, USA) every other day for 11
days. Tumour volume (mm3) was estimated using the formula:
tumour volume (mm3)¼ smallest diameter2� largest diameter/2.
The tumour volume data are presented as means±s.d. The
Institutional Animal Care and Use Committee approved all
experimental procedures.

Immunohistochemistry staining. Immunohistochemistry was
performed on tissues obtained from the mouse CRC xenograft
models to examine the efficiency of JMJD2B knockdown and the
gH2AX level. Antigen retrieval was performed by incubating slides
in a citrate–EDTA-based solution under 1.03� 105 Pa pressure for
2min using a Decloaking Chamber (Biocare Medical, Walnut
Creek, CA, USA). Sections were incubated overnight at 4 1C with
0.4mgml� 1 anti-JMJD2B polyclonal rabbit antibody and anti-
gH2AX monoclonal rabbit antibody (1 : 50, Ser139; Epitomics).
Bound antibody was labelled with horseradish peroxidase-tagged
anti-rabbit IgG (Maxim, Shanghai, China). Antibody complexes were
visualised using 2,3-diaminobenzidine as a chromogen, and sections
were counterstained with Mayer’s haematoxylin. Last, sections of
mouse CRC xenograft tissue were coverslipped and imaged.

Statistical analysis. The results are presented as means±s.d. The
statistical significance of differences between groups was assessed
using SPSS for Windows 11.0.1 (SPSS, Chicago, IL, USA).
Statistical analyses were performed using an unpaired, two-tailed
t-test, or ANOVA as appropriate. The level of significance was set
at Po0.05. All analyses were performed at least three times.

RESULTS

JMJD2B silencing induces DNA damage in both normoxia and
hypoxia. We and others have demonstrated that the histone
demethylase JMJD2B functions as an oncogene by the regulation of
the cell cycle, apoptosis, proliferation, and invasion in numerous
tumours (Yang et al, 2010; Kawazu et al, 2011; Li et al, 2011; Shi
et al, 2011; Fu et al, 2012; Kim et al, 2012). In light of stress-
induced DNA damage has an essential role in the induction of cell
cycle arrest, apoptosis (Harper and Elledge, 2007), and senescence
(d’Adda di Fagagna, 2008), we queried whether JMJD2B has a
potential role in carcinogenesis via modulation of the DDR in CRC
cells. Therefore, formation of gH2AX (Ser139) nuclear foci, a
characteristic of DSBs, was detected by immunofluorescence with
gH2AX-specific antibodies after 48 h JMJD2B siRNA transfection.
Both HCT116 and SW480 cells exposed to 50 mmol l� 1 etoposide
for 24 h were used as a positive control. We found that positive
gH2AX staining was observed in both JMJD2B-silenced and
etoposide-treated cells (Figure 1A and Supplementary Figure 2A,
second pannel). In higher-magnification images, numerous
gH2AX-positive foci could be observed clearly (Figure 1A and
Supplementary Figure 2A, third panel); however, H3K9me3 did
not colocalise with the gH2AX foci (data not shown). Consistently,
western blotting revealed remarkable increase of gH2AX expres-
sion when JMJD2B was knocked down by siRNA in HCT116 and
SW480 cells not only in normoxia but also in hypoxia, similar to
that of etoposide treatment (Figure 1B). To directly assess the effect
of JMJD2B silencing on DNA damage, comet assay was applied
after transfection with JMJD2B siRNA in HCT116 and SW480 cells
for 48 h. Depletion of JMJD2B resulted in DNA damage, as
monitored by formation of a comet-like tail following single-cell
gel electrophoresis (Figure 1C, left). Thereafter, DNA damage was
measured by the percentage of DNA in tail. There are significant
increases in percentage of DNA in tail after JMJD2B siRNA
transfection (Figure 1C, right). From these results, it is evident that
JMJD2B silencing could induce DNA damage in HCT116 and
SW480 cells in both normoxia and hypoxia.

HIF-1a silencing induces DNA damage partially through
JMJD2B inactivation in hypoxia. We and others have shown
that JMJD2B can be upregulated in hypoxia in a HIF-1a-dependent
manner (Beyer et al, 2008; Pollard et al, 2008; Fu et al, 2012);
moreover, hypoxia can regulate the DDR, raising the question of
whether JMJD2B is still required for DDR mediated by HIF-1a in
hypoxia. To address this question, after transfection with HIF-1a
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siRNA for 48 h, CRC cells were then exposed to hypoxia for 24 h.
In both cell lines, HIF-1a suppression not only reduced JMJD2B
expression, but also significantly activated the DDR (Po0.05;
Figure 2A). As expected, a marked decrease in the phosphorylation
of H2AX was determined to correspond to the ectopic expression of
JMJD2B in HIF-1a-depleted CRC cells (Figure 2A). Taken together,
these results clearly indicate that in hypoxia, HIF-1a can partially
mediate the DDR by regulating JMJD2B expression in CRC cells.

JMJD2B silencing induces DNA damage via the ataxia
telangiectasia-mutated (ATM) and ATM- and Rad3-related
(ATR) pathways. DNA damage, especially in the form of DSBs,
results in the activation of a complex signalling network
characterised by the activation of ATM and ATR kinase.
Two structurally unrelated but functionally similar protein

serine/threonine kinases Chk2 and Chk1 are the substrates of
ATM and ATR. Chk2 is phosphorylated by ATM protein at Thr68
and thus activated (Ahh et al, 2000), whereas Chk1 activation
requires phosphorylation at Ser317 and Ser345 in an ATR-dependent
manner (Zhao and Piwnica-Worms, 2001). Thus, to further identify
the DDR kinases induced by JMJD2B silencing, we performed a
time-course study to define the role of ATM and ATR pathways.
CRC cells were pretreated with JMJD2B siRNA for 24 h, and then
incubated in hypoxia for 0, 6, 12, or 24 h. Six-hour exposure to
hypoxia was sufficient to stimulate JMJD2B; in parallel, gH2AX
levels began to increase in JMJD2B-silenced cells as early as 6 h
after hypoxia treatment, and reached maximum levels at 12 h in
the HCT116 cells, whereas gH2AX expression in JMJD2B-silenced
SW480 cells was relatively lower in hypoxia than normoxia
(Figure 2B). In JMJD2B siRNA-treated HCT116 cells, p-Chk2 was
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Figure 1. JMJD2B silencing induced DNA damage in both normoxia and hypoxia. (A) Knockdown of JMJD2B causes gH2AX (Ser139) nuclear foci
formation under normoxia and hypoxia. Representative immunofluorescence staining for gH2AX (Ser139) in HCT116 cells under normoxia (left) and
hypoxia (right). Etoposide was applied as a positive control. (B) Effect of JMJD2B on gH2AX (Ser139) levels. Etoposide was applied as a positive
control. Representative western blot analysis (left to right) from normoxia negative control siRNA transfected, normoxia JMJD2B siRNA
transfected, hypoxia negative control siRNA transfected, hypoxia JMJD2B siRNA transfected, and normoxia DMSO treated, normoxia etoposide
treated, hypoxia DMSO treated, hypoxia etoposide treated HCT116 (left) and SW480 (right) cells. (C) JMJD2B silencing induced DNA damage.
Comet assay was applied after 48 h of JMJD2B siRNA transfection in HCT116 and SW480 cells under normoxia. Representative results of three
independent experiments are shown (left). The extent of DNA damage was determined by measuring the percentage of DNA in tail for 300
individual comets. Data were quantified and graphed (right). HCT116 *Po0.05, SW480 **Po0.01 vs Si-NC. Abbreviations: si-NC¼ the negative
control siRNA; si-JMJD2B¼ the siRNA-targeted JMJD2B.
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detected as early as 6 h and their expression was sustained for 24 h
in hypoxia (Figure 3A). Furthermore, Chk1 was also activated
(Figure 3B), indicating JMJD2B silencing significantly activated the
ATM and ATR pathways in HCT116 cells. The unexpected was that
in SW480 cells, only Chk1 was phosphorylated in hypoxia after
JMJD2B knockdown (Supplementary Figure 2), almost corresponding
to the gH2AX levels. It was documented that the activation of ATM
and ATR leads to the phosphorylation of histone H2AX, which has
an important role in the DDR associated with the stimulation of
DNA repair, activation of cell cycle checkpoint, and eventually
induction of apoptosis (Harper and Elledge, 2007). Therefore, the
data suggest that the ATM and ATR pathways may be involved in
the regulation of JMJD2B silencing-induced DDR.

JMJD2B silencing-induced DNA damage mediates cell cycle
arrest, apoptosis, and senescence. To investigate the role of
JMJD2B in the regulation of cancer cell survival and senescence, we
examined the growth profiles of JMJD2B-silenced HCT116 and
SW480 cells in a time-course study in hypoxia. Compared with the
control group, there was a significant increase of HCT116 cells
with maximum 4N content at 12 h, and an increase of SW480 cells
with maximum 2N content at 24 h after JMJD2B silencing in
hypoxia, indicative of G2 and G1 phase arrest, respectively
(Figure 4A and Supplementary Figure 3A). Besides, an increase
number of cells displaying 44N DNA content was observed in
JMJD2B-depleted HCT116 cells, whereas not in the control
cells and SW480. Furthermore, as shown in Figure 4C and
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Figure 2. HIF-1a silencing induces DNA damage in a JMJD2B-dependent manner. (A) Representative western blot analysis from negative
control siRNA, HIF-1a siRNA, JMJD2B siRNA, or HIF-1a siRNA and JMJD2B plasmid-transfected HCT116 and SW480 cells (left). Quantification
of gH2AX (Ser139) levels (right). Both HIF-1a and JMJD2B siRNA transfection resulted in a significant increase in the level of gH2AX (Ser139;
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Supplementary Figure 3C, JMJD2B silencing remarkably reduced
the growth of HCT116 and SW480 cells in hypoxia as measured by
CCK-8 assay (Po0.05). This effect was accompanied by a similar
significant accumulation of apoptotic cells after JMJD2B silencing
(Po0.05; Figure 4B and Supplementary Figure 3B). Cellular
senescence is an anti-proliferative programme that functions as a
potent tumour-suppressor mechanism (Collado and Serrano,
2011). Morphologically, JMJD2B-silenced cells were larger and
appeared flattened (data not shown), which is a feature of
senescence (Itahana et al, 2007). To further address whether
JMJD2B silencing induced senescence, we carried out SA-b-gal
staining. Positive SA-b-gal staining was observed at 72 h
post-transfection in about 49% and 20% of JMJD2B-silenced
HCT116 and SW480 cells, respectively, but only o2% of the

control group were SA-b-gal–positive (Po0.05; Figure 4D and
Supplementary Figure 3D). Overall, our results indicated that
JMJD2B silencing-induced DDR has an important role in the
induction of cell cycle arrest, apoptosis, and senescence.

Alterations in DNA damage repair gene expression are involved
in JMJD2B suppression-induced DNA damage. In order to
probe the DNA repair genes regulated by JMJD2B, we carried out a
gene expression profiling study. HCT116 cells were transfected
with negative control siRNA or JMJD2B siRNA and then exposed
to 1% hypoxia for 24 h, and gene expression was analysed using the
Affymetrix Human Genome U133 Plus 2.0 Array. We identified 16
downregulated genes (criteria: fold change o0.5; Po0.05, t-test)
and 23 upregulated genes (criteria: fold change42; Po0.05, t-test)
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involved in DNA repair after JMJD2B suppression (Figure 5A).
Functional analysis of these genes indicated that they were related
to a number of key DNA repair processes, including regulation of
homologous recombination repair (MET, RAD51AP1, RAD54L,
RAD51, CHEK1, SMAD3), non-homologous end-joining repair
(HMGA2), nucleotide excision repair (XPC, PPM1D, CETN3),
base excision repair (PPM1D), and DSB repair (MRE11A,
HMGA2, BMI1, NR4A2). Validations of three selected genes
whose expression was JMJD2B dependent (BMI1, CETN3, CLU)
from the 16 downregulated genes and three from the 23
upregulated genes (XPC, UNG, BTG2) were confirmed with

qRT–PCR (Figure 5B and Supplementary Figures 4A and B).
Overall, these data imply that JMJD2B may have an important role
in regulating DNA repair.

JMJD2B inhibition suppressed tumour growth in the CRC
xenograft model. To further confirm the impact of JMJD2B on
in vivo tumour growth and DDR, we generated a mouse model and
evaluated the effect of targeting JMJD2B with siRNAs. As shown
in Figures 6A and B, the tumour volume of the JMJD2B siRNA
group was significantly smaller than that of the control siRNA
group (Po0.05). Furthermore, we examined JMJD2B and
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gH2AX expression in the xenograft tissues by immunohisto-
chemistry. We confirmed that the intratumoural injection of
JMJD2B-targeting siRNA knocked down JMJD2B expression
(Figure 6C). Consistent with the observations made in HCT116
and SW480 cells, JMJD2B knockdown led to gH2AX accumula-
tion in the treated tumour tissues. Taken together, these data
strongly support our notion that targeting JMJD2B could exert
anti-cancer effects in vivo on CRC, probably by the activation of
the DDR.

JMJD2B silencing induces DNA damage by the suppression of
STAT3 signalling. Cancer-related signalling pathways are critical
to carcinogenesis. As our previous studies (Xiong et al, 2008; Du
et al, 2012) indicated that the inhibition of JAK2/STAT3 signalling
can induce CRC cell apoptosis and cell cycle arrest, we speculated

that JAK2/STAT3 may be involved in the JMJD2B silencing–
induced DNA damage. As seen in Figure 7A and Supplementary
Figure 5A, although a slight decrease of total STAT3 was visually
observed, p-STAT3 expression significantly decreased in JMJD2B-
silenced cells in both normoxia and hypoxia, which was confirmed
upon quantification. In addition, no change was seen at the protein
level for p-JAK2, indicating that JMJD2B were working, in part,
through modulation of STAT3 phosphorylation. To further
demonstrate whether STAT3 is involved in JMJD2B silencing-
induced DNA damage, we suppressed STAT3 expression via
siRNA for 48 h, and detected the phosphorylation level of H2AX in
HCT116 and SW480 cells. Compared with the controls, STAT3
knockdown resulted in increased H2AX phosphorylation at Ser139
(Figure 7B and Supplementary Figure 5B). In addition, transduc-
tion of STAT3 cDNA into the JMJD2B-depleted cells abolished
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H2AX phosphorylation induced by JMJD2B suppression
(Figure 7C). Taken together, our results clearly show that JMJD2B
silencing induced DNA damage in HCT116 and SW480 cells
partially by the regulation of the STAT3 signalling pathway, which
contributed to the induction of cell cycle arrest, apoptosis, and
senescence.

DISCUSSION

Abnormalities of the histone demethylase JMJD2B are involved in
the pathogenesis of several cancers, including CRC. However, the
molecular mechanism by which dysregulated JMJD2B contributes

to the malignant phenotype of CRC has not been fully clarified.
In the present study, we examined the roles and mechanisms of
JMJD2B-mediated DDR in human CRC (HCT116 and SW480) cell
culture models in vitro and in a CRC xenograft model in vivo.

Using immunofluorescence and western blotting, we confirmed
that JMJD2B knockdown increased the gH2AX level in the CRC
cell lines in both normoxia and hypoxia. Consistently, the gH2AX
level in the available tumour tissues harvested from the xenograft
model was markedly increased in the JMJD2B-silenced tumours.
Two distinct kinase signalling cascades, the ATM-CHK2 and ATR-
CHK1 pathways, which are activated by DSBs and single-stranded
DNA, respectively, primarily orchestrate cellular responses to DNA
damage. The activation of ATM and ATR leads to the
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phosphorylation of H2AX (Ser139). Our data show that JMJD2B
silencing activated both the ATM-CHK2 and ATR-CHK1 path-
ways in HCT116 cells, whereas it activated only the ATR-CHK1
pathway in SW480 cells, which may reflect cell type-specific
responses. Moreover, the decrease of DNA repair factor functions
also induces similar checkpoint activation, senescence, and finally,
DNA damage because of the accumulation of unrepaired DNA
lesions. Recently, it was reported that p53 regulation of JMJD2B
facilitates the repair of damaged heterochromatin DNA (Zheng
et al, 2013). In addition, Leah et al demonstrated that over-
expression of Kdm4b enhanced the repair of DSBs, which is
dependent on its catalytic domain as H3K9me3 demethylase
(Young et al, 2013). These seem that regulation of histone
methylation may have a vital role in the maintenance of genomic
stability, of which the repair of DNA damage is an important
component. Interestingly, we found the decreased expression of 16
DNA repair-related genes following JMJD2B suppression, con-
sistent with the known ability of JMJD2B to specifically remove
repressive H3K9me3 markers on target promoters (Fodor et al,
2006; Shi et al, 2011). Thus, as a histone demethylase, JMJD2B may
link DDR-associated chromatin changes to localised transcrip-
tional repression near the sites of DNA damage. Taken together,
we have demonstrated that JMJD2B regulates multiple processes
in the DDR based on the following findings: first, H2AX

phosphorylation, a hallmark of DDR, was induced in CRC cell
lines in both normoxia and hypoxia after JMJD2B suppression.
Second, JMJD2B regulated the DDR of CRC cells by activating
ATM and ATR signalling. Third, JMJD2B silencing downregulated
the genes involved in DSB repair.

As the DDR network is tied to cellular processes such as cell
cycle arrest, senescence, and apoptosis (Harper and Elledge, 2007;
d’Adda di Fagagna, 2008), we further evaluated the biological
significance of JMJD2B silencing-induced DDR in the pathogenesis
of CRC cells. Our results indicated that JMJD2B downregulation
was associated with a significant induction of apoptosis and
senescence, and cell cycle arrest in the G1 or G2 phase. More
interestingly, we found JMJD2B suppression in HCT116 increased
the percentage of cells with a DNA content greater than 4N
associated with aneuploidy (Figure 4A), whereas not in SW480,
probably due to a cell line-dependent difference. As aneuploidy is a
consequence of chromosome instability, which can be considered
as one form of genomic instability (Draviam et al, 2004), our data
may further confirm that JMJD2B depletion increased genomic
instability in HCT116. Senescence is a cellular response preventing
tumourigenesis. Recent reports have proposed an important role
for demethylase in senescence. JMJD2A depletion triggered cellular
senescence by negatively regulating the p53 pathway with its
catalytic activity (Mallette and Richard, 2012) and KDM2B

Hypoxia –
– –

+
+

+
+

2.5

2

1.5

1

0.5

0

90
80
70
60
50
40
30
20
10
0

25

30

35

15

20

10

5

0

Normoxia Hypoxia

si-NC

si-JMJD2B

si-
NC

si-
JM

JD
2B

STA
T3 

pla
sm

id

si-
JM

JD
2B

+S
TA

T3 
pla

sm
id

si-
NC

si-
JM

JD
2B

STA
T3 

pla
sm

id

si-
JM

JD
2B

+S
TA

T3 
pla

sm
id

**

* *

*
* *

*

**

R
el

at
iv

e 
ra

tio
n 

ch
an

ge
s 

of
p-

S
TA

T
3/

S
TA

T
3

In
te

ns
ity

 o
f �

H
2A

X
 s

ig
na

l

In
te

ns
ity

 o
f �

H
2A

X
 s

ig
na

l

–

–
– –

+
+

+
+

–

–

– +

–+ +

+–

–

–

–

+

+ +

+–

JMJD2B siRNA

JMJD2B siRNA

JMJD2B

JAK2

p-JAK2

p-STAT3

�-Tubulin

HCT116 HCT116 SW480SW480

STAT3

HIF-1�

STAT3

p-STAT3

�-Tubulin

STAT3 plasmid

JMJD2B

Hypoxia
STAT3 siRNA

JMJD2B

HCT116
A

C

B

STAT3

p-STAT3

�-Tubulin

�H2AX

�H2AX �H2AX

�H2AX

HIF-1�

Figure 7. JMJD2B silencing induces DNA damage by the suppression of STAT3 signalling. (A) Effect of JMJD2B on JAK2/STAT3 signal pathway.
Representative western blot analysis from negative control, JMJD2B siRNA-transfected HCT116 cells in normoxia and hypoxia (left). Quantification
of pSTAT3/STAT3 ratios (right). JMJD2B siRNA transfection resulted in a marked decrease in the ratios of pSTAT3/STAT3 during both normoxia
and hypoxia. Band intensities were measured using ImageJ, normalised to a-tubulin, and presented as percentages relative to the pSTAT3/STAT3
ratios with negative control siRNA. **Po0.01 vs negative control siRNA. Abbreviations: si-NC, the negative control siRNA; si-JMJD2B, the
siRNA-targeted JMJD2B. (B) STAT3 silencing induced H2AX phosphorylation. Representative western blot analysis from negative control, STAT3
siRNA-transfected HCT116 cells in normoxia and hypoxia. (C) Knockdown of JMJD2B caused DSBs through STAT3 pathway. Representative
western blot analysis from negative control, JMJD2B siRNA, STAT3 plasmids or JMJD2B siRNA and STAT3 plasmid-transfected HCT116 and
SW480 cells (left). Quantification of gH2AX (Ser139) levels (right). Ectopic expression of STAT3 in JMJD2B-depleted CRC cells largely alleviated
JMJD2B silencing-induced gH2AX (Ser139) levels. Band intensities were measured using ImageJ, normalised to a-tubulin, and presented as
percentages relative to the levels of gH2AX (Ser139) with negative control siRNA. *Po0.05, **Po0.01. All data from at least three independent
experiments are presented as mean±s.d.

JMJD2B and DNA damage in colorectal cancer BRITISH JOURNAL OF CANCER

www.bjcancer.com |DOI:10.1038/bjc.2013.808 1023

http://www.bjcancer.com


knockdown resulted in premature senescence via modulating
let-7b-EZH2 and p15Ink4b (Tzatsos et al, 2011; He et al, 2008).
Moreover, JARID1 contributed to senescence by facilitating the
silencing of some retinoblastoma gene targets (Chicas et al, 2012),
whereas JMJD3 through the activation of the INK4A-ARF locus
(Agger et al, 2009). Because senescence, initiated by oncogene
activation, telomere dysfunction, or other stimulus, is frequently
associated with DNA damage (Di Micco et al, 2006), our results,
therefore, strongly suggest that JMJD2B silencing-induced senes-
cence could result from cellular response to DNA damage.
Consistent with the in vitro observation, we demonstrated that in
xenograft mouse model, suppression of JMJD2B in vivo also
significantly delayed tumour growth. Thus, our in vivo and in vitro
data both further imply that JMJD2B is a potential therapeutic
target in CRC.

Owing to an inadequate and irregular blood supply, the majority
of solid tumours contain hypoxic regions. Previous studies have
indicated that hypoxia is associated with genetic instability,
subsequently increased DNA damage, enhanced mutagenesis,
and functional impairment of the DNA repair pathways, often
occurs in cells exposed to prolonged hypoxia (Bindra et al, 2005;
Bindra and Glazer, 2007b) and severe hypoxia (Pires et al, 2010).
Jumonji domain-containing protein 2B is a direct target of HIF-1a,
and is regulated by HIF-1a. Our data suggest that HIF-1a
knockdown induced the DDR in cells exposed to 1% hypoxia for
24 h, accompanied by JMJD2B downregulation; furthermore, this
change coincided with the suppression of JMJD2B (Figure 2A).
It has also been reported that HIF-1 could restrain etoposide-induced
DNA damage in hypoxia (Sullivan and Graham, 2009). Thus, it is
very likely that HIF-1a may partially regulate the DDR through
JMJD2B.

Previously, our laboratory discovered that inhibition of JAK2/
STAT3 signalling induced CRC cell apoptosis through the
mitochondrial pathway, accompanied by the activation of the
caspase cascade and increased levels of reactive oxygen species
(ROS; Du et al, 2012). Reactive oxygen species are one of the
common endogenous DNA damage stresses (Vilenchik and
Knudson, 2003), whereas STAT3 is constitutively present in the
mitochondria (Wegrzyn et al, 2009; Boengler et al, 2010), which is
one of the major sources of ROS in the cell (Turrens, 2003).
Increasing evidence has indicated that STAT3 silencing induces
more ROS (Dixit et al, 2009; Tierney et al, 2012) and/or disables
the function of scavenging ROS generation (Negoro et al, 2001),
which modulates susceptibility to chemotherapeutic agents (Alas
and Bonavida, 2003; Dixit et al, 2009; Kulesza et al, 2013) through
increased apoptosis and DNA damage (Bonner et al, 2011).
Specifically, the microarray data showed some JMJD2B-regulated
genes involved in DNA repair are also linked to the STAT3
pathway (Figure 5). MyD88 has a key role in mediating STAT3
phosphorylation (Yamawaki et al, 2010) and STAT3 might
regulate BMI1 gene through SALL4 (Bard et al, 2009). Our results
reveal that JMJD2B silencing downregulated STAT3 phosphoryla-
tion; thus, we speculated that STAT3 signalling might serve as a
bridge linking JMJD2B and DDR. This notion is supported by our
observation that STAT3 suppression induced gH2AX accumula-
tion, whereas STAT3 overexpression mitigated endogenous DNA
damage in CRC cells. Although several models have been
suggested, the accurate mechanisms of how STAT3 regulates the
DDR remain elusive.

In conclusion, the major finding of this study is that JMJD2B
silencing-induced DNA damage triggers senescence, apoptosis, and
cell cycle arrest in HCT116 and SW480 cells by the suppression of
STAT3 signalling in both normoxia and hypoxia. As commonly
used anti-cancer agents exert their cytotoxic effects by inducing
DNA damage through diverse mechanisms (Lord and Ashworth,
2012), deficient DNA damage signalling pathways and DNA repair
were thought to be a key determinant of chemoresistance and

radioresistance. Our results, therefore, first identify a novel link
between the JMJD2B–STAT3 pathway and the DDR in both
normoxia and hypoxia. Overall, the current study provides novel
insights into the signalling networks involved in the possible
carcinogenic effects of the JMJD2B gene (summarised in Figure 8),
which provide further support for targeting JMJD2B in the
potential treatment of human CRC.
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