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Abstract
RUNX3 is frequently inactivated by DNA hypermethylation in numerous cancers. Here, we show that RUNX3 has an
important role in modulating apoptosis in immediate response to tumor necrosis factor-related apoptosis-including ligand
(TRAIL). Importantly, no combined effect of TRAIL and RUNX3 was observed in non-cancerous cells. We investigated the
expression of the death receptors (DRs) DR4 and DR5, which are related to TRAIL resistance. Overexpression of RUNX3
increased DR5 expression via induction of the reactive oxygen species (ROS)-endoplasmic reticulum (ER) stress-effector
CHOP. Reduction of DR5 markedly decreased apoptosis enhanced by the combined therapy of TRAIL and RUNX3.
Interestingly, RUNX3 induced reactive oxygen species production by inhibiting SOD3 transcription via binding to the
Superoxide dismutase 3 (SOD3) promoter. Additionally, the combined effect of TRAIL and RUNX3 decreased tumor
growth in xenograft models. Our results demonstrate a direct role for RUNX3 in TRAIL-induced apoptosis via activation of
DR5 and provide further support for RUNX3 as an anti-tumor.

Introduction

Tumor necrosis factor-related apoptosis-including ligand
(TRAIL), a member of the tumor necrosis factor cytokine
family, binds to death receptors, DR4 [1] and DR5 [2].
TRAIL causes cell death in various cancers through
intrinsic and extrinsic death pathways but does not cause
normal primary epithelial cell death [3, 4]. In the extrinsic
death pathway, DR-induced cell death is initiated when
TRAIL binds to DR4 and DR5, forming the death-inducing
signaling complex (DISC) which leads to the cleavage of

pro-caspase-8. Caspase-8 activation results in the formation
of caspase-3 to initiate apoptosis. Approximately 70% of
tumor cells are sensitive to TRAIL therapy. However,
cotreatment with several chemotherapeutic agents is
required to induce cytotoxic effects, as cancer cells are
tolerant to TRAIL therapy. The systems of TRAIL resis-
tance were reported previously [5–8], including increase of
Fas-associated death domain-like IL-1-converting enzyme-
inhibitory protein, decrease of DR4 and DR5, loss of
apoptotic proteins such as Bax, Bak, PUMA, and BIM,
and upregulation of the NK-κB and PI3K/AKT pathways
[9–12]. Therefore, therapeutic strategies using a combina-
tion of genes, molecules, or agents to overcome TRAIL
resistance are urgently needed.

The human runt-related transcription factor (RUNX)
genes are homologous to the Drosophila genes, runt and
lozenge [13, 14], encoding the α subunit of the Runt-
domain transcription factor PEBP2/CBF [15]. RUNX
family consists of RUNX1, RUNX2, and RUNX3. Among
them, RUNX3 is a tumor suppressor and was shown to be
downregulated in various cancers [16]. RUNX3 is inacti-
vated by promoter hypermethylation, protein mislocaliza-
tion, or loss of heterozygosity [17, 18]. RUNX3 was
reported to inhibit cancer proliferation, the cell cycle, and
metastasis [19, 20]. These reports highlight the importance
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of RUNX3 in regulating apoptosis and cell cycle genes.
Therefore, we predicted that RUNX3 could improve drug
sensitivity when treated with several chemotherapeutic
agents.

The endoplasmic reticulum (ER) related to variety cel-
lular processes, including protein synthesis, protein folding,
and stress-sensing [21, 22]. One factor related to cell death
by ER stress is the CCAAT/enhancer-binding protein
homologous protein (CHOP), which is preferentially upre-
gulated at the translational level upon eIF2 phosphorylation.
Increase of CHOP protein following ER stress and unfolded
protein response induce the expression of pro-apoptotic
proteins [23–27]. Thus, various types of anti-cancer drugs
or molecular regulators for modulating proteins related to
ER stress reaction have been developed. Our study, we
demonstrated the anti-cancer effects of RUNX3 in sensi-
tizing TRAIL-tolerant colorectal cancer (CRC) cells to
TRAIL-induced apoptosis through regulation of the ER
stress reaction and apoptosis pathways.

We investigated whether RUNX3 sensitizes human CRC
cells to TRAIL-mediated apoptosis. We observed that
RUNX3 elevated TRAIL-mediated apoptosis by inducing
DR5 expression and the caspase-dependent pathway. Fur-
thermore, we found that RUNX3 has a critical role in reg-
ulating ROS via downregulation of extracellular superoxide
dismutase 3 (SOD3) expression. Overall, our data suggest
that a cotreatment of TRAIL and RUNX3 is an attractive
strategy for cancer treatment.

Results

RUNX3 sensitizes TRAIL-induced cell death in human
CRC cells

We confirmed the RUNX3 protein in tumor tissue of human
CRC by immunohistochemistry (IHC) analysis. The level of
RUNX3 was lower in tumors compared to in normal colon
tissues (Fig. 1a). Overexpression of RUNX3 was not pre-
viously reported to induce anti-proliferative effects in CRC
cells [19]. To study function of RUNX3 in TRAIL-
mediated cell death, we performed RUNX3 over-
expression and knockdown experiments. First, to assess the
TRAIL sensitizing effects of RUNX3, we performed an
MTT assay. Cell proliferation was not altered by RUNX3
expression (Fig. 1b, Supplementary Fig. 1A). TRAIL
mediated the dose-dependent reduction in CRC cell pro-
liferation (Fig. 1c). When RUNX3-overexpressing cells
were exposed to TRAIL, cell death was significantly
enhanced in TRAIL-resistant HT29, Colo205, and DLD-1
cell lines (Fig. 1e). However, cell death did not induce in
normal epithelial primary colon cells (CCD-18Co) and
normal lung cells (BEAS-2B) (Fig. 1d, Supplementary

Fig. 1B). Additionally, cell death was significantly
increased in HT29 cells at various concentrations (Supple-
mentary Fig. 1C). Additionally, knockdown of RUNX3
decreased TRAIL-induced cell death (Fig. 1f). These results
show that RUNX3 sensitizes CRC cells to TRAIL-mediated
cell death.

RUNX3 enhances TRAIL-mediated apoptosis in CRC
cells by activating DR and apoptotic pathways

First, the combined efficacy of TRAIL and RUNX3
expression on HT29 cell morphology was studied under a
microscope and confirmed to be altered compared to in
HT29 control cells or RUNX3-overexpressing cells with
TRAIL (Fig. 2a). The colony-forming ability was reduced
in RUNX3-overexpressing cells with TRAIL compared to
that when either was treated alone (Fig. 2b). Next, we
performed Annexin V/propidium iodide (PI) staining with
fluorescence-activated cell sorting (FACS) analysis to
determine if apoptotic sensitivity was related to the
enhanced expression of TRAIL induced by RUNX3.
TRAIL-induced apoptosis in RUNX3-overexpressing cells
was significantly increased (Fig. 2c). To confirm these, we
tested the activation of pro-apoptotic proteins, such as
cleaved caspase-8, caspase-9, caspase-3, and PARP. The
levels of the cleaved forms of these proteins were increased
under combined expression of RUNX3 and TRAIL (Fig.
2d). We pretreated the cells with a pan-caspase inhibitor, z-
VAD-fmk, to find the role of caspase in the effects mediated
by RUNX3-overexpressing cells with TRAIL. As expected,
z-VAD-fmk significantly decreased the activities of cas-
pase-8, 9, 3 and PARP mediated by RUNX3-
overexpressing cells with TRAIL (Fig. 2e). RUNX3-
hypermethylated CRC cells (HT29) were treated with a
DNA methylation inhibitor, 5-Aza-dc, to find the efficacy of
RUNX3 methylation on TRAIL. 5-Aza-dc induced sig-
nificant upregulation of RUNX3 expression in HT29 cells
and enhanced TRAIL-induced apoptosis (Fig. 2f). There-
fore, the enhanced apoptosis caused by RUNX3-
overexpressing cells with TRAIL was induced through
both intrinsic and extrinsic pathways.

RUNX3 enhances TRAIL-induced apoptosis by
increasing DR5 expression

To further study on the mechanisms of RUNX3-induced
TRAIL sensitivity, we determined pro-apoptotic proteins,
anti-apoptotic proteins, and DRs. We found that DR5
expression was markedly increased by RUNX3 over-
expression in HT29 cells (Fig. 3a). Upregulation of DR5 by
RUNX3 was also confirmed in Colo205 and DLD-1 cells
(Supplementary Figure 2A). However, DR4 expression was
unchanged in the other CRC cell lines (Fig. 3a and
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Supplementary Figure 2A). In previous studies, DR5 was
downregulated in normal tissues compared to that in cancer
tissues [28]. Because the expression of DR5 was very low
in the normal cell line (CCD-18Co), RUNX3 caused only a
slight change in DR5 levels (Supplementary Figure 2D).
Additionally, the protein levels of Bim, Bid, Survivin, Bcl-
2, Bcl-xL, and Mcl-1 were unaltered by RUNX3 over-
expression (Fig. 3a). Induction of DR5 was confirmed by
immunofluorescence (Fig. 3b) and FACS analysis (Fig. 3c
and Supplementary Figure 2C). To confirm the importance
of upregulated DR5 expression, we transfected pCDNA
DR5 into HT29 cells, where overexpression of DR5 caused
enhanced TRAIL-induced apoptosis (Fig. 3d). In contrast,
knockdown by DR5 siRNA inhibited the RUNX3-
sensitizing effect of TRAIL-mediated apoptosis (Fig. 3e,
f). Also, we assessed whether TRAIL-mediated apoptosis
enhanced by RUNX3 after DR4 knockdown by siRNA but
observed no significant effect (Supplementary Figure 2E).
These results show that RUNX3 enhances TRAIL-induced
apoptosis by upregulating DR5.

Overexpression of RUNX3 induces activation of the
ROS-ER stress-CHOP pathway

To investigate how RUNX3 regulates DR5 expression, we
evaluated DR5 mRNA levels by real-time PCR. Over-
expression of RUNX3 elevated both the mRNA level and
protein levels of DR5 (Fig. 4a and Supplementary Figure
2B). The DR4 mRNA was increased by Runx3 over-
expression, but the effect may not be significant (Fig. 4a).
These data show that RUNX3 regulates the activation of
DR5 at the transcription level. Because CHOP is known to
act upstream of DR5 activation [29], we tested whether
RUNX3 regulates CHOP and ER stress proteins. We found
that RUNX3 overexpression induced DR5 via IRE1α-JNK-
CHOP (Fig. 4b). We also confirmed that transient RUNX3
overexpression increased ER stress via IRE1α-JNK-CHOP
(Supplementary Figure 3B). To verify whether ER stress

caused by overexpression of RUNX3 was induced via
IRE1α, we inhibited IRE1α with IRE1α siRNA. We
observed a reduction in TRAIL-induced apoptosis follow-
ing inhibition of IRE1α in RUNX3-overexpressing cells
(Fig. 4c). Because ROS are known to cause ER stress [30],
we postulated that RUNX3-mediated ROS can lead to
enhanced ER stress. We found that RUNX3 significantly
increased ROS generation using DCF-DA (Fig. 4d), which
was confirmed by immunofluorescence analysis (Fig. 4e).
To further investigate whether ROS generation by RUNX3
affects TRAIL-induced apoptosis, we pretreated the cells
with 1 mM ROS scavenger, N-acetyl-L-cysteine (NAC), for
1 h. Apoptotic proteins, whose expression was enhanced by
RUNX3-overexpressing cells with TRAIL, were inhibited
by NAC (Fig. 4f), indicating that ROS acts a direct role in
the susceptibility to TRAIL. Additionally, we pretreated the
cells with 20 µM JNK inhibitor for 1 h. Apoptosis enhanced
by the RUNX3-overexpressing cells with TRAIL was
decreased by the JNK inhibitor (Supplementary Figure 3C).
Additionally, knockdown of CHOP by siRNA decreased
apoptosis in RUNX3-overexpressing cells with TRAIL
(Fig. 4g). Our data represent that the ROS induced by
RUNX3 enhanced TRAIL-induced apoptosis.

RUNX3 induces ROS generation via transcriptional
inhibition of SOD3

To investigate how RUNX3 induces ROS generation, we
measured the levels of ROS-related factors. Overexpression
of RUNX3 did not change SOD1, SOD2, catalase, NADPH
oxidase 2, and NADPH 4 levels, while SOD3 levels were
significantly reduced (Fig. 5a). Additionally, RUNX3-
overexpressing cells showed relatively low SOD3 expres-
sion in CRC cell lines (Supplementary Figure 4B). Con-
sistent with the results at the protein level, the mRNA level
of SOD3 was also decreased (Fig. 5b, Supplementary Fig-
ure 4C), whereas the mRNA level of SOD3 in RUNX3-
knockdown cells was increased (Fig. 5c and Supplementary
Figure 4D). The mRNA levels of SOD1 and SOD2 did not
change in RUNX3-overexpressing cells (Supplementary
Figure 4A). These results indicate that the transcriptional
level of SOD3 was regulated by RUNX3. In agreement with
these finding, overexpression of RUNX3 inhibited SOD3,
as observed in immunofluorescence analysis (Fig. 5d).
Because RUNX3 affected both the SOD3 protein and
mRNA levels, we predicted that RUNX3 transcriptionally
inhibits SOD3 expression. Within the promoter region
(−3500–100 bp upstream), we found two RUNX3-binding
sites (Fig. 5e). To evaluate the binding of RUNX3
within the SOD3 promoter, we achieved a chromatin
immunoprecipitation (ChIP) assay, which demonstrated
that RUNX3 binds to RUNX3BS1 and RUNX3BS2 in

Fig. 1 RUNX3 sensitizes TRAIL-induced cell death in human CRC
cells. a Representative immunofluorescence image of human CRC
specimens stained for RUNX3 at a magnification of ×20 and ×40. b
Cell viabilities of colorectal cancer (CRC) cell lines transfected with
pFlag-c1 RUNX3 were measured by an MTT assay for 24 h. c Cell
viabilities of colorectal cancer (CRC) cell lines were measured by an
MTT assay and treated with 0–100 ng/mL TRAIL for 6 h. d, e Normal
colon cell line (CCD-18Co) and CRC cell lines transfected with pFlag-
c1 RUNX3 treated with TRAIL 20 ng/mL. Cell viabilities were
assessed by trypan blue dye staining. f SNU283 was transfected with
RUNX3 shRNA and then treated with TRAIL 30 ng/mL. The cell
viabilities were assessed by trypan blue dye staining. Data are
expressed as the means of three independent experiments. **P < 0.01
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RUNX3-overexpressing cells (Fig. 5f). This indicates that
binding of RUNX3 within the SOD3 promoter inhibited
SOD3 transcription. To further confirm the function of
SOD3, we transfected SOD3 siRNA into HT29 cells.
Knockdown of SOD3 enhanced TRAIL-mediated increase
of caspase-3, caspase-9, and caspase-8 as well as PARP
cleavage (Fig. 5g). Additionally, increased TRAIL-
mediated apoptosis was verified by FACS analysis in
SOD3 knockdown cells (Supplementary Figure 4E). Over-
expression of SOD3 inhibited the sensitivity of RUNX3-
overexpressing cells for TRAIL-induced apoptosis (Fig.
5h). These data suggest that RUNX3 synergistically pro-
motes TRAIL-induced apoptosis by downregulating SOD3
expression.

RUNX3 overexpression enhances TRAIL-induced
apoptosis in vivo

HT29-FLAG- and HT29-RUNX3-overexpressing cells
were subcutaneously injected into nude mice and treated
with 4 ng/kg TRAIL every two days. Treatment with
RUNX3-overexpressing cells with TRAIL significantly
decreased tumor growth compared to in the control, control
+ TRAIL, and RUNX3 groups (Fig. 6a, b). Tumor weight
was also lowest in RUNX3-overexpressing cells with
TRAIL group compared to that in the other groups (Fig. 6c).
We performed IHC to measure the expression of RUNX3,
DR5, and SOD3. Consistent with the in vitro results, DR5
expression was increased in RUNX3-overexpressing
groups, while SOD3 expression was decreased in these
groups (Fig. 6d). Lastly, we performed a TUNEL assay to
detect cell apoptosis. Samples from RUNX3-overexpressing
cells with TRAIL group contained significantly more

apoptotic cells than those from other groups (Fig. 6e). These
data show that RUNX3 synergistically increased TRAIL-
mediated cell apoptosis in vivo.

Discussion

Because TRAIL and agonistic antibodies against DRs are
safe and tumor-specific, these proteins have been widely
developed as therapeutic molecules and compared to other
tumor necrosis factor family members. However, because of
the resistance of tumors to these molecules and their
insufficient effects, it has become necessary to study their
effects when combined treatment with other chemother-
apeutic agents or adjuvant therapies. Therefore, therapies
that elevate the efficacy of TRAIL and overcome TRAIL
resistance are needed.

CRC cells have been reported to be resistant to TRAIL
[5, 31]. The high concentration of 500 ng/mL of TRAIL
used to treat CRC cells shows no effect [32]. Surprisingly,
the present study revealed greater downregulation of human
RUNX3 in CRC tissues and related cell lines than in normal
colon tissues and human primary CRC. Notably, the IHC
data suggested that downregulation of RUNX3 expression
is clinically related to carcinogenesis and the TRAIL
resistance of CRC. Epidemiological studies of RUNX3 in
CRC have not clearly revealed the functional participation
of RUNX3 in tumor suppression [33, 34]. Recently,
RUNX3 was reported to function in pro-apoptosis. RUNX3
has a pivotal role in lung normal epithelial cell apoptosis
induced by influenza A virus infection and Toll-like
receptor-dependent interferon-gamma by activating DR-
related apoptosis pathways [35, 36]. Whereas, some reports
show that RUNX3 plays an oncogenic functions in skin
cancers, including basal cell carcinoma [37, 38]. Our pre-
vious report demonstrated that RUNX3 inhibits metastasis
and invasion act as a tumor suppressor in CRC [19].
Although the RUNX3 have double-edged sword, depending
on the type of cancer in a particular area, our study is based
on the patient data and CRC cell lines, and suggests that
RUNX3 have a role of tumor suppressor.

In this study, we investigated the association between
RUNX3 expression and the TRAIL response in various
CRC cell lines. We observed restored TRAIL sensitivity
following methylated RUNX3 in CRC cells that had been
treated with the demethylation reagent. Furthermore, we
found that activation of DR5 was involved in regulating
RUNX3 in CRC cells. To further determine the functional
role of RUNX3, we evaluated apoptosis-related proteins
(anti- or pro-apoptotic) by western blotting; these proteins
were found to have novel functions in carcinogenesis.
Recently, anti-apoptotic proteins responsible for TRAIL
resistance, such as survivin and Mcl-1, were reported to

Fig. 2 RUNX3 enhanced TRAIL-induced apoptosis in CRC cells by
activating DR and mitochondrial apoptotic pathways. a HT29 cells
were treated with 20 ng/mL TRAIL for 4 h, and the cell morphologies
were examined by light microscopy (upper). Scale bar: 100 µM. The
graphs represent the percentage of live cells using MTT solution
(lower). b HT29 cells were treated with 20 ng/mL of TRAIL. After
14 days, cells were stained with crystal violet dye, and photographs of
the colonies are shown (upper). The graphs represent the percentage of
stained colonies (lower). c HT29 cells treated with TRAIL
were stained with annexin V and propidium iodide and then analyzed
via FACS. d The levels of cleaved-PARP and cleaved-caspase3,
cleaved-caspase9, and cleaved-caspase8 were detected by western
blotting. β-Actin was used as a loading control for each lane. e HT29
cells were pretreated with 25 µM z-VAD-fmk for 30 min and then
treated with 20 ng/mL of TRAIL for 4 h. The levels of cleaved-PARP
and cleaved-caspase3, cleaved-caspase9, and cleaved-caspase8 were
detected by western blotting. β-Actin was used as a loading control for
each lane. f HT29 cells were pretreated with 20 μM of 5-Aza-dc for
3 days and then treated with 20 ng/mL of TRAIL for 4 h. The levels of
cleaved-PARP and RUNX3 were detected by western blotting. β-Actin
was used as a loading control for each lane. Data are expressed as the
means of three independent experiments. **P < 0.01
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associate with Bcl-2 or Bcl-xL members [39, 40]. Over-
expressing RUNX3/TRAIL in CRC cell lines resulted in
significantly enhanced cell death, which was not observed
in siRUNX3- and/or TRAIL-treated CRC cells; this obser-
vation further supports the finding that RUNX3 functions as
a pro-apoptotic protein, particularly in TRAIL-resistant
cancers. This was also supported by transient over-
expression of RUNX3 in CRC cell lines, suggesting that
RUNX3 sensitizes the apoptotic machinery to TRAIL-
induced death signals. Our study using a mouse xenograft
model confirmed that RUNX3 overexpression combined
with TRAIL leads to cell death, strongly supporting the role
of RUNX3 as a pro-apoptotic protein. Mechanistically,
RUNX3 significantly increased the protein levels of pro-
apoptotic proteins, including NOXA and Bax, and upre-
gulated DR5 expression. Additionally, overexpression of
RUNX3/TRAIL induced apoptosis, but not of human pri-
mary epithelial colon cells, indicating that RUNX3 over-
expression combined with TRAIL is a promising therapy
for cancers showing resistance to TRAIL therapy.

ER stress is triggered when unfolded or misfolded pro-
teins were aggregated in the ER lumen. ER stress increases
the expression level of DRs through the ATF4-CHOP [41–
43] or ATF6-CHOP signaling pathways [44, 45]. Specifi-
cally, ER stress is activated by oxidative agents modulate
the level of survival or apoptotic proteins [46]. In agreement
with these observations, we identified that ER stress medi-
ated by RUNX3 significantly increases DR5 by inducing
the IRE1α/JNK/CHOP pathway and upregulates NOXA in
TRAIL-resistant CRC cell lines.

In a previous study, we studied a close association
between ER stress and DR5 activation after TRAIL treat-
ment [5, 31]. Additionally, thapsigargin [47], tunicamycin
[48], and MG132 [49], which are ER stress inducers, have

been confirmed to increase DR5 in numerous cancer cells.
Regulation of DR5 by CHOP provides association between
ER stress and DR5. Our data are consistent with previous
finding that CHOP binds to within DR5 promoter and
increases its expression [5, 50, 51]. We investigated whether
RUNX3 directly regulates DR5 transcription. Expression of
DR4 and DR5 did not change in RUNX3-knockdown cells
(Supplementary Figure 3A). As a result, we confirmed that
RUNX3 controls the activation of DR5 via CHOP. It
appears likely that RUNX3 induces ER stress. We found that
important upstream pathway related to the sensitive of
TRAIL by RUNX3 is ROS. RUNX3 induced ROS
quenching by NAC, anti-oxidant, which attenuated the
effects of RUNX3 on inducing CHOP and DR5. Addition-
ally, quenching of ROS attenuated TRAIL-induced apop-
totic cell death by RUNX3. Our findings agree with those of
previous studies showing that RUNX3 promotes accumu-
lation of ROS and PKC-θ activity for DR5 activation [52].

The increase in DR5 levels is of specific interest for
selectively targeting DR5, but not DR4, to treat cancer in
humans. Recently, several studies reported that DR5 has
potential pro-metastatic functions in cancer [41, 53–56].
Thus, upregulation of DR5 by RUNX3 suggests its poten-
tial in therapy by enhancing the sensitivity to TRAIL. Our
data demonstrate that DR5 is important for enhancing the
sensitivity of TRAIL. Knockdown of DR5 decreased the
TRAIL sensitivity enhanced by RUNX3. In previous stu-
dies, ROS was shown to induce ER stress in various cancers
[57]. Therefore, we hypothesized that RUNX3-induced ER
stress could be induced by ROS, which is also involved in
RUNX3 overexpression and apoptosis. ROS have pivotal
role in cell death and are associated with overcoming
TRAIL resistance by inducing DR5 [29, 58]. ROS are
generated by the mitochondria and NADPH oxidases (NOX
enzymes) [59], which are known to produce large amounts
of superoxide. SOD is an enzyme that catalyzes the dis-
mutation of the superoxide (O2

−) radical into oxygen or
hydrogen peroxide. Thus, SODs prevent the generation of
highly aggressive ROS. SOD1 is located in the cytosol,
SOD2 in the mitochondria, and SOD3 is extracellular [60].
We evaluated the expression of NOX and SODs to inves-
tigate how RUNX3 regulates ROS. Overexpression of
RUNX3 decreased SOD3 protein level, although the level
of other factors did not alter, while the RNA level of SOD3
was also downregulated. We also found that RUNX3 reg-
ulates the transcription of SOD3 by binding to two sites,
which we identified within the SOD3 promoter, to inhibit its
expression.

In summary, the results of our study demonstrate that
decreased SOD3 expression by RUNX3 increased ROS
induction. And then, upregulation of DR5 via the ROS-ER
stress-CHOP pathway enhanced TRAIL-induced apoptosis
(Fig. 6f).

Fig. 3 RUNX3 enhanced TRAIL-induced apoptosis by increasing
DR5 expression. a Protein expression levels of BAX, BIM, NOXA,
PUMA, p53, BID (pro-apoptotic protein), survivin, BCL2, Mcl-1,
XIAP (anti-apoptotic protein), DR4 (death receptor), and DR5 were
determined by western blotting. b Immunofluorescence of DR5 and
RUNX3 was detected by confocal laser-scanning microscopy (original
magnification: ×40). Scale bar: 10 µM. c HT29 and HT29 pFlag-C1
RUNX3 analyzed by FACS to determine the expression of DR5. d
HT29 cells were transfected with pCNDA DR5. Cells were treated
with 20 ng/mL TRAIL for 4 h. Cell viabilities were assessed by trypan
blue dye staining. e HT29 and HT29-RUNX3-overexpressing cells
were transfected with control siRNA or DR5 siRNA. The levels of
cleaved-PARP, cleaved-caspase3, cleaved-caspase9, and cleaved-
caspase8 were detected by western blotting. β-Actin was used as a
loading control for each lane. f HT29 and HT29-RUNX3-
overexpressing cells were transfected with control siRNA or
DR5 siRNA. HT29 cells treated with 20 ng/mL TRAIL were stained
with annexin V and propidium iodide, and then analyzed via FACS.
Data are expressed as the means of three independent experiments.
**P < 0.01

3910 B. R. Kim et al.



A

D

E

F G

B

0

50

100

Fl
uo

re
sc

en
ce

 in
te

ns
ity

( X
-m

ed
ia

n)

**

RUNX3FLAG

FLAG

DCF-DA
10 1010

C
ou

nt
s

RUNX3

β-actinp-eIF2α
CHOP

GRP94

Bip

p-JNK

p-IRE1α

IRE1α

XBP1S

ATF6

RUNX3FLAG RUNX3FLAG

46

42 

54

130

110

38

38

60

90

100

78

30

C

0.0

0.5

1.0

1.5

2.0

2.5

**

RUNX3FLAG

NAC (1mM)

c-PARP

β-actin

c-c9

DR5

c-c3

CHOP

- + TRAIL (20 ng/ml)- + - + - +
- - + + - - + +
- - - - + + + +

RUNX3

89

35
37

17
19

30

42

40
48

β-actin

c-PARP

c-c9

c-c3

CHOP

c-c8

- + TRAIL (20 ng/ml)- + - + - +
- - + + - - + +
- - - - + + + +

RUNX3
CHOP siRNA

DR5

89

35
37

17
19

30

42

40
48

43
41

β-actin

c-c9

DR5

c-c3

CHOP

- + TRAIL (20 ng/ml)- + - + - +
- - + + - - + +
- - - - + + + +

RUNX3
IRE1α siRNA

89

35
37

17
19

30

42

40
48

c-PARP

p-IRE1α

IRE1α

c-c8

130

110

43
41

p-JNK
46
54

0.0

0.5

1.0

1.5

RUNX3FLAG

egreMIPAD DCF-DA
FL

A
G

R
U

N
X3

eIF2α

D
R

4 
R

el
at

iv
e 

 F
ol

d 
C

ha
ng

e

D
R

5 
R

el
at

iv
e 

 F
ol

d 
C

ha
ng

e

RUNX3 enhances TRAIL-induced apoptosis by upregulating DR5 in colorectal cancer 3911



Our study reveals the mechanism of how
RUNX3 sensitizes CRC cells to TRAIL-mediated cell death
and enables to overcome TRAIL resistance. Future exam-
inations should aim to investigate the clinical potential of
combined treatment with RUNX3 and TRAIL in CRC
patients.

Materials and methods

Patients and tissue specimens

A total of 197 cases of colon cancers were collected from
the Korea University Guro Hospital tissue bank between
2000 and 2006. The patients with colon carcinoma were
109 males and 88 females. This protocol was approved by
the Institutional Review Board of Guro Hospital (KUGH
12110).

Cell culture and stable cell lines

Human colon cancer cells were purchased from the Amer-
ican Type Culture Collection (Manassas, VA, USA). Cells
were cultured in RPMI 1640 medium or McCoy’s 5 A
medium (Invitrogen, Carlsbad, CA, USA) containing 10%
fetal bovine serum (HyClone, Logan, UT, USA) and 1%
antibiotic-Antimycotic (Katy, TX, USA). Human colon
cells (CCD18CO) and human lung cells (BEAS-2B) were
purchased from American Type Culture Collection. For
RUNX3 stable overexpression, we cloned RUNX3 between
the HindIII and BamHI restriction enzyme sites in the
pFlag-c1 vector. We then transfected the cells with pFlag-c1

or pFlag-c1 RUNX3 using Lipofectamine 2000 (Invitrogen)
and selected transfectants with puromycin.

Reagents and antibodies

Anti-DR5 (AF631) and TRAIL were purchased from R&D
Systems (Minneapolis, MN, USA). NAC, 5-aza-2′-deox-
ycytidine, and STF-083010 were purchased from Sigma
(Sigma, St. Louis, MO, USA). Anti-BAX (sc-20067), anti-
Bcl-xL (sc-8392), anti-Bcl-2 (sc-509), anti-DR4 (sc-6823),
anti-CHOP (sc-7531), anti-SOD3 (sc-271170), anti-Myc
(sc-788), and Protein G PLUS-Agarose (sc-2002) were
from Santa Cruz Biotechnology (Dallas, TX, USA); Anti-
Noxa (#14766), anti-Bim (#2819), anti-Puma (#4976), anti-
XIAP (#2042), anti-Bid (#2002), anti-Mcl-1 (#4572), anti-
Survivin (#2808), anti-cleaved PARP (#9541), anti-caspase-
8 (#4927), anti-caspase-3 (#9662), anti-caspase-9 (#9508),
anti-phospho JNK (#9251), anti-XBP1s (#12782), anti-
eIF2α (#9722), anti-phospho eIF2α (#3597), anti-ATF6
(#65880), anti-GRP94 (#2104), anti-BIP (#3177), anti-
IRE1α (#3294), anti-SOD1 (#2770), and anti-SOD2
(#13194) were from Cell Signaling Technology (Danvers,
MA, USA); anti-catalase (ab76110), anti-RUNX3
(ab40278), anti-DR5 (ab8416), anti-phospho IRE1 α, anti-
NOX2 (ab129068), and anti-NOX4 (ab133303) were from
Abcam (Cambridge, UK); anti-Flip (AXL-804-961-0100)
was from Enzo Life Sciences (Farmingdale, NY, USA);
anti-actin antibody (A5316) was from Sigma. The second-
ary antibodies, anti-mouse IgG horseradish peroxidase and
anti-rabbit IgG horseradish peroxidase, were from Cell
Signaling Technology.

Immunoblotting

Cells were prepared and western blotting was performed as
previously described [61]. Signals were detected on X-ray
film. Protein sizes were determined using GangNam-Stain
protein ladder (Cat. 24052).

Survival assay

Cell proliferation was measured using MTS reagent. Cells
were seeded and then treated. Cells were incubated with
EZ-Cytox kit MTS reagent (DoGen) for 4 h at 37 °C.
Absorbance at 550 nm was measured using a microplate
reader.

Apoptosis assay (flow cytometry)

HT29 cells and HT29-RUNX3 cells were untreated or
treated with TRAIL for 4 h. The cells were mixed with7 μL
FITC reagent and 1.25 μL Annexin V (BioBud, Seoul,
Korea, Cat. LS-02-100) and incubated for 30 min at 4 °C in

Fig. 4 Overexpression of RUNX3-induced activation of the ROS-ER
stress-CHOP pathway. a mRNA levels of DR5 and DR4 were mea-
sured by real-time PCR. Expression was normalized to that of
GAPDH. b Protein expression levels of p-IRE1α, IRE1α, XBP1S, p-
eIF2α, eIF2α, ATF6, GRP94, Bip, Chop, and p-JNK (ER stress) were
determined by western blotting. c HT29 cells were transfected with
control siRNA or IRE1α siRNA. The levels of p-IRE1α, IRE1α,
p-JNK, DR5, CHOP, cleaved-PARP, cleaved-caspase3, cleaved-
caspase9, and cleaved-caspase8 were detected by western blotting.
β-Actin was used as a loading control for each lane. d ROS levels were
measured by DCFH-DA and analyzed by flow cytometry. e To mea-
sure ROS generation, the immunofluorescence of DCFH-DA was
detected by confocal laser-scanning microscopy (original magnifica-
tion: ×40). Scale bar: 10 µM. f HT29 cells were pretreated for 1 h with
NAC and then treated for 4 h with TRAIL. The levels of DR5, Chop,
cleaved-PARP and cleaved-caspase3, cleaved-caspase9, and cleaved-
caspase8 were detected by western blotting. β-Actin was used as a
loading control for each lane. g HT29 cells were transfected with
control siRNA or CHOP siRNA. The levels of DR5, CHOP, cleaved-
PARP, cleaved-caspase3, cleaved-caspase9, and cleaved-caspase8
were detected by western blotting. β-Actin was used as a loading
control for each lane. Data are expressed as the means of three inde-
pendent experiments. **P < 0.01
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the dark. The cells were immediately analyzed by flow
cytometry.

Methylation specific PCR (MSP)

Genomic DNA was extracted by the DNeasy kit (Qiagen,
Hilden, Germany). Genomic DNA was modified by bisul-
fite using a Methylamp™ DNA modification kit (Epigentek,
Pittsburgh, PA, USA) according to the manufacturer’s
instructions. PCR was performed hot-started at 95 °C 5 min.
this was followed by 40 cycles at 95 °C for 30 s, 65 °C
(unmethylated) or 71 °C (methylated) for 30 s and 72 °C for
40 s, and final elongation at 72 °C for 10 min. Primer
sequences for the unmethylated reaction were 5′-TTAT-
GAGGGGTGGTTGTATGTGGG-3′ (sense) and 5′-
AAAACAACCAACACAAACACCTCC-3′ (anti-sense),
and primer sequences for the methylated reaction were 5′-
TTACGAGGGGCGGTCGTACGCGGG-3′ (sense) and 5’-
AAAACGACCGACGCGAACGCCTCC-3′ (anti-sense).

Immunofluorescence staining

The expression of DR5 and SOD3 were observed by
fluorescence microscopy as previously described [61].

Flow cytometric analysis for DR5

Cells were stained with phycoerythrin-conjugated anti-DR5
(clone DJR2-4, BioLegend, San Diego, CA, USA) on ice
for 20 min in the dark. Stained cells were washed with cell
staining buffer by centrifugation at 350 × g for 5 min. The
stained cells were analyzed by flow cytometry.

Small interfering RNA (siRNA)

DR5 siRNA, DR4 siRNA, CHOP siRNA, IRE1α siRNA,
and SOD3 siRNA were purchased from Santa Cruz Bio-
technology. Cells were transfected with siRNA using
Lipofectamine RNAiMax reagent (Invitrogen) according to
the manufacturer’s instructions.

ROS measurement (DCF-DA assay)

ROS levels were measured using dichloro-dihydro-
fluorescein diacetate (DCF-DA). Cells were incubated for
30 min with 20 µM DCF-DA. The stained cells were fixed
with 3.7% formaldehyde for 15 min at room temperature.
Fluorescence intensity was measured using a flow cyt-
ometer or fluorescence microscopy.

ChIP (chromatin immunoprecipitation) assay

Overall, 1.5 × 106 HT29 cells and HT29-RUNX3 cells were
seeded. ChIP assay was performed as previously described
[61]. The DNA was analyzed by PCR using the following
specific primers: RUNX3BS1 forward, 5′ GGT ACA GCA
GAG GCT CTT AGT AAA 3′; reverse, 5′ ATG CTT GTG
GTC CAA ACT ACT GAG 3′; RUNX3BS2 forward, 5′
CCA CCA CAC CTG GTT GAT TT 3′; reverse, 5′ AAA
TAA TGG GCC AGA CAC AG 3′.

Animal xenograft experiment

Animal experiments were conducted in accordance with
animal care guidelines approved by the Korea University
Institutional Animal Care and Use Committee. Four-week-
old female BALB/c nude mice were obtained from Orient
Bio (Seongnam-si, Korea) and housed in a pathogen-free
environment. The animals had a period of adaptation for
1 week before study and had free access to food and water.
HT29 cells (2 × 106) in 100 µL of PBS were subcutaneously
implanted into BALB/c nude mice. The tumor size was
measured every two days. Tumor volume calculations were
obtained using the formula V= (width2 × length)/2 after
caliper measurements.

Immunohistochemistry staining (IHC) and
assessment

Tissue were prepared and IHC was performed as previously
described [61]. The antibodies, clones, catalogs, and
dilutions are listed in Table 1 and IHC scoring is listed in
Table 2.

Fig. 5 RUNX3 induces ROS generation via transcriptional inhibition
of SOD3. a The levels of SOD1, SOD2, SOD3, catalase, NOX2, and
NOX4 were detected by western blotting. β-Actin was used as a
loading control for each lane. b, c The mRNA level of SOD3 was
measured by real-time PCR. The expression was normalized to that of
GAPDH. d Immunofluorescence of SOD3 was detected by confocal
laser-scanning microscopy (original magnification: ×40). Scale bar: 10
µM. e The two predicted RUNX3-binding sites in the SOD3 promoter
presented as an illustration and as DNA sequence (from −3500 to
+100). f A chromatin immunoprecipitation (ChIP) assay was per-
formed to confirm direct binding of RUNX3 to the SOD3 promoter. g
HT29 cells were transfected with control siRNA or SOD3 siRNA. The
levels of SOD3, cleaved-PARP, cleaved-caspase3, cleaved-caspase9,
and cleaved-caspase8 were detected by western blotting. β-Actin was
used as a loading control for each lane. h HT29 cells were transfected
with Myc-DDK SOD3. The levels of Myc, DR5, CHOP, cleaved-
PARP, cleaved-caspase3, cleaved-caspase9, and cleaved-caspase8
were detected by western blotting. β-Actin was used as a loading
control for each lane. Data are expressed as the means of three inde-
pendent experiments. **P < 0.01, *P < 0.05
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Statistical analysis

Statistical analysis was performed using GraphPad InStat
6 software (GraphPad Software, Inc., La Jolla, CA, USA).
The results were expressed as the mean of arbitrary values
± SEM. Statistics were analyzed by using one-way analysis
of variance with GraphPad InStat 6. One-way analysis of
variance followed by Turkey post hoc tests were performed
in all statistical analysis. To determine the significance
between two groups, an unpaired t-test was used, where a P-
value of <0.05 was considered significant.
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Fig. 6 RUNX3 enhanced TRAIL-induced apoptosis in vivo. a HT29
cells were implanted subcutaneously in nude mice and then tumor
growth was evaluated by fluorescence intensity after 3 weeks of
treatment with TRAIL at a dose of 4 ng/kg every 2 days (n= 6). b
Representative tumor volume from xenograft nude mice. Tumor
dimensions were measured every two days. c The tumor weights were
measured at the termination of the experiments. d Immunohisto-
chemical (IHC) staining revealed the expression of RUNX3, DR5, and
SOD3 in tumors from xenograft mice of the two groups at a

magnification of ×20. Scale bar, 50 μm. Graphs represent the
expression of RUNX3, DR5, and SOD3 by IHC staining (right). e The
tumors were subjected to a TUNEL assay and DAPI was used to
visualize the nucleus (left). The percentage of TUNEL-positive cells
was counted and plotted as a histogram (right). Scale bar, 20 μm. f
Schematic for the working model of TRAIL-induced apoptosis by
RUNX3. The data are expressed as the means of three independent
experiments. **P < 0.01

Table 1 Antibodies used for immunohistochemical staining

Antibody Source Catalog Clone Dilution

RUNX3 Abcam ab40278 R35G4 1:100

DR5 Abcam ab8416 Polyclonal 1:100

SOD3 Santa Cruz sc-271170 A-11 1:100

Table 2 IHC scoring

Percentage score
(PS)

Observation Intensity score
(IS)

Observation

1 0–5% 0 None

2 6–25% 1 white brown

3 26–50% 2 brown

4 51–75% 3 dark brown

5 76–100%
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