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Abstract － N-myc downstream-regulated gene 2 (NDRG2) has recently been found to be a tumor 
suppressor gene. Although it has been reported that NDRG2 expression in breast cancer cells decreases cell 
proliferation by inhibiting STAT3 activation via SOCS1 induction, the molecular mechanism of chemo-
therapeutic agent-induced apoptosis is not well known. To elucidate the effect of NDRG2 on the apoptotic 
pathway induced by doxorubicin, we established stable cell lines expressing NDRG2 and investigated the 
effect of NDRG2 expression on the doxorubicin-induced apoptosis. While STAT3 activation was remarkably 
inhibited by NDRG2 overexpression, the expression level of p21 was increased by NDRG2 expression. We 
confirmed that NDRG2-expressing cells treated with doxorubicin suppressed STAT3 activation and 
upregulated p21 expression. NDRG2 expression considerably enhanced TUNEL positive apoptotic cells, 
poly-ADP ribose polymerase (PARP) cleavage, release of cytochrome c to cytosol, and caspase-3 activity in 
doxorubicin-induced apoptosis. Bid expression in a resting state and after treatment with doxorubicin 
increased in MDA-MB-231-NDRG2 cells compared to MDA-MB-231-mock cells. Meanwhile, Bcl-xL expre-
ssion decreased in MDA-MB-231-NDRG2 cells compared to MDA-MB-231-mock cells in a resting state and 
in doxorubicin-treated cells. Collectively, these data suggest that suppression of STAT3 activation by NDRG2 
influences the sensitivity to doxorubicin-induced apoptosis of breast cancer cells and this may provide a 
potential therapeutic benefit to overcome the resistance against doxorubicin in breast cancer.
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INTRODUCTION

    Breast cancer is both the most common type of cancer 
and the most common cause of cancer-related death in 
women worldwide. Although there has been some im-
provement in survival with chemotherapy, serious side ef-
fects and the acquisition of multiple drug resistance are 
major obstacles in anti-cancer treatments. Making prog-
ress in our understanding of tumor resistance to chemo-
therapy and finding alternatives to current treatments are 
imperative.
    Recent work has focused on multiple levels of various 
signaling pathways, including the signal transducer and 
activator of transcription 3 (STAT3) pathway, which plays 
an important role in cell proliferation, transformation, mor-

tality, and survival (Wang et al., 2008). STAT3 is a member 
of the STAT family of latent, cytosolic transcription factors 
that directly relate signals from the plasma membrane to 
the nucleus. This protein is constitutively activated by 
aberrant upstream tyrosine kinase activity in a broad spec-
trum of human tumors (Costantino and Barlocco, 2008). 
Notably, constitutive activation of STAT3 has frequently 
been observed in breast cancer and malignant breast can-
cer cell lines. In addition, STAT3 activation in breast can-
cer cells decreases the efficiency of chemotherapy (Aggar-
wal et al., 2006; Gariboldi et al., 2007; Ishii et al., 2008), 
while STAT3 inhibition increases the proapoptotic effect of 
doxorubicin (Gariboldi et al., 2007). Thus, the identification 
of upstream genes regulating STAT3 activation is critical 
for increasing tumor cell sensitivity to anticancer drugs.
    NDRG2 is a member of the N-myc downstream-regula-
ted gene (NDRG) family, such as NDRG1-4, which is nor-
mally expressed in the brain, heart, and muscle (Kim et al., 
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2008). Recently, it was reported that NDRG2 expression is 
down-regulated in a variety of carcinomas including liver 
cancer, pancreatic cancer (Hu et al., 2004), and meningi-
oma (Lusis et al., 2005), and it is also associated with cell 
growth, differentiation, and apoptosis (Choi et al., 2007). In 
addition, NDRG2 expression in breast cancer cells has 
been shown to inhibit STAT3 activation via SOCS1 in-
duction, followed by a decrease in cell proliferation (Park et 
al., 2007). Taken together, these data suggest that NDRG2 
may be a new tumor suppressor gene candidate, and it is 
expected to contribute to targeting for cancer treatment.
    Doxorubicin is a broad spectrum chemotherapeutic that 
exhibits activity against breast, lung, thyroid and ovary car-
cinomas, leukemia, and Hodgkin’s and non-Hodgkin’s lym-
phomas (Swift et al., 2008). In addition to its capacity to in-
tercalate into DNA and to inhibit macromolecular biosyn-
thesis, doxorubicin has been reported to interact directly 
with the cell membrane and to inhibit the enzyme top-
oisomerase II, where inhibition of DNA religation results in 
the induction of protein-associated strand breaks in DNA 
(Fornari et al., 1994).
    In this study, we established NDRG2-overexpressing 
breast cancer cells in order to elucidate the effect of 
NDRG2 on the apoptotic pathway induced by doxorubicin. 
Phosphorylation of STAT3 was remarkably inhibited in 
MDA-MB-231-NDRG2 compared to MDA-MB-231-mock 
cells. In contrast, the level of p21 in MDA-MB-231-NDRG2 
cells was significantly higher than that observed in 
MDA-MB-231-mock cells. We therefore examined the lev-
el of apoptosis after treatment with doxorubicin and we 
found that cytochrome c release was markedly upregu-
lated by NDRG2 overexpression, and that PARP cleavage 
and caspase-3 activation were more obvious in MDA- 
MB-231-NDRG2 than in MDA-MB-231-mock cells. Expre-
ssion of Bid was observed in MDA-MB-231-NDRG2 cells 
in a resting state, while after treatment with doxorubicin, 
the expression was significantly higher in MDA-MB-231- 
NDRG2 cells than in MDA-MB-231-mock cells. On the 
contrary, Bcl-xL expression was observed at a low level in 
MDA-MB-231-NDRG2 cells, compared to MDA-MB-231- 
mock cells in a resting state, as well as under doxor-
ubicin-treatment conditions. Thus, NDRG2 overexpression 
provides a potential therapeutic benefit for overcoming re-
sistance to doxorubicin in breast cancer.

MATERIALS AND METHODS

Chemicals and antibodies 
    Doxorubicin (Dox) was purchased from Calbiochem 
(Merck Bioscience, San Diego, CA) and dissolved in ul-

tra-pure water. The following antibodies were used: rabbit 
polyclonal anti-pSTAT3 (Tyr 705), anti-STAT3, anti-PARP 
(Cell Signaling Technology, Danvers, MA); rabbit anti-p21, 
rabbit anti-caspase-3, rabbit anti-cytochrome c, goat an-
ti-Bid, rabbit anti-Bcl-xL, goat anti-β-actin (Santa Cruz, CA); 
and mouse anti-NDRG2 produced by our laboratory (Choi 
et al., 2007).

Cell culture and treatment 
    MDA-MB-231 cell lines and their cloned derivatives 
were grown in DMEM (Gibco/Invitrogen, Carlsbad, CA) 
supplemented with 10% heat-inactivated fetal bovine se-
rum (FBS; Gibco/Invitrogen) and 1% penicillin/streptomy-
cin (Gibco/Invitrogen). Cells were maintained in an atmos-
phere of 5% CO2 in a 37oC humidified incubator. The cells 
were treated with doxorubicin at various concentrations 
and times. 

Transfection of NDRG2 gene
    MDA-MB-231-NDRG2 clones were generated by stable 
transfection of MDA-MB-231 cells with the plasmid pCMV- 
Taq2B containing the full length NDRG2 gene using 
LipofectamineTM 2000 (Invitrogen, Carlsbad, CA). Briefly, 
MDA-MB-231 cells were plated at 70-80% confluency in 
media without antibiotics for 12 h and were transfected 
with 5 μg of DNA per 1×106 cells the following day. 
Transfectants resistant to 1 mg/ml G418 (MP Biochemi-
cals, Solon, OH) were screened for NDRG2 expression. 
NDRG2 expression was confirmed by RT-PCR and Wes-
tern blotting using an anti-NDRG2 antibody.

RT-PCR
    Total RNA from harvested cells was isolated using 
TRIzol reagent (Invitrogen) and 5 μg of total RNA was re-
verse transcribed (RT) to cDNA. For the RT reaction, RNA 
was first incubated with an oligo-(dT) primer at 70oC to de-
nature the RNA secondary structure and then incubated at 
room temperature for 10 min to allow the primer to anneal 
to the RNA. Other components of RT, including dNTPs 
(Bioneer, Daejeon, Korea), M-MLV reverse transcriptase 
(Promega, Madison, WI), and RT buffer (Promega) were 
then added to the reaction. The RT reaction was incubated 
at 37oC for 1 h and then heated at 100oC for 5 min. The RT 
reaction was then used as a template for a 20 μl PCR 
reaction. PCR primers were purchased from GENOTECH 
or Bioneer (Daejeon, Korea). The following primer se-
quences were used. For actin: (sense) ‘5-CCA CAC CTT 
CTA CAA TGA GC-3’, (antisense) 5’-TGA GGT AGT CAG 
TCA GGT CC-3’. For NDRG2: (sense) 5’-GGA TTC ATG 
GCG GAG CTG CAG GAG G-3’ (antisense) 5’-GAA TTC 



372 Myung-Jin Kim  et al.

TCA ACA GGA GAC CTC CAT GGT-3’. PCR products 
were electrophoresed on 1% agarose gels and visualized 
by ethidium bromide (EtBr) staining.

Western blot analysis
    For the preparation of whole cell lysates, cells were 
lysed on ice in Pro-prepTM reagent (iNtRON Biotechnology, 
Seongnam-Si, Gyeonggy-Do, Korea) for 30 min. Superna-
tant fractions were recovered by 12,000 rpm for 5 min at 
4oC. Isolation of the cytosolic fraction for cytochrome c de-
tection was performed by quick lysis in digitonin. In brief, 
an equal volume of lysis buffer (9.4 μg digitonin/106 cells; 
500 mM sucrose in PBS; 2 mM NaH2PO4, 16 mM 
Na2HPO4, 150 mM NaCl, pH 7.6) was added to a cell sus-
pension of 5×106 cells in PBS. Cellular organelles were re-
moved by centrifugation for 1 min at 12,000 rpm and 4oC. 
The supernatant cytosolic fraction was used for quantifica-
tion of cytochrome c by immunoblotting. Cell lysates con-
taining equivalent amounts of total protein were mixed with 
SDS sample buffer and resolved on an SDS-polyacryla-
mide gel. Separated proteins were transferred to a PVDF 
membrane using a Bio-Rad transfer apparatus (Hercules, 
CA). Membranes were incubated in 4% BSA or 5% skim 
milk (BD Pharmingen, Heidelberg, Germany) in TBS-T (20 
mM Tris-HCl, pH 7.5, 137 mM NaCl, 0.05% tween-20) for 1 
h at room temperature, washed with TBS-T and then in-
cubated with the primary antibody overnight at 4oC. The 
membranes were washed with TBS-T and then antibody 
binding was followed by incubation with a peroxidase-con-
jugated goat anti-rabbit IgG, anti-mouse IgG secondary 
antibody (Jackson ImmunoResearch Laboratories, West 
Grove, PA) or bovine-anti-goat IgG HRP (Santa Cruz) at 
room temperature for 1 h. Protein bands were visualized 
with a Chemiluminescent Substrate kit purchased from 
Pierce (Pierce, Rockford, IL) using a LAS 3000 imaging 
system (FUJIFILM Corporation, Tokyo, Japan).

Trypan blue exclusion assay
    Cells (4×105 cells/well) were plated in 60 mm culture 
dishes. The cells were added to trypsin-EDTA (Gibco), 
harvested, and centrifuged at 1,200 rpm for 5 min. 
Resuspended cells were mixed with 0.4% trypan blue and 
viable cells, which are visible using light microscopy, were 
enumerated using a hematocytometer.

TUNEL assay
    The TUNEL assay was used to detect DNA fragmenta-
tion in apoptotic cells by direct end-labeling of cellular ge-
nomic DNA with a fluorescein-conjugated nucleotide, us-
ing the terminal deoxynucleotidyl transferase enzyme. 

MDA-MB-231-wild type, -mock, and -NDRG2 cells (1×105 
cells/well) were plated on poly-D-Lysine-coated coverslips 
in a 12-well plate. Cells were treated with doxorubicin for 
24 h and then fixed with 4% formaldehyde for 1 h at 25oC. 
Cells were then incubated with Blocking Solution (3% H2O2 
in absolute methanol) for 10 min at 25oC. Following block-
ing, cells were permeabilized using a freshly prepared per-
meabilization solution (0.5% Triton X-100 in PBS) for 2 min 
on ice. The TUNEL reaction mixture, including both label 
solution and enzyme solution (Roche, Mannheim, Ger-
many), was added to samples in the dark. After 1 h at 37oC 
in a humidified atmosphere in the dark, mounting solution 
with DAPI was added to samples and then samples were 
analyzed under a fluorescence microscope.

Caspase activity assay
    Caspase activity was measured using the Ac-DEVD- 
AFC caspase-3 fluorogenic substrate (Alexis, San Diego, 
CA). MDA-MB-231-wild type, -mock, and -NDRG2 cells 
were washed once with PBS, resuspended in lysis buffer 
(20 mM HEPES, pH 7.4, 100 mM NaCl, 0.5% NP-40, and 
10 mM DTT), and incubated on ice for 30 min. After cen-
trifugation (12,000 rpm, 20 min, 4oC), the supernatants 
were collected and immediately measured for protein con-
centration and caspase activity. Cell lysates (100 μg) were 
mixed with 100 μM of caspase-3 substrate. The mixture 
was incubated at 37oC for 1 h and monitored with a spec-
trophotometer at excitation and emission wavelengths of 
400 nm and 505 nm, respectively.

Statistical analysis
    Results are presented as mean ± standard deviation 
(S.D.). All experiments were repeated at least three times, 
with documented reproducibility. Data were analyzed for 
statistical significance using the Student’s t-test. p-values 
of less than 0.05 were considered statistically significant.

RESULTS

NDRG2 overexpression inhibits STAT3 activation in 

MDA-MB-231 cells
    To examine the role of NDRG2 in breast cancer cells, 
MDA-MB-231 wild type cells were transfected with the 
NDRG2 gene. First, selected MDA-MB-231-NDRG2 trans-
fectants were assayed for NDRG2 mRNA and protein ex-
pression using RT-PCR and Western blotting, respec-
tively. As shown in Fig. 1A, MDA-MB-231-wild type and 
-mock transfected cells expressed NDRG2 mRNA and 
protein at a low level, whereas NDRG2-transfected 
MDA-MB-231 cells displayed an intense expression of 
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Fig. 1. Expression levels of NDRG2 and p-STAT3 in 
MDA-MB-231-wild, -mock, and -NDRG2 cells. (A) MDA-MB-231
cells stably transfected with pCMV-Taq2B/human NDRG2 
vector were maintained in DMEM supplemented with 10% FBS 
containing 1 mg/ml G418. Expression levels of NDRG2 mRNA 
and protein in MDA-MB-231-wild, -mock, and -NDRG2 cells 
were confirmed by RT-PCR (upper panel) and Western blot 
analysis (lower panel), respectively. (B) The expression level of 
STAT3 phosphorylation and p21 was examined by Western blot 
analysis.

Fig. 2. Changes of cell viability and morphology in MDA-MB- 
231-wild type (WT), -mock, and -NDRG2 cells by doxorubicin 
treatment. (A) Cells (4×105) were plated in 60 mm dishes and 
were then treated with different concentrations (0.5-10 μM) of 
doxorubicin (Dox). After 24 h, cells were stained with trypan 
blue and cell numbers were counted with a hematocytometer. 
Data represent the mean ± S.D. of three independent ex-
periments. *p＜0.05, **p＜0.01 control versus treatment group. 
(B) Cell morphology following 24 h exposure of doxorubicin was
observed under a phase contrast microscope.

NDRG2 mRNA and protein. In addition, phosphorylation of 
STAT3 (Tyr 705) in relation to cell proliferation was re-
markably inhibited in MDA-MB-231-NDRG2 cells com-
pared to MDA-MB-231-mock cells, and the expression lev-
el of p21 increased in MDA-MB-231-NDRG2 cells (Fig. 
1B), as demonstrated in a previous study (Park et al., 
2007).

NDRG2 overexpression increases cell growth retardation 

induced by doxorubicin
    According to a report that STAT3 inhibition increases 
the proapoptotic effect of doxorubicin (Gariboldi et al., 
2007), we examined the effect of NDRG2 on apoptosis in-
duced by doxorubicin. First, MDA-MB-231-wild type, 
-mock, and -NDRG2 cells were treated with various con-
centrations (0.125-5 μM) of doxorubicin for 72 h, after 
which the MTT assay was performed to examine cell via-
bility (data not shown). After treatment with 1 μM of doxor-
ubicin, MDA-MB-231 wild type cells showed an approx-
imate 50% reduction in cell viability, compared to un-
treated controls. From these results, 1 μM doxorubicin was 
determined to be sufficient to induce apoptosis. These da-
ta were confirmed by trypan blue exclusion studies (Fig. 
2A). Cells (4×105) were plated in 60 mm dishes and were 
then treated with different concentrations (0.5-10 μM) of 
doxorubicin for 24 h. A previous study showed that 
MDA-MB-231 cells expressing NDRG2 had a reduced 

growth rate compared to wild or mock control cells (Park et 
al., 2007). Likewise, MDA-MB-231-NDRG2 cells showed 
40 percent lower cell viability than MDA-MB-231-wild type 
and -mock cells in a resting state. Doxorubicin-treatment 
decreased cell viability in a dose-dependent manner. A 
significant inhibition was observed in particular in NDRG2- 
overexpressing cells. After treatment with 1 μM doxor-
ubicin, MDA-MB-231-WT and -mock cells showed a cell vi-
ability of 60 percent of the untreated group, while MDA- 
MB-231-NDRG2 cells had a cell viability of 30 percent of 
the untreated group. As shown in Fig. 2B, changes in cell 
morphology and density after a 24 h treatment with doxor-
ubicin were also observed. One unique morphological cha-
nge appeared as a flattening and unclear edge of the cells. 
These features were particularly remarkable in NDRG2- 
overexpressing cells. These results suggest the possibility 
that NDRG2 expression may affect cytotoxic changes in 
cancer cells following treatment with doxorubicin.
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Fig. 3. The expression levels of NDRG2 
mRNA and protein following treatment with 
doxorubicin and the effect of NDRG2 
overexpression on phospho-STAT3 and p21 
expression. (A) Expression levels of NDRG2 
mRNA and protein of MDA-MB-231-mock 
and -NDRG2 cells following treatment with 
doxorubicin (1 μM) for 24 h. (B) Expression 
level of phospho-STAT3 protein in doxoru-
bicin-treated cells for the indicated time. (C) 
Expression level of p21 was also examined 
by Western blotting, and relative band 
intensity was quantified.

Fig. 4. Effect of NDRG2 overexpression on doxorubicin-in-
duced apoptosis. After 24 h treatment with 1 μM doxorubicin, 
TUNEL assay for apoptotic cells was performed and the results
are shown as a fluorescence microscopic image (magnification, 
×200). The data shown are representative images of TUNEL 
staining of MDA-MB-231-mock and -NDRG2 cells of three 
independent experiments.

Enhancement of sensitivity to doxorubicin-induced cell 

death by NDRG2 overexpression
    The expression levels of NDRG2 mRNA and protein af-
ter treatment with doxorubicin were examined and are 
shown in Fig. 3A. NDRG2 mRNA expression was slightly 
increased in doxorubicin-treated MDA-MB-231-NDRG2 
cells, whereas it was not detected in mock control cells, 
even after doxorubicin treatment. The expression levels of 
phospho-STAT3 and p21 protein were also examined after 
treatment with doxorubicin (Fig. 3B, C). In MDA-MB-231 
wild type cells treated with doxorubicin, p21 expression 
was slightly increased compared to that in mock control 
cells. Suppression of STAT3 activation by NDRG2 was 
sustained under treatment with doxorubicin, and p21 ex-
pression was higher in MDA-MB-231-NDRG2 cells than 
control cells, following doxorubicin treatment. These re-
sults suggest that inhibition of STAT3 activation by 
NDRG2 may enhance the proapoptotic effect of doxoru-
bicin.

Doxorubicin-induced apoptosis is increased by NDRG2 

overexpression
    To examine the effect of NDRG2 gene expression on 
apoptosis induced by doxorubicin, the TUNEL assay was 
performed. As shown in Fig. 4, TUNEL-positive apoptotic 
cells were markedly increased in MDA-MB-231-NDRG2 
cells after treatment with doxorubicin, when compared to 
mock controls. These data suggest that NDRG2 ex-
pression may enhance the induction of apoptosis.

Expression pattern of apoptotic proteins in MDA-MB- 

231-NDRG2 cells after treatment with doxorubicin
    To investigate whether NDRG2 overexpression affects 
the expression of apoptosis-related molecules, we exam-
ined the expression levels of cytochrome c, Bid, Bcl-xL, 
and PARP proteins by performing Western blot analysis 
(Fig. 5). Cytochrome c release was upregulated by 
NDRG2 overexpression, which was more pronounced in 
doxorubicin-treated cells. Moreover, expression of Bid in 
MDA- MB-231-NDRG2 cells was significantly higher after 
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Fig. 5. Effect of NDRG2 overexpression on the expression of 
cytochrome c, Bid, Bcl-xL, and PARP protein. After treatment 
with 1 μM doxorubicin for 24 h, cytochrome c was detected by 
Western blotting following the isolation of the cytosolic fraction 
by using lysis buffer with digitonin (9.4 μg/106 cells). Expression
levels of Bid and Bcl-xL (pro- and anti-apoptotic Bcl-2 family, 
respectively) proteins and PARP cleavage in MDA-MB-231- 
mock and -NDRG2 cells were determined by Western blotting 
and then relative band density was quantified.

Fig. 6. Increase of caspase-3 activity by NDRG2 overex-
pression. (A) After exposure to 1 μM doxorubicin for 36 h, 
MDA-MB-231-mock and -NDRG2 cells were harvested and 
then the expression level of cleaved caspase-3 protein was 
detected by Western blotting, and relative band density of 
cleaved caspase-3 (17 kDa) was quantified. (B) In addition to 
the caspase-3 protein level by Western blotting, caspase-3 
activity assay using Ac-DEVD-AFC as a caspase-3-specific 
substrate was conducted in the presence of 1 μM doxorubicin 
for 24 h. Data are presented as the mean ± S.D. from three 
similar experiments. **p＜0.01 MDA-MB-231-NDRG2 versus 
MDA-MB-231-mock cells.

treatment with doxorubicin than that in mock controls. In 
contrast, a low level of Bcl-xL expression was observed in 
MDA-MB-231-NDRG2 cells compared to MDA-MB-231- 
mock cells in a resting state as well as following doxor-
ubicin treatment. In addition, the cleaved form of PARP (89 
kDa) showed a time-dependent increase in MDA-MB-231- 
mock cells after treatment with 1 μM doxorubicin (data not 
shown). Although the treatment with 1 μM doxorubicin or 
NDRG2 overexpression increased PARP cleavage, it was 
strongest in MDA-MB-231-NDRG2 cells. These results in-
dicate that sensitivity to doxorubicin-induced apoptosis in 
breast cancer cell lines can be increased by NDRG2 over-
expression.

NDRG2 overexpression enhances caspase-3 activity 

induced by treatment with doxorubicin
    Caspase-3 functions as a key regulatory caspase thro-
ugh the cleavage of numerous cell death substrates, lead-
ing to cellular dysfunction and destruction. Thus, the ex-
pression level of active caspase-3 protein following treat-
ment with doxorubicin for 36 h was examined to confirm 
the apoptotic effect of doxorubicin in NDRG2-overexpress-

ing cells (Fig. 6A). A significant induction of caspase-3 
cleavage after treatment with doxorubicin was observed in 
MDA-MB-231-NDRG2 cells compared to mock control 
cells. Additionally, to confirm caspase-3 activation by dox-
orubicin treatment, the caspase-3 activity was measured 
using AC-DEVD-AFC as a caspase-3 substrate (Fig. 6B). 
Similar to the expression level of cleaved caspase-3 pro-
tein, caspase-3 activity was dramatically increased in 
MDA-MB-231-NDRG2 cells compared to MDA-MB-231- 



376 Myung-Jin Kim  et al.

mock cells, especially after doxorubicin treatment. Collec-
tively, these data suggest that NDRG2 overexpression 
may influence sensitivity to doxorubicin-induced apoptosis 
of breast cancer cells by inducing caspase-3 activation.

DISCUSSION

    The NDRG family consists of four members, NDRG1, 
NDRG2, NDRG3, and NDRG4, which share roughly 60% 
identity in their amino acid residues (Okuda and Kondoh, 
1999; Zhou et al., 2001; Lachat et al., 2002; Qu et al., 
2002). The members of this family have different tissue ex-
pression patterns, indicating that they may play distinct 
roles, but some exhibit similarities in either expression reg-
ulation or biological functions. Importantly, human NDRG2 
was proposed to be a candidate tumor suppressor gene, 
due to its reduced expression in many cancer tissues in-
cluding meningioma (Lusis et al., 2005), lung cancer, pan-
creatic cancer, and liver cancer (Hu et al., 2004), as well as 
its ability to inhibit proliferation in certain cancer cells like 
glioblastoma (Deng et al., 2003). Recently, it has been 
shown that NDRG2 can regulate cytokine signaling in 
breast cancer cells through the regulation of SOCS1 ex-
pression, which is capable of modulating STAT3 signaling 
(Park et al., 2007).
    Compared with normal cells and tissues, constitutively 
activated STATs have been detected in a wide variety of 
human cancer cell lines and primary tumors. STATs are 
activated by tyrosine phosphorylation, which is normally a 
transient and tightly regulated process. In tumor cells, con-
stitutive activation of STATs is linked to the persistent ac-
tivity of tyrosine kinases. Numerous studies have demon-
strated constitutive activation of STATs, especially STAT3, 
in a large number of diverse human tumor cell lines. 
Inhibition of constitutive STAT3 activation in diverse tumor 
cell lines, by the blocking of tyrosine kinase signaling using 
small-molecule inhibitors, has been repeatedly associated 
with growth suppression and induction of cell death 
(Epling-Burnette et al., 2001; Garcia et al., 2001; Aggarwal 
et al., 2006). In addition, it has been reported that upregu-
lation of STAT3 phosphorylation in breast cancer cells re-
duces the efficiency of chemotherapy (Aggarwal et al., 
2006; Gariboldi et al., 2007; Ishii et al., 2008), whereas 
suppression of STAT3 activation increases the proapop-
totic effect of doxorubicin (Gariboldi et al., 2007). Accordin-
gly, we assumed here that inhibition of STAT3 activation 
by NDRG2 in breast cancer cells may promote apoptosis 
induced by a chemotherapeutic agent, such as doxoru-
bicin.
    To support this hypothesis, NDRG2-overexpressing 

transfectants were established using MDA-MB-231 wild 
type cells. Overexpression of NDRG2 in MDA-MB-231 
cells has been shown to inhibit cell proliferation (Park et al., 
2007). The expression level of p21 protein related to cell 
cycle arrest was conspicuously increased in MDA-MB- 
231-NDRG2 cells, compared to mock control cells. Addi-
tionally, NDRG2 overexpression significantly inhibited the 
phosphorylation of STAT3 (Tyr 705). In order to elucidate 
the effect of NDRG2 on the apoptotic pathway induced by 
a chemotherapeutic agent and the extent of sensitivity to 
an anticancer drug, doxorubicin, a widely used chemo-
therapeutic agent, was utilized to induce apoptosis in 
MDA-MB-231-wild type, -mock, and -NDRG2 cells. Our re-
sults demonstrated that MDA-MB-231-NDRG2 cells show 
a significant reduction in cell viability compared to wild or 
mock control cells in the resting state and after exposure to 
the indicated concentrations of doxorubicin. By TUNEL as-
say, NDRG2-overexpressing cells treated with doxorubicin 
displayed a perceptible increase in TUNEL-positive apop-
totic cells compared to MDA-MB-231-mock cells. The ex-
pression levels of proteins related to apoptosis, especially 
those involved in the mitochondrial pathway, were de-
tected by Western blot analysis. Above all, MDA-MB-231- 
NDRG2 cells displayed upregulated cytochrome c release 
from the mitochondria into the cytosol after exposure to 
doxorubicin. In addition, since the mitochondrial pathway 
is regulated by activation of the Bcl-2 family, including both 
pro- (Bid, Bad, Bax, and Bim) and anti-apoptotic proteins 
(Bcl-xL and Bcl-2) (Johnstone et al., 2002), some Bcl-2 
family proteins were also investigated by immunoblotting. 
Expression of Bid in NDRG2 transfectants was more in-
creased than in mock controls following treatment with 
doxorubicin. On the contrary, Bcl-xL expression was down-
regulated in NDRG2-transfected cells compared to mock- 
transfected cells both prior to and following doxorubicin 
treatments. Accordingly, these data suggest that NDRG2 
overexpression leads to more sensitive apoptotic effects in 
the doxorubicin-treated condition. Next, the extent of 
PARP cleavage was determined after various times and 
conditions of doxorubicin treatment. Originally, PARP de-
tects and signals DNA strand breaks generated either di-
rectly during base excision repair, or indirectly by geno-
toxic agents. PARP is activated at an intermediate stage of 
apoptosis and is then cleaved and inactivated at a late 
stage by caspase-3 and -7 (Decker and Muller, 2002). The 
expression level of cleaved PARP increased in MDA-MB- 
231-NDRG2 cells treated with doxorubicin, compared to 
that in mock control cells. Finally, activation of caspase-3, 
involved in the final steps of the intrinsic apoptotic pathway 
(Ghobrial et al., 2005), was evaluated by Western blot 
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analysis and caspase-3 activity assay. Caspase-3 protein 
levels were significantly increased in NDRG2-overexpre-
ssing cells compared to mock controls following treatment 
with doxorubicin. Furthermore, caspase-3 activity was up-
regulated approximately 5-fold in MDA-MB-231-NDRG2 
cells after exposure to doxorubicin, significantly higher 
than in mock controls. Activity of caspase-8 or 9 following 
treatment with doxorubicin was not increased in MDA-MB- 
231-NDRG2 cells (data not shown), indicating the specific 
effect of NDRG2 overexpression on caspase activity at a 
later stage. Finally, based on a recent study demonstrating 
that NDRG2 is involved in p53-mediated apoptosis (Lui et 
al., 2008), we tested whether NDRG2 overexpression af-
fects p53 expression in MDA-MB-231 cells. As described 
in the same paper, it is known that MDA-MB-231 cells 
have mutant p53, and we therefore did not detect a change 
of p53 expression in MDA-MB-231-NDRG2 cells following 
treatment with doxorubicin (data not shown), suggesting 
that cell death of MDA-MB-231-NDRG2 cells induced by 
doxorubicin may not be dependent on p53 activity.
    Taken together, our findings suggest that the effects of 
NDRG2 on the apoptotic pathway activated by doxorubicin 
may help enhance the effectiveness of chemotherapy. 
Suppression of STAT3 activation by NDRG2 influences 
sensitivity to doxorubicin-induced apoptosis of breast can-
cer cells, and these results may confer a potential ther-
apeutic benefit to overcome the resistance against doxor-
ubicin in breast cancer.
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