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Pancreatic cancer is a highly lethal disease with a poor prognosis; the molecular mechanisms of the
development of this disease have not yet been fully elucidated. N-myc downstream regulated gene 2
(NDRG2), one of the candidate tumor suppressor genes, is frequently downregulated in pancreatic cancer,
but there has been little information regarding its expression in surgically resected pancreatic cancer
specimens. We investigated an association between NDRG2 expression and prognosis in 69 primary
resected pancreatic cancer specimens by immunohistochemistry and observed a significant association
between poor prognosis and NDRG2-negative staining (P = 0.038). Treatment with trichostatin A, a his-
tone deacetylase inhibitor, predominantly up-regulated NDRG2 expression in the NDRG2 low-expressing
cell lines (PANC-1, PCI-35, PK-45P, and AsPC-1). In contrast, no increased NDRG2 expression was observed
after treatment with 5-aza-20 deoxycytidine, a DNA demethylating agent, and no hypermethylation was
detected in either pancreatic cancer cell lines or surgically resected specimens by methylation specific
PCR. Our present results suggest that (1) NDRG2 is functioning as one of the candidate tumor-suppressor
genes in pancreatic carcinogenesis, (2) epigenetic mechanisms such as histone modifications play an
essential role in NDRG2 silencing, and (3) the expression of NDRG2 is an independent prognostic factor
in pancreatic cancer.

� 2013 Elsevier Inc. All rights reserved.
1. Introduction

Pancreatic cancer is a highly lethal disease; few patients are
diagnosed at a state early enough for curative treatments. It is
the fourth most common cause of cancer death worldwide [1],
and the long-term prognosis remain poor with a 5-year survival
rate of less than 5% after the initial diagnosis [2]. One of the major
hallmarks of pancreatic cancer is its extensive local tumor invasion
and early systemic dissemination. The molecular basis for these
characteristics of pancreatic cancer is incompletely understood.

N-Myc downstream regulated gene 2 (NDRG2) is a member of
NDRG gene family that is highly expressed in many normal tissue
types, including brain, spinal cord, skeletal muscle, heart, and sal-
ivary gland [3–5]. NDRG gene family members share 53–65%
homologous amino acid sequences with each other. Each member
has a distinct tissue specificity of expression and may be intimately
involved in cell proliferation, differentiation, development, and
stress responses [6].

NDRG2 has been reported to be a candidate tumor suppressor
gene, and its expression is downregulated in a number of primary
tumors developed in organs of brain and meninges [4,7,8], liver
[9,10], pancreas [10], esophagus [11], stomach [12], colorectum
[6,13,14], kidney [6], thyroid [15], oral cavity [16], prostate [17],
gallbladder [18], blood [19], and lung [20]. NDRG2 is reported to
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suppress proliferation and metastasis, and expressional inactiva-
tion of NDRG2 may play an important role in carcinogenesis
[4,9,11,12,21,22]. Several possible mechanisms, including pro-
moter hypermethylation [7–9,13,16,23] and/or repression by
MYC [4,11,14,15,24], are responsible for such expressional sup-
pression. However, the precise mechanisms that lead to inactiva-
tion of NDRG2 remain largely unknown, and role of NDRG2 in
human carcinogenesis is not yet well understood.

In the present study using immunohistochemistry, we found a
significant association between poor prognosis and suppressed
expression of NDRG2 in primary pancreatic cancer. Furthermore,
NDRG2 gene expression was up-regulated by histone deacetylase
inhibitor in pancreatic cancer. It is notable that this histone modi-
fication has never previously been demonstrated in suppression of
NDRG2 expression in human cancer. These findings suggest that
NDRG2 is likely to be a novel prognostic marker and important
indicator for a possible role of NDRG2 in pancreatic cancer.
2. Materials and methods

2.1. Tissue specimens

A total of 69 pancreatic cancer tissues obtained from surgically
resected specimens at Tohoku University Hospital (Sendai, Miyagi,
Japan) during the period from 1997 to 2006 were analyzed. The
clinical and histopathological characteristics of the pancreatic can-
cer patients are summarized in Table 1. Staging followed the TNM
Classification of Malignant Tumor (6th edition) [25]. None of the
patients had received any preoperative adjuvant therapy. The re-
sected tissue specimens from these patients were fixed in 10% for-
malin and embedded in paraffin. Written informed consent was
Table 1
Relationship between NDRG2 expression and clinicopathological features of pancre-
atic cancer patients.

NDRG2 expression P-value

Positive Negative
n = 18 n = 51

Gender
Male 14 32 0.24
Female 4 19
Age (mean, years) 61.2 64.0 0.25
Tumor sizea (mm) 38.3 42.3 0.45

UICC Stage
I 2 2 0.70
II 6 21
III 6 16
IV 4 12

Differentiation
Wel 2 1 0.14
Mod 15 41
Por 1 9

Lymph node metastasis
N0 6 18 0.88
N1 12 33

Lymphatic invasion
Absent 3 5 0.61
Present 15 46

Venous invasion
Absent 0 4 0.22
Present 18 47

Intrapancreatic neural invasion
Absent 1 2 0.77
Present 17 49

a Average longitudinal diameter.
obtained from all patients. The study was approved by the Ethics
Committee of Tohoku University School of Medicine.

2.2. Tissue array analysis and immunohistochemistry

A tissue array consisting of 69 paired pancreatic cancer and
their corresponding normal tissues was constructed using TISSUE
MICROPROCESSOR (AZUMAYA, Tokyo, Japan). Each paraffin-
embedded block was cored out at a diameter of 3 mm, and the
cored columns were re-embedded in paraffin. For further analyses,
4 lm slide sections were prepared. The immunohistochemical as-
say was done by the avidin–biotin–peroxidase method described
previously [26]. Rabbit polyclonal anti-NDRG2 (1:3000, Atlas Anti-
bodies AB, Stockholm, Sweden) and anti-rabbit (1:1000, Amersham
Biosciences, Little Chalfont, UK) secondary antibodies were used.
Immunoreactivity was evaluated by two pathologists. NDRG2
immmunoreactivity was detected in both the cytoplasm and the
plasma membrane. Normal epithelial cells showed expression of
NDRG2 in all specimens. NDRG2 immunoreactivity was defined
by comparison the signal intensities of normal and cancerous tis-
sues; strong, moderate, and weak designations denote signals with
cancerous tissue that were stronger, similar, or weaker than the
normal tissues, respectively. When no NDRG2 signal was detected,
we defined the tumor as negative.

2.3. Cell lines analyzed in this study

Nine human pancreatic cancer cell lines (PANC-1, PCI-35, PK-
45P, AsPC-1, BxPC-3, PK-1, MIAPaCa-2, PK8 and PK9) and two colo-
rectal cancer cell lines (Clone A and LS174T) were used. These cell
lines were also used in our previous studies and were maintained
as described [27,28].

2.4. RNA and DNA extraction

Total RNAs from cultured cells were extracted using RNeasy
Mini Kit (Qiagen, Valencia, CA), and their concentrations were
determined using a NanoDrop ND-1000 Spectrophotometer
(NanoDrop Technologies, Wilmington, DE). Genomic DNAs from
cultured cells were extracted using DNeasy Blood & Tissue Kits
(Qiagen) according to the manufacturer’s instructions, and their
concentrations were measured with a NanoDrop ND-1000 Spectro-
photometer. All the processes were carried out according to the
manufacturers’ instructions.

2.5. Quantitative reverse transcription PCR (qRT-PCR)

Each aliquot of 2 lg total RNA was reverse transcribed to syn-
thesize cDNA using a High Capacity cDNA Reverse Transcription
Kit (Applied Biosystems, Foster City, CA) according to the manufac-
turer’s instructions. qRT-PCR analyses were performed using an
ABI PRISM 7000 Sequence Detection System (Applied Biosystems)
following the manufacturer’s instructions. Expression of b2-micro-
globulin (B2M) was used as the internal control [29]. The nucleo-
tide sequences for primers, probes, and PCR conditions are listed
in Table 2. Amplifications were carried out in the 15 ll reaction
mixtures according to methods described previously [30]. The
expression ratios of NDRG2/B2M were calculated and used for char-
acterization. Each experiment was performed in triplicate.

2.6. 5-Aza-20-deoxycytidine (5-aza-dC) and trichostatin A (TSA)
treatment

Cells were seeded at a density of 2 � 106 cells per 100 mm dish
and were maintained for 72 h while replacing the culture medium
containing 1 lM 5-aza-dC (Sigma, St. Louis, MO) every 24 h. Subse-



Table 2
Nucleotide sequences of the primers and probes.

Forward primer (50–30) Reverse primer (50–30) Probe (50–30) Annealing
temperature (�C)

PCR
cycles

Product
size (bp)

qRT-PCR
NDRG2 GAAGATGCAGTGGTGGAATG TCAGCTTGCCTGGCTGAGT TTCCTCAAGATGGCTGACTCCGG 60 30 109
B2Ma TTTCAGCAAGGACTGGTCTTT CCAAATGCGGCATCTTCAAAC CTGAAAAAGATGAGTATGCCTGCCGTGTG 60 30 171

MSP
Methylation
specific primer

GTTTGCGGGAAGTTCGAGTC CCGCCGACCCGACTAACG 70 35 134

Unmethylation
specific primer

GTGGGTTTGTGGGAAGTTTGAGTTG CCACCCACCAACCCAACTAACA 70 30 142

a Nucleotide sequences for B2M primers and probe were previously reported by Ogawa et al. [29].
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Fig. 1. (A)–(D) Results of representative immmunohistochemical analyses of NDRG2. (A) Strong immunoreactivity was observed in the cytoplasm and plasma membranes of
non-neoplastic pancreatic duct (�400 magnification), and pancreatic ductal adenocarcinoma with moderate (B), weak (C), and negative (D) staining (�200 magnification). (E)
Results of the Kaplan–Meier method indicate a poor overall survival rate of pancreatic cancer patients with negative NDRG2 expression (P = 0.038). Solid and dotted lines
denote prognoses of NDRG2-positive and -negative patients, respectively.
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Fig. 2. Expression of NDRG2 in human pancreatic cancer cell lines by qRT-PCR.
Triplicate experiments were done, and the relative expression levels were normal-
ized by the control B2M expression (arbitrary units, AU). (A) Results of 9 pancreatic
cancer cells are shown. (B) Results of the four low-expressing cells are shown after
5-aza-dC and/or TSA treatments. TSA treatment up-regulated NDRG2 expression.
⁄⁄P < 0.01.
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quently, cells were treated with 1 lM 5-aza-dC or 1 lM TSA
(Wako, Osaka, Japan) for another 24 h. In TSA only treatment,
2 � 106 cells were plated in a 100 mm dish, and 1 lM TSA was
added and cultured for 24 h. All these cells were harvested for
qRT-PCR analysis.

2.7. Methylation specific PCR (MSP)

Each aliquot of 2 lg genomic DNA was modified with sodium
bisulfite using an Epitect Bisulfite Kit (Qiagen) according to the
manufacturer’s instructions. The nucleotide sequences of primers
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Fig. 3. MSP analyses in pancreatic cancer cell lines. Results of methylation- and unmethyl
unmethylation with one exception: MIA PaCa-2 was partially methylated.
for MSP are shown in Table 2. MSP analyses were done by methods
described previously [31], and the PCR products were analyzed on
3% agarose gels. Clone A (low NDRG2 expressing cell line) and
LS174T (high NDRG2 expressing cell line) were used as methylated
and unmethylated control cells, respectively.

2.8. Statistical analysis

The Chi-square test was used to examine the correlation be-
tween NDRG2 expression and clinicopathological factors. Survival
curves were plotted using the Kaplan–Meier product-limit method,
and differences between survival curves were tested using the log-
rank test. The gene expression levels before and after 5-aza-dC
and/or TSA treatments were analyzed by t-test. These statistical
analyses were calculated using JMP v9.0 software (SAS Institute
Inc., Cary, NC), and results were considered statistically significant
when P < 0.05.

3. Results

3.1. NDRG2 negative staining correlated with poor prognosis in
primary pancreatic cancer

We investigated the expression level of NDRG2 in surgically re-
sected paired cancerous and corresponding normal tissues by
immunohistochemical examination. Typical examples are shown
in Fig. 1A–D. The spatial distribution of NDRG2 was mainly con-
fined to the cytoplasm and plasma membrane with moderate to
strong staining in noncancerous pancreatic ductal cells (Fig. 1A).
According to the immunohistochemical results, of the 69 pancre-
atic cancer specimens examined, one exhibited a moderate NDRG2
expression in tumor cells (Fig. 1B), 17 specimens were weak
(Fig. 1C), but no tumor showed stronger NDRG2 expression than
normal tissue. The remaining 51 tumors were negative, as shown
in Fig. 1D. One moderate and 17 weakly staining tumors were cat-
egorized as positive NDRG2 staining (18/69, 26.1%), and 51 tumors
(73.9%) were negative. No significant associations were observed in
clinicopathological features between positive and negative stain-
ing groups (see Table 1). However, the Kaplan–Meier analysis indi-
cated a significant association (P = 0.038) between poor prognosis
and negative NDRG2 expression in pancreatic cancer patients
(Fig. 1E).

3.2. Restoration of NDRG2 expression after 5-aza-dC and/or TSA
treatment

To determine whether epigenetic silencing contributes to
suppression of the NDRG2 transcription, we analyzed in vitro stud-
ies using pancreatic cancer cell lines. The mRNA expressions of
NDRG2 in 9 pancreatic cancer cell lines were determined by
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qRT-PCR analyses and found that different cell lines showed differ-
ent levels of NDRG2 expression (Fig. 2A). PANC-1, PCI-35, PK45P,
AsPC-1 and BxPC-3 showed strong repression, and relatively high
expression was observed in PK-9. Results of Western blot analyses
correlated well with those of qRT-PCR (data not shown). We se-
lected four pancreatic cancer cell lines (PANC-1, PCI-35, PK45P
and AsPC-1) with strong repression of NDRG2 for further analyses.
These cells were treated with a demethylating agent, 5-aza-dC,
and/or a histone deacetylase (HDAC) inhibitor, TSA; results are
shown in Fig 2B. Although no increased NDRG2 expression was ob-
served after the 5-aza-dC treatment alone, TSA treatment signifi-
cantly up-regulated NDRG2 expression. These results suggest that
histone modification is one of the main causes for the decreased
NDRG2 expression.
3.3. Promoter hypermethylation was not involved in the decreased
NDRG2 expression

It has been reported that hypermethylation is one of the main
cause of suppressed expression of NDRG2 in glioblastoma [7],
meningioma [8], hepatocellular carcinoma [9], colorectal cancer
[13] and oral squamous-cell carcinoma [16]. We also analyzed
other types of cancer cell lines using bisulfite modified sequencing
analyses and found that colon cancer cell lines Clone A and LS174T
showed methylated and unmethylated CpG islands, respectively
(data not shown). Using these cell lines as controls, we studied
the methylation status in pancreatic cancer. All the pancreatic can-
cer cell lines were unmethylated except for MIA PaCa-2, which was
partially methylated (Fig. 3). We further analyzed MSP using
paired resected normal and cancerous pancreatic tissues from 22
pancreatic cancer patients. As expected, all of the specimens
showed the unmethylated pattern, although one was partially
methylated (data not shown). These results suggest that the tran-
scriptional repression of NDRG2 does not mainly depend on
hypermethylation.
4. Discussion

Pancreatic cancer is a highly malignant gastrointestinal tumor.
Only surgery with adjuvant chemotherapy can achieve a long-term
perspective in patients with localized tumors. However, even un-
der optimal treatment conditions, the 5-year survival rate do not
exceed 25% [32]. To improve that situation, investigation of new
therapeutic agents for pancreatic cancer treatment is essential.

Recently, an accumulation of evidence has indicated that the
NDRG2 gene downregulated in various cancers. In pancreatic can-
cer, however, little evidence has been reported [10], and no study
on an association with prognosis has been reported to date. We
demonstrated that NDRG2 expression was significantly reduced
and found a significant association between poor prognosis and
suppressed expression in pancreatic cancer. As there were no dif-
ferences, including chemotherapeutic status, between the NDRG2
positive and negative groups, the expression of NDRG2 is likely
to be an independent prognostic factor in pancreatic cancer.

We found that histone modification is one of the main mecha-
nisms for downregulating the NDRG2 expression in pancreatic can-
cer, and no such mechanisms have previously been reported to
control NDRG2 expression. Histone modification has emerged as
a critical component of an epigenetic indexing system demarcating
transcriptionally active chromatin domains. In general, while in-
creased histone acetylation is associated with open and active
chromatin and increased transcription, deacetylated histones are
associated with condensed chromatin and transcriptional repres-
sion [33]. Histone deacethylases (HDACs) remove acethyl groups
from histones, thereby inducing chromatin condensation and
transcriptional repression [34]. Eighteen HDACs have been identi-
fied in humans, and they are subdivided into four classes based on
their homology to yeast HDACs, their subcellular localization and
their enzymatic activities [35]. In pancreatic cancer, high HDAC I
expression together with HIF1a were associated with poor progno-
sis in a series of 39 pancreatic carcinomas [36]. Class I- and class II-
selective HDAC inhibitors both synergize in inducing growth arrest
and death of pancreatic cells [37]. Other research has also in-
creased our understanding of HDAC function in pancreatic cancer
[38]. At least 12 different HDAC inhibitors are undergoing clinical
trials as monotherapies or in combination with other adjuvant
therapies such as retinoic acid, paclitaxel, gemcitabine, or radiation
in patients with various hematologic and solid tumors of the lung,
breast, kidney, or bladder as well as with melanoma, glioblastoma,
leukemia, lymphomas, and multiple myeloma [39,40]. In pancre-
atic cancer, promising results have been shown using sub-
eroylanilindehydroxamic acid (SAHA), butyrate, and some other
HDAC inhibitors in experimental studies [38,41]. TSA induced G2
arrest and apoptosis in human pancreatic cancer cell lines with
mutated TP53 by induction of CDKN1A [42]. Synergistic enhance-
ment of the cytotoxicity of TSA with proteasome inhibitor has also
been reported [43]. Our present results that NDRG2 expression is
suppressed mainly by histone-mediated mechanisms and that sup-
pression of NDRG2 correlates with poor prognosis may provide
some valuable clues for the clinical management of patients with
pancreatic cancer utilizing a HDAC inhibitor.

The present study indicates that NDRG2 is likely to be a tumor
suppressor gene, reinforcing the data previously reported. In addi-
tion, we have demonstrated that inactivation of NDRG2 associates
with poor prognosis in pancreatic cancer. Furthermore, we con-
clude that epigenetic silencing, such as histone modification, might
be the major cause of the frequent loss of NDRG2 expression. Fur-
ther studies elucidating NDRG2 function will provide a unique and
powerful tool for developing novel and useful applications for
diagnosis and treatment of patients with pancreatic cancer.
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