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Figure 7 | Downregulation of NDRG2 is associated with enhanced phosphorylation of PTEN-Ser380/Thr382/Thr383 and enhanced activation

of PI3K-AKT in various cancers. (a) Bisulfite genomic sequencing of the NDRG2 promoter region in the KLM1 (pancreatic cancer), SKOV3 (ovarian
cancer), Hela (cervical cancer), HepG2 (hepatic cancer) and Katolll (gastric cancer) cell lines. PCR products amplified from bisulfite-treated genomic DNA
were subcloned, and ten clones in each cell line were sequenced Open circles indicate unmethylated CpGs (Thy) and filled circles indicate methylated
CpGs (Cyt). The region sequenced spans from —396 bp to —133 bp. (b) SKOV3, HepG2 and KLM1 cells were cultured with 10 uM 5-aza-dC for 72h,
- with 1.2 uM TSA for 48h, or with 1.2 uM of TSA for 48 h, followed by 10 uM of 5-aza-dC for 24 h. After treatments, total RNA was extracted and
quantitative RT-PCR was performed with NDRG2 and B-actin. The relative amounts of mRNA were normalized against B-actin mRNA and expressed relative
to the mRNA abundance in untreated cells. The mean *s.d. is shown; *P<0.05 compared with the untreated control (Student's t-test). The data are
representative of two experiments. (c) Western blot analyses of NDRG2, PTEN, p-PTEN (Ser380/Thr382/Thr383), AKT and p-AKT (Ser473) were
performed in SAS (OSCC), HSC3 (OSCC), KLM1, SKOV3, Hela, MT2 (ATLL), KOB (ATLL) and MOLT4 (T-ALL) cell lines. The data are representative of
two experiments. (d) Hela and SAS cells stably transfected with Mock or FLAG-NDRG2 expression vector were subjected to western blotting. The

data are representative of three experiments.

Discussion

In this study, we show that NDRG2 interacts with PTEN and
promotes its dephosphorylation at Ser380/Thr382/Thr383 by
recruiting PP2A to PTEN. We also demonstrated that loss of
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NDRG?2 expression via genetic or epigenetic abnormalities in
ATLL cells can contribute to the increase in PTEN-Ser380/
Thr382/Thr383 phosphorylation, which leads to inactivation of
PTEN lipid phosphatase activity and activation of the PI3K-AKT
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pathway. The imbalance of the expression of NDRG2 and as yet
unidentified protein kinases might account for an elevation of
PTEN-Ser380/Thr382/Thr383 phosphorylation with a high
amount of phosphorylated AKT in ATLL cells. Finally, we
showed that NDRG2-deficient mice develop multiple types of
tumours, thus establishing that loss of NDRG2 expression can
contribute to tumour development.

PTEN stability and lipid phosphatase activity can be regulated
through phosphorylation of the C-terminal tail, which contains a
cluster of serine-threonine residues: Ser370, Ser380, Thr382,
Thr383 and Ser385 (ref. 35). Although the cluster of Ser380/
Thr382/Thr383 residues in the C-terminal tail are thought to be
minor phosphorylation sites?®%, the level of phosphorylated
PTEN-Ser380/Thr382/Thr383 has been shown to be rapidly
and transiently increased in hypothalamic cells treated with
leptin and in rat brains following transient middle cerebral
artery occlusion®”%, CK2 is known to be a major kinase that
phosphorylates PTEN at the C-terminal serine-threonine cluster,
but phospho?rlation of Ser380/Thr382/Thr383 by CK2 is still
under debate?!:26363% We observed that suppression of CK2
activity with specific inhibitors in ATLL cells did not influence
PTEN-Ser380/Thr382/Thr383 phosphorylation. Thus, it is likely
that CK2 is not responsible for the phosphorylation of PTEN at
Ser380/Thr382/Thr383 in ATLL cells. In contrast, the expression
‘of NDRG2 is markedly upregulated in several tumour cell lines
exposed to hypoxic conditions and is thought to be a new
hypoxia-inducible factor-1 target gene®*L. It could be speculated
that NDRG2 expression is induced by hypoxia-ischemia in
the brain to regulate PTEN phosphorylation, leading to the
suppression of PI3K-AKT activation and induction of apoptosis.
Interestingly, several kinases, including SGK1 (serum- and
glucocorticoid-induced kinase 1), PKCO (protein kinase C-8)
and AKT, have been found to phosphorylate NDRG2 (refs 42,43).
These phosphorylation events are likely to affect the cellular
. function of NDRG2. It is intriguing to speculate that NDRG2
" might be a downstream target of the PI3K-AKT signalling
pathway that may participate in a negative feedback loop in PI3K-
AKT signalling. PP2A exists predominantly as a heterotrimer
“composed of catalytic C, structural A and one member of four
families of regulatory B subunits. The activity, substrate specificity
and subcellular localization of the PP2A holoenzyme are thought
to be determined by its B subunit*%, A recent study has shown
that following AKT phosphorylation, Clk2 is activated and
phosphorylates the PP2A regulatory subunit B56B, thereby
leading to the assembly of the PP2A holoenzyme complex on

AKT and dephosphorylation of AKT at both Thr308 and Ser473 -

(ref. 45). Thus, a more complex feedback regulation governing
NDRG2 and PP2A activities may exist within the PI3K-AKT
pathway. Identifying the PP2A regulatory subunit that interacts
with NDRG2 would provide important clues in understanding
how the dephosphorylation of PTEN by NDRG2-PP2A is
regulated upon AKT activation.’

Elevated phosphorylation of PTEN-Ser380/Thr382/Thr383
with high levels of activated AKT is frequently observed in
acute myeloid leukaemia (AML) and is associated with poor
prognosis®®. The phosphorylation of Ser380/Thr382/Thr383 is
also elevated in human fibromyomatous uteri and may be a
contributory factor in the development of uterine leiomyomas®’.
Although it is not known whether these phosphorylation events
are attributed to the functional inactivation of NDRG2, decreased
expression and promoter methylation of the NDRG2 gene have
been reported in various types of cancer, such as liver cancers,
gastric cancers, colon cancers and glioblastomas3031:48-51,
Therefore, we hypothesize that in ATLL and other types of
tumour cells without genetic alterations in the PI3K-AKT
pathway, the suppression of NDRG2 transcription disrupts the
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negative regulation of PI3K-AKT signalling via sustained PTEN-
Ser380/Thr382/Thr383  phosphorylation  during  tumour
development (Fig. 8). The finding that PTEN-Ser380/Thr382/
Thr383 is highly phosphorylated in all of the organs of
NDRG2-deficient mice provides additional evidence that the
balance between an unidentified PTEN-Ser380/Thr382/Thr383
kinase(s) and PP2A-NDRG2 activity regulates the phospho
rylation status of - PTEN-Ser380/Thr382/Thr383 in vivo.
Therefore, we are currently attempting to identify the protein
kinase(s) that target PTEN-Ser380/Thr382/Thr383, which has the
potential to be a therapeutic drug target in a variety of cancers,
including ATLL.

Because NDRG2 has been shown to have growth inhibitory
effects on several malignant cell lines through downregulation of
several signalling pathways, including PI3K-AKT, janus kinase-
signal transducer and activator of transcription (JAK-STAT) and
nuclear factor-kappaB signalling®>*3, one may speculate that the
phosphorylation of different proteins involved in these signalling
pathways is regulated by the PP2A-NDRG?2 complex. Indeed, we
observed that the ectopic expression of NDRG2 in ATLL cells
causes suppression of JAK-STAT and nuclear factor-kappaB
activation (data not shown), although the molecular mechanisms
underlying these effects are still being elucidated. We speculate
that NDRG2 may have a key role in suppressing different -
oncogenic signalling pathways in tumourigenesis. In conclusion,
this study provides the first functional evidence for a tumour
suppressor role of NDRG2 and suggests that NDRG2 is involved
in the leukaemogenesis of ATLL. Further investigations of the
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Figure 8 | Schematic model for the regulation of PTEN activity by
NDRG2. In normal cells, PP2A is efficiently recruited to PTEN via its
interaction with NDRG2, which may facilitate dephosphorylation of PTEN at
Ser380/Thr382/Thr383, resulting in an active open conformation of PTEN
and subsequently leading to the dephosphorylation of PIP3 to PIP,. In
tumour cells, expression of NDRG2 is inhibited by DNA methylation of its
promoter, causing sustained phosphorylation of PTEN, which keeps PTEN in
an inactive closed conformation. Loss of PTEN activity leads to increased
PIP; levels and AKT activation. The balance between the expression of
NDRG2 and an unidentified kinase(s) may have an important role in
regulating the phosphorylation status of PTEN.
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roles of NDRG2 in the regulation of different signalling pathways
may provide clues in understanding the underlying mechanisms
of cancer.

Methods

Cell lines. Jurkat, MOLT4, KAWAI and MKBI are HTLV-1-negative human
T-ALL cell lines. KOB, SO4 and KK1 are IL2-dependent ATLL cell lines. ED,
Su9T-01 and S1T are IL2-independent ATLL cell lines. MT2, MT4 and HUT102
are human T-cell lines transformed by HTLV-1 infection. Jurkat, MOLT4 and
MKBI were obtained from the Fujisaki Cell Center, Hayashibara Biochemical
Laboratories (Okayama, Japan). KAWAI was kindly provided by Dr Y. Hayashi
(Gunma Children’s Medical Center, Gunma, Japan). MT2, MT4 and HUT102 were
kind gifts from Dr H. Tha (Oita University, Oita, Japan). KOB, S04 and KK1 were
kind gifts from Dr Y. Yamada (Nagasaki University, Nagasaki, Japan). Su9T-01 and
S1T were kind gifts from Dr N. Arima (Kagoshima University, Kagoshima, Japan).
ED was a kind gift from Dr M. Maeda (Kyoto University, Kyoto, Japan). AML cell
lines UCSD/AMLI, Kasumi-3, K051, NH and MOLMI1 were obtained from Dr R.
Taetle (VA Medical Center, Sepulveda, CA, USA), from Dr H. Asoh (Hiroshima
University, Hiroshima, Japan), from Dr T. Nomura (Nippon Medical School,
Tokyo, Japan), from Dr K. Suzukawa (University of Tsukuba, Ibaraki, Japan) and
from the Fujisaki Cell Center, Hayashibara Biochemical Laboratories (Okayama,
Japan), respectively, and OTH-1 and FKH-1 were obtained from Dr H. Hamaguchi
(Musashino Red Cross Hospital). Pancreatic cancer cell lines KLM1, PK9 and
PK45P, OSCC cell lines SAS, HO-1-U-1, Ca9-22, HSC2, HSC3, HSC4, HSQ89 and
Sa3, cervical cancer cell line Hela, human embryonic kidney cell line HEK293T
and mouse embryonic fibroblast cell line NTH3T3 were obtained from RIKEN

Bioresource Center (Tsukuba, Japan). Hepatic cancer cell lines HLF and HuH28

and breast cancer cell line SK-BR-3 were obtained from the Japanese Cancer
Research Resources Bank (Tokyo, Japan). Hepatic cancer cell lines HepG2 and
HuH7 were obtained from the Health Science Research Resources Bank (Osaka,
Japan). Lung cancer cell lines A549, H322, H1395, H1437 and H1648 were
obtained from the American Type ‘Culture Collection (Rockville, MD, USA).
Glioblastoma cell line A172 and neuroblastoma cell lines NH6 and NHI2 were
kind gifts from Dr Y. Hayashi (Gunma Children’s Medical Center, Gunma, Japan).
Prostate cancer cell line PC3 was a kind gift from Dr T: Ochiya (National Cancer
Center Research Institute, Tokyo, Japan). Gastric cancer cell lines Mkb28,
Mkb45, and KatolII and ovarian cancer cell line SKOV3 were kind gifts from
Dr H. Kataoka (University of Miyazaki, Miyazaki, Japan). IL2-dependent ATLL cell
lines were maintained in RPMI 1640 medium (Wako) supplemented with 10% fetal
bovine serum and 50 JRU per ml recombinant human L2 (Takeda). HTLV-1-
negative cell lines, cell lines transformed with HTLV-1 and IL2-independent ATLL
cell lines were maintained in the same medium without IL2. The other cell lines
were cultured in RPMI 1640 or Dulbecco’s modified Eagle’s medium (Wako)
supplemented with 10% fetal bovine serum,

Patient samples. Blood samples were obtained with informed consent with
approval by the Institutional Review Board of the Faculty of Medicine, University
of Miyazaki. ATLL cells were collected from the patients at the time of hospital
admission before the chemotherapy started. The diagnosis of ATLL was based on
clinical features, hematological characteristics and the presence of anti-HTLV-1
antibodies in the sera. Monodonal HTLV-1 provirus integration into the DNA of
leukaemic cells was confirmed by Southern blot analysis in all cases. Peripheral
blood mononuclear cells (PBMCs) obtained from healthy volunteers and patients
with ATLL were purified by, gradient centrifugation (Sigma-Aldrich). The proce-
dure for the isolation of ATLL cells from PBMCs has been described elsewhere™.
CD4* T cells were purified from PBMCs of healthy volunteers by using anti-CD4
magnetic beads (Miltenyi Biotec) according to the manufacturer’s instructions.

Antibodies and reagents. A synthetic peptide (17-PGQTPEAAKTHSVET-31)
of human NDRG2 conjugated to keyhole limpet haemocyanin was used for
immunization to generate a rabbit polyclonal antibody against NDRG2 (ref. 55).
Mouse monoclonal (M2) and rabbit polyclonal (F7425) antibodies against FLAG,
and mouse monoclonal antibody (AC-15) against B-actin were purchased from
Sigma-Aldrich, Rabbit monoclonal antibodies against PTEN (138G6), phospho-
AKT (Ser473) (D9E), phospho-AKT (Thr308) (244F9), phospho-GSK3p (Ser9)
(D85E12), GSK3P (27C10), and PP2A C Subunit (PP2Ac) (52F8), rabbit polyclonal
antibodies against phospho-PTEN (Ser380/Thr382/383) (9554), non-phospho-
PTEN (Ser380/Thr382/383) (9569), AKT (9272), FOXO1/4 (9462) and cleaved
caspase-3 (9661), and mouse monoclonal antibodies against PTEN (26H9) and
Myc-tag (9B11) were obtained from Cell Signaling Technology. Rabbit polyclonal
antibodies against phospho-PTEN (Ser370) (07-889) and PI3K p85 (06-195) were
obtained from Upstate/Millipore, rabbit polyclonal antibody against phospho-
PTEN (Ser385) (44-1064G) was obtained from Biosource, mouse monoclonal
antibody against SHIP1 (P1Cl1) and goat polyclonal antibody against NDRG2
(E20) were obtained from Santa Cruz Biotechnology, rabbit polyclonal antibody
against GFP (598) was obtained from MBL, and rat monoclonal antibodies against
mouse B220 (RA3-6B2), mouse CD4 (RM4-5) and mouse CD8 (53-6.7) and
hamster monoclonal antibody against mouse CD3 (500A2) were obtained from BD
Pharmingen. Mouse monoclonal antibody against TAX (MI73) was a kind gift
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from Dr M. Matsuoka (Kyoto University, Kyoto, Japan). Recombinant humian
PP2A core enzyme made up of polyhistidine-tagged (Hisgy) human PP2Ac and
FLAG-tagged human PR65/A co-expressed in baculovirus-infected High Five cell,
OA and trichostatin A were obtained from Wako. Dimethyl 3,3’-dithiobispropio-
nimidate (DTBP) was obtained from Thermo Fisher Scientific, and TBB was
obtained from Calbiochem. CX-4945 was obtained from Selleckchem, and 5-aza-
2’-deoxycytidine was obtained from Sigma-Aldrich.

Plasmid construction. Full-length complementary DNA (cDNA) of NDRG2 was
isolated by RT-PCR from total RNA of the MOLT4 cell line and subcloned into
the p3XFLAG-myc-CMV-26 expression vector (Sigma-Aldrich) by standard
cloning procedures (FLAG-NDRG2). The FLAG-tagged NDRG2 deletion
constructs—NDRG2-deltaN (amino acids 26-357), NDRG2-deltaC (amino acids
1-304), NDRG2-NDR (amino acids 26-304), NDRG2-HD (amino acids 81-297)
and NDRG2-Cterm (amino acids 259-357)—were generated by PCR using the
NDRG2/pCMV26 as the template and subcloned into p3XFLAG-myc-CMV-26.
The GFP-PTEN constructs—GEP-PTEN, GFP-PTEN-N (amino acids 1-185) and
GFP-PTEN-C (amino acids 186-403)—were generated by PCR using the PTEN/
pcDNA3 (a kind gift from Dr T. Kohno, National Cancer Center Research Insti-
tute, Tokyo, Japan) as the template and subcloned into pEGFP-C1 vector (Clon-
tech). A full-length PTEN ¢cDNA was amplified from the Su9T-01 cell line by PCR
and subcloned into the p3XFLAG-myc-CMV-26. To generate substitution mutant
PTEN expression vectors (PTEN-S3704, -S380A/T382A/T383A and -S385A),
PCR-based mutagenesis were performed to introduce mutations in the PTEN
coding sequence using mutagenic primers listed in Supplementary Table 8 and
p3XFLAG-myc-CMV-26/PTEN plasmid as the template. All PCR-generated pro-
ducts were confirmed by nucleotide sequencing. The expression vector for con-
stitutively active PI3K (pmy<:BD110)56 which carries the p110-binding domain of
p85a attached to the N-terminal region of p110, was kindly provided by Dr Y.
Fukui (National Health Research Institutes, Taiwan). The myc-PP1c/pcDNA3,
myc-PP2Ac/pcDNA3 and myc-PP5c/pcDNA3 constructs have been described

elsewhere®’,

Bisulfite sequencing. A 200-ng DNA sample was denatured in 0.2M NaOH.
followed by the addition of bisulfite solution (2.5M sodium bisulfite, 10 mM
hydroquinone and 240 mM NaOH). The mixture was then incubated at 55°C for
16h. DNA samples were desulfonated in 0.2M NaOH and precipitated with
ethanol. PCR was performed in a 20-pl volume containing 1 pl of bisulfite-treated
DNA, 500 uM of ANTP and 500 nM of each primer for the NDRG2 promoter

- region (nucleotides 20564110-20563790, GenBank accession no. NC_000014)

(forward 5'-TTTTCGAGGGGTATAAGGAGAGTTTATTTT-3' and reverse
5'-CCAAAAACTCTAACTCCTAAATAAACA-3) (ref. 48), and 1 unit of Taq
polymerase (Takara) under the following conditions: 98 °C for 30's; 40 cycles of
98°C for 105, 60°C for 55 and 72 °C for 30s; and final extension at 72 °C for
3min. PCR products were subcloned into the pTA2 vector (TOYOBO) and

sequenced.

Real-time RT-PCR analysis. Total RNA was isolated from cells using TRIzol
reagent (Invitrogen) and 1 ig of total RNA was reverse transcribed to obtain first-
strand cDNA using an RNA-PCR kit (Takara) following the manufacturer’s
instructions. The resulting cDNA was used for real-time RT-PCR using a SYBR
Green PCR Master Mix kit (Applied Biosystems). PCR was performed-in a 25-pl
volume containing 1 pl cDNA, 300 pM of each primer and 12.5pl of 2 x PCR
master mix under the following conditions: 95 °C for 10 min followed by 40 cycles
of 95 °C for 155 and 60 °C for 1 min. For NDRG2 primers, the cycling conditions
were 95 °C for 10 min, 40 cycles of 95 °C for 155, 60 °C for 20's and 72 °C for 40s.
The primers used were as follows: for PTEN, PTEN-F (5-CAGCCATCATCAAA
GAGATCG-3') and PTEN-R (5'-TTGTTCCTGTATACGCCTTCAA-3'); for
NDRG2, NDRG2-F (5'-CTGGAACAGCTACAACAACC-3'), and NDRG2-R
(5'-TCAACAGGAGACCTCCATGG-3'); and for B-actin, ACTB-F (5'-GACAGGA

- TGCAGAAGGAGATTACT-3'), and ACTB-R (5-TGATCCACATCTGCTGGA

AGGT-3'). The data were normalized to the amount of B-actin mRNA, and the
values are represented as the mean # s.d. of 2~ A4Ct in 3 duplicate assay.

Western blot analysis. Cell lysate samples were prepared in NP-40 lysis buffer
(50 mM Tris-HC], pH 8.0, 150 mM NaCl, 5mM EDTA, 1% NP-40) supplemented
with protease inhibitor cocktail (Sigma-Aldrich) and phosphatase inhibitors

* (PhosStop, Roche) or by direct lysis in boiling Laemmli SDS sample buffer

(62.5mM Tris-HCl, pH 6.8, 2% SDS, 25% glycerol, 5% B-mercaptoethanol and
0.01% bromophenol blue). Protein samples were electrophoresed on 10% SDS-
polyacrylamide gel and transferred to polyvinylidine difluoride membranes
(Immobilon-P, Millipore). The membranes were blocked in Tris-buffered saline
(TBS)-Tween (0.1%) with either 5% bovine serum albumin (BSA) or 5% nonfat
dried milk and were then incubated with each primary antibody diluted in TBS
containing 0.1% Tween 20 supplemented with either 5% nonfat dried milk or 5%
BSA or in the Can Get Signal buffer (TOYOBO). Bound antibody was detected by a
Lumi-light Plus kit according to the manufacturer’s instructions (Roche Diag-
nostics). Band intensities on blots were quantified using NIH Image J software.
All primary antibodies were used at a dilution of 1:1,000, except anti-B-actin
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(1:5,000) and anti-NDRG2 (E20, 1:250). Representative full-gel bots are provided
in the Supplementary Fig. 22)

Immunoprecipitation assays. For detecting interaction between endogenous
proteins, MOLT4 cells (1 x 107) and mouse frontal cortex tissue were solubilized
with RIPA buffer (50 mM Tris~HCI, pH 7.8, 150 mM NaCl, 1% NP-40, 0.25%
sodium deoxycholate and 1 mM EDTA) and NP-40 lysis buffer, respectively,
supplemented with protease inhibitor cocktail (Sigma-Aldrich) and phosphatase
inhibitors (PhosStop, Roche), and the lysates were then incubated with control
rabbit immunoglobulin G or antibodies against NDRG2 (rabbit polyclonal, 1:500
or E20, 1:200) or PTEN (26H9, 1:100 or 138G6, 1:300), plus Protein G beads
(Amersham Biosciences). After washing, the bound proteins were subjected to
SDS-polyacrylamide gel electrophoresis (SDS-PAGE) and immunoblotting with
antibodies against NDRG2 (rabbit polyclonal or E20) or PTEN (26H9 or 138G6).
For overexpressed proteins, 293T cells were co-transfected with the indicated
constructs using HilyMax (Dojindo) according to the manufacturer’s instructions.
After culturing for 48 h, the transfected cells were solubilized with RIPA buffer, and
the lysates were then subjected to immunoprecipitation using FLAG M2 affinity gel
(Sigma-Aldrich) or antibodies against GFP (1:200) or PTEN (138G6, 1:500), fol-
lowed by immunoblotting with antibodies against either FLAG (F7425), GFP or
PTEN (26H9). For chemical crosslinking, stable HUT102 or KK1 cell lines
expressing FLAG-NDRG2 were washed twice with phosphate—buffered saline (PBS)
and incubated with 2mM DTBP in PBS at room temperature for 30 min. After
washing twice with PBS, cells weré lysed in TNT buffer (10 mM Tris-HCI, pH 7.5,
150 mM NaCl and 0.5% Triton X-100) supplemented with protease inhibitor
cocktail (Sigma-Aldrich) and phosphatase inhibitors (Halt phosphatase inhibitor
cocktail, Thermo Scientific), and the lysates were immunoprecipitated with control
rabbit immunoglobulin G, antibody against PTEN (138G6, 1:500), or FLAG M2
affinity gel, followed by immunoblotting with antibodies against FLAG (F7425),
PP2Ac, PTEN (138G6) or phosphp—PTEN (Ser380/Thr382/Thr383).

Immunofluorescence staining. Cells were fixed with 4% paraformaldehyde for
10 min at room temperature, washed with TBS 0.1 M glycine, treated with 0.2%
Triton X-100 and rewashed with TBS 0.1 M glycine. After blocking with 1% BSA in
TBS, cells were incubated with primary antibodies against NDRG2 (E20, 1:100),
Fox01/4 (1:200), PTEN (138G6, 1:200) or FLAG (M2, 1:500) overnight at 4°C.
The cells were then washed three times with TBS containing 0.1% Tween 20 and
incubated with Alexa Fluor-546 anti-mouse, Alexa Fluor-555 anti-rabbit, Alexa
Fluor-488 anti-rabbit or Alexa Fluor-488 anti-goat secondary antibodies (Mole-
cular Probes) at room temperature for 2h. The coverslips were washed three times
with TBS containing 0.1% Tween 20 and then mounted on glass slides using an
antifade reagent (Invitrogen). Proteins were visualized using a confocal laser

" scanning microscope (Leica Microsystems). Nuclei were counterstained with 4',6-
diamidino-2-phenylindole (DAPI; Sigma-Aldrich).

4

RNAI treatment. DNA-based shRNA expression vector (RNAi-Ready pSIREN-
RetroQ-ZsGreen vector, Clontech) and siRNA oligonucleotides were used in gene
knockdown experiments. The shRNA target sequences were as follows: for human
NDRG2, shNDRG2#1 (5'-GGTGGAGAGGGCATATGCA-3') and shNDRG2#2
(5'-GCGAGTCTGGAACTCTTTCTT-3'); for mouse NDRG2, 5'-CCGTGAAGA
ACAGTGGTAA-3'. A control shRNA vector targeting luciferase (shLuc) was
purchased from Clontech. The PP2Aco siRNA (sc-43509) and control siRNA
(6568) were purchased from Santa Cruz Biotechnology and Cell Signaling
Technology, respectively. The transfections were performed using the Nucleofector
V kit (Amaxa) following the company’s protocol.

Cell proliferation assays. Cells were seeded onto 96-well microtiter plates at a
density of 5 x 10° per well and cultured for the indicated time periods. Viable cells
were counted by the methyl thiazolyl tetrazblium assay using a cell counting kit-8
(Dojindo). For stable transfectant cells, cells were seeded into 25 cm? flasks at a
density of 1 x 10ml~!, and proliferation rates were assessed by counting the
numbers of viable cells every 24 h using Trypan blue staining.

Dephosphorylation assay for synthetic peptides. The PTEN peptide 373-
. EPDHYRYSDTTDSDPENE-390 and phosphopeptides with pSer380 (EPDHYR-
YpSDTTDSDPENE), pThr382 (EPDHYRYSDpTTDSDPENE), pThr383
(EPDHYRYSDTpTDSDPENE) and pSer380/pThr382/pThr383 (EPDHYR-
YpSDpTpTDSDPENE) were obtained from TORAY Reseatch Center (Tokyo,
Japan). The release of inorganic phosphates from phosphopeptides was determined
using a malachite green assay kit (BIOMOL Green reagent, BIOMOL). Cell extracts
from the KK1-NDRG2 stable cell line, NIH3T3 cell line and 293T cell line tran-
siently transfected with mock or Myc-tagged PP1c, PP2Ac or PP5c vectors using
HilyMax were prepared by lysing cells in TNT buffer supplemented with protease
inhibitor cocktail (Sigma-Aldrich). Endogenous PP2Ac and Myc-tagged PP1c,
PP2Ac and PP5c were immunoprecipitated using antibodies against anti-PP2Ac
(1:500) and anti-Myc (1:500), respectively. For inhibitor treatment, lysates of KK1-
NDRG?2 cells were incubated on ice for 30 min in the absence or presence of
various concentrations of OA. The total cell lysates, immunoprecipitated samples
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or 0.5 units of recombinant PP2A were incubated with 100 pM PTEN peptide or
phosphopeptides in 10 ul of phophatase assay buffer (20 mM HEPES pH 7.0, 1 mM
MnCl,, 8 mM MgCl,, 1 mM dithiothreitol and 100ugml ™~ 1 BSA) at 30°C for
60min. The reactions were terminated by the addition of 40 ul of TE buffer
(10mM Tris-HCI, pH 8.0, I mM EDTA) and 100 pl of BIOMOL Green reagent,
and absorbance at 620 nm was determined after incubation for 20 min at room
temperature. The qi:antity of Pi released {nmoles) was calculated based on a
standard curve determined for inorganic phosphate according to the manu-
facturer’s recommendations. All assays were performed in duplicate.

PTEN dephosphorylation assay, The KK1-Mock stable cells were lysed in TNT
buffer plus protease inhibitor cocktail (Sigma-Aldrich), and the cell lysates were
immunoprecipitated with an antibody against PTEN (138G6, 1:500) and Protein G
beads. Immunoprecipitates were washed three times with TNT buffer and twice
with phosphatase assay buffer, resuspended in phosphatase assay buffer and
incubated with 0.5 units of recombinant PP2A for 60 min at 30 °C. The reaction
was stopped by adding SDS sample buffer, and the samples were separated by 10%
SDS-PAGE, followed by western blotting with antibodies against PTEN (138G6) or
phospho-PTEN (Ser370 or Ser380/Thr382/Thr383).

Generation of NDRG2 knockout mice. NDRG2-deficient mice were generated in
the Laboratory for Animal Resources and Genetic Engirieering, RIKEN Center for
Developmental Biology (accession. no. CDB0768K: http://www.cdb.riken.jp/arg/
mutant%20mice%20listhtml). For generating a targeting vector, genomic frag-
ments for NDRG2 were obtained from RP23-109]J8 BAC clone (BACPAC
Resources). A lacZ-pA-neo-pA cassette was inserted into exon 2 of the NDRG2
gene to create the targeting construct. The linearized targeting vector was inserted
into TT2 ES cells®® by electroporation, and G418-resistant clones were screened for
homologous recombination by PCR and Southern blot analysis using a 457-bp 5'
fragment as the probe. Targeted ES clones were microinjected into ICR eight-cell
stage embryos and transferred into pseudopregnant ICR females (http://www.
cdb.riken.jp/arg/Methods.html). The resulting chimeras were bred with C57BL/6
mice, and heterozygous offspring were identified by Southern blot analysis and by
PCR using the following two primer pairs: WT allele, F1 (5'-CAAACACCCGA
GACTGCCAA-3')/R (5-ATTAAACAATAAAGATGTCC-3'); targeted-allele, F2
(5'-GACAGGAGAGGATGAAGGTT-3')/R. Heterozygous mice were backcrossed
with C57BL/6 for two generations and mated in the same generation to obtain
homozygous mutants. All animal experiments were approved by the Animal
Experiment Review Board of the University of Miyazaki.

Histological analysis. All necropsies and histological examinations were
performed on mice at the tirne of death. Tissues were fixed in 10% buffered
formalin solution and embedded in paraffin blocks, and 2-um-thick sections were
prepared. Paraffinized sections were deparaffinized with xylene and rehydrated
through a decreasing gradient of ethanol solutions. Slides were stained with
hematoxylin and eosin (H&E), coverslipped with mounting medium, and viewed
under a light microscope. The slides were scanned with a digital scanner (MIRAX;
Carl Zeiss) and viewed with MIRAX software (Carl Zeiss). For immunohis-
tochemistry, the tissue sections were deparaffinized and rehydrated. After micro-
wave treatment for 20 min in citrate buffer pH 6.0 and cooling, endogenous
peroxidase activity was blocked in 0.3% hydrogen peroxide in methanol for 30 min.
After blocking in 5% skim milk in PBS for 30 min, sections were incubated with
antibodies against CD3, CD4, CD8, B220, FLAG or cleaved caspase-3 for 60 min at
37°C, washed three times with PBS and incubated with horseradish peroxidase-
conjugated secondary antibodies for 30 min at 37 °C. The horseradish peroxidase
activity was visualized with 3, 3'-diaminobenzidine containing hydrogen peroxide.
All primary antibodies were used at 1:200 dilution, except anti-FLAG (1:500) and
anti-cleaved caspase-3 (1:100).

Statistical analysis. Bars and markers in the figures represent the mean % s.d. The
two-tailed Student’s t-test and Mann-Whitney U-test were used as appropriate.
In thé Kaplan-Meier survival analysis, the log-rank test was used for analysis.
Fisher’s exact analysis was used to determine differences in tumour incidence.
Differences were considered significant when the P value was <0.05, as indicated

in the text.
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‘Abstract: In our previous report, an 80% ethanol bitter gourd seed extract (BGSE) was
found to suppress proliferation of adult T-cell leukemia (ATL) cell lines. The present study
aimed to identify the bioactive compounds from BGSE specific against ATL. From the
result of an HPLC-MS analysis, o-eleostearic acid (0-ESA) was present in BGSE at
0.68% = 0.0022% (£SD, n = 5). In the cell proliferation test, a-ESA potently suppressed
proliferation of two ATL cell lines (ED and Su9T01; ICso = 8.9 and 29.3 pM, respectively)
more than several other octadecanoic acids. However, o-ESA moderately inhibited
phytohemagglutinin-activated human peripheral blood mononuclear cells (PBMC;
ICsp = 31.0 pM). These results suggest that BGSE-derived a-ESA has potential as a
functional food constituent because of its activity against ATL, particularly against ED
cells. Moreover, 0-ESA might be effective for the prevention of moderate adverse effects

of ATL on normal T cells.

Keywords: adult T-cell leukemia; bitter gourd seed extract; o-eleostearic acid;
phytohemagglutinin-activated human peripheral blood mononuclear cell

1. Introduction

Adult T-cell leukemia (ATL) occurs in a small population of human T-cell leukemia virus type I
(HTLV-I) infected individuals. After transmission of HTLV-I, 2%-5% of carriers are likely to develop
ATL after a long latency period (30-50 years) [1]. These patients have been frequently identified as
being from a restricted area of tropical regions [2]. It is currently very difficult to effectively treat
patients with ATL using existing therapeutic methods, and most clinical trials focus on chemotherapeutic
treatment and allogeneic hematopoietic stem cell transplantation. Therefore, it is important to find
appropriate therapeutic methods to prevent the development of ATL or to prolong survival after

its occurrence.
In our previous report, we screened 52 agricultural plant samples for their ability to inhibit

proliferation in seven kinds of ATL related cell lines to start structure of a study for finding
potential .drug candidates with the prevention of ATL. We found that an 80% ethanol bitter gourd
(Momordica charantia L.) seed extract (BGSE) showed an inhibitory effect on the proliferation of
ATL-related human leukemia cells [3]. '

Bitter gourd belongs to the Cucurbitaceae family and is cultivated worldwide as a vegetableAcrop.
- The fruit is not only used as a food, but also for its medicinal properties, such as anti-microbial,
anti-diabetic, anti-HIV and anti-tumor activities, which were described in a recent review [4]. BGSE
has also been reported to have anti-leukemic potential on human acute rriyelogenous leukemia cells
(HL-60) [5]. However, HL-60 and ATL cell Tines comprise different types of leukemia cells, and as
there have been no reports about bioactive compounds from BGSE active against ATL, the effect of
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BGSE on ATL cell proliferation requires elucidation. The aim of the present study was to identify
bioactive compounds in BGSE exhibiting activity against ATL.

2. Results and Discussion

2.1. Identification of Active Compounds in BGSE

Figure 1a,b show the HPLC-DAD chromatogram (a) and HPLC-MS-total ion chromatogram (TIC)
(b) of BGSE. As shown in Figure la, a major peak (peak 1: retention time (RT) = 8.570 min,
A = 270 nm) was detected for BGSE. The TIC showed several peaks (Figure 1b). Figure 1c shows the |
MS spectrum of the peak with the RT: 8.570 min. in Figure 1b, which shows a deprotonated molecular
ion signal at m/z 277. This compound was estimated to be C1sHz90, and was proposed to be a-ESA on
the basis of reference data [6]. a-ESA was analyzed using the same method. Figure 1d—f shows the
HPLC-DAD chromatogram (d), TIC (e) and MS spectrum (f) of a-ESA. a-ESA (50 pg/mL) showed a
" clear peak at 270 nm (Figure 1d, peak 2) and the same RT of peak 1 in Figure 1a (BGSE). The RT
(8.570 min.) of the highest peak in TIC for a-ESA (Figure le, peak 2) was the same as peak 1 in
Figure 1b. The MS spectrum of a-ESA (Figure 1f) showed the same result as the analysis of BGSE
(Figure 1c). From these results, peak 1 in Figure 1 was determined to be 0-ESA, and a-ESA is the
main compound in BGSE.

We also attempted to quantitatively determine a-ESA in BGSE. Figure 2 shows the o-ESA
calibration curve. The calibration curve showed good linearity (R* = 0.9977). a-ESA was contained in
the concentration range of 34.0 and 34.2 pg/5 mg of freeze-dried bitter gourd seeds (0.68% + 0.0022%,
+8D, n = 5). In our previous report, BGSE suppressed the proliferation of ATL cell lines [3]. The
current study shows the presence of a-ESA in BGSE. Tsuzuki et al. reported that a-ESA accounted for
about 60% of the total fatty acid composition of bitter gourd seed oil [7]. Therefore, o-ESA might have
greatly contributed to suppressing the proliferation of ATL cell lines.

2.2. The Inhibitory Effects of Octadecanoic Acid Analogs on ATL Cell Lines

Of the octadecanoic acids, conjugated linoleic acids (CL:A), which includes a-ESA, has been
acknowledged to have numerous biological activities, such as anti-obesity, anti-diabetes, anti-cancer,
anti-arthritis, anti-asthma, and anti-cardiovascular disease effects [8]. However, no study has yet
reported the anti-leukemic effects of a~-ESA on ATL cell lines. We examined the inhibitory effects of
related compounds, seven octadecanoic acid groups, on the proliferation of two types of ATL cell lines
(ED and Su9T01). As shown in Table 1, a-ESA (C18:3, n-5), y-linolenic acid (C18:3, n-6), and
a-linolenic acid (C18:3, n-3), which belong to-the triunsaturated fatty acid group, substantially
inhibited ED cell growth (ICsy values of 8.9, 61.3 and 129.9 uM, respectively) and Su9TO01 cell growth
(ICSO values of 29.3, 174.3 and 167.4 uM, respectively). Linoleic acid (C18:2, n-6), which belongs to
the diunsaturated fatty acid group, inhibited ED and Su9T01 cell growth (ICso values of 100.7 and
180.1 pM, respectively). In ED cells, these compounds exhibited higher activity than EGCG, which
was used as the positive control [9] (ICsp = 152.7 pM). On the other hand, in Su9TO01 cells, only
a-ESA exhibited higher inhibitory activity than EGCG (ICsp = 166.0 pM). We cannot calculate the
exactly ICso values of monounsaturated fatty acid group (oleic acid (C18:1, n-9) and elaidic acid



Plants 2014, 3 21

(C18:1, n-9)) and saturated fatty acid (stearic acid (C18:0)) in both cell lines. This assay was employed
to compare the effects of octadecanoic acids on ED and Su9TO1 cell growth; a-ESA showed the
~ highest inhibitory activity. ICsy values decreased roughly in proportion to the number of double bonds;

therefore, the number of double bonds was an important determinant of anti-proliferation activity.

Indeed, the triunsaturated fatty acid group was more potent than EGCG.

-Figure 1. HPLC-DAD and MS chromatograms of BGSE and a-ESA. (a,d) HPLC-DAD
chromatograms (270 nm) of BGSE (a) and o-ESA (d). (b,e) Total ion chromatograms
(TIC) of BGSE (b) and a-ESA (e). (¢) MS spectrum (negative-ion spectra) of peak -1 of
BGSE in Figure 1b. (f) MS spectrum (negative-ion spectra) of peak 2 of 0a-ESA in Figure le.
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Figure 2. Calibration curve of a-ESA.
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Table 1. Relationship between octadecanoic acid structure and inhibition of adult T-cell
leukemia (ATL) cell line proliferation.

: . 1Cs (uM)
Compounds ED SuOTOL
a-ESA (C18:3,1n-5) ’ 8.9 29.3
y-linolenic acid (C18:3, n-6) 613 174.3
o-linolenic acid (C18:3,n-3) 129.9 167.4
linoleic acid (C18:2,n-6) 100.7 180.1
oleic acid (C18:1,n-9) 500.0-166.7 500.0-166.7
elaidic acid (C18:1,n-9) - >500.0 >500.0
stearic acid (C18:0) 500.0-166.7 >500.0
EGCG (Positive Control) - 152.7 166.0

ATL cells (ED and Su9T01) were incubated for 72 h in RPMI-1640 medium containing each compound.

Viable cells were detected using a WST-8 assay kit. The concentration at which cell proliferation is inhibited

_ by 50% compared to untreated control is expressed as ICs,.

2.3. The Effect of 0-ESA on ATL Cell Line and Phytohemdggluﬁnin—Activated Human Peripheral
Blood Mononuclear Cell (PBMC) Proliferation

As shown in Figure 3, we compared the suppressive effect of a-ESA on ED, Su9TO01 cells and

22

PBMCs. PBMCs are commonly used as the healthy/normal cell model in comparison to cancer cell
lines. Significant differences were observed between ED cells and PBMCs treated at 6, 19 and 56 uM

0-ESA (p < 0.05). Su9T01 cells and PBMCs treated with between 1 and 500 pM o-ESA were not

significantly different. These results confirmed that the a-ESA strongly and 'selectively inhibited ED
cells and moderately inhibited PBMCs, which are healthy normal T cells. a-ESA at 166 and 500 M
significantly decreased proliferation of all cell types. a-ESA showed inhibitory effects on ED, Su9T01

cells and PBMCs (ICsp of 8.9, 29.3 and 31.0 pM, respectively).
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Figure 3. Effect of a-ESA on ATL cell and PBMC proliferation.
120 -
~O=E
~8~3ugT
~&~PBMC

% to Control

o-ESA (uM)
A comparison of the dose-dependent effects of a-ESA on ED, Su9TO01 cells ‘'and PBMCs. Each mark
represents the mean + SD of three independent tests (Student’s #-test). Significantly different between ED

cells and PBMCs: p <0.05 (*).

Tsuzuki et al. and Kobori ef al. reported that bitter gourd seed oil and its constituent a-ESA had
anti-leukemic potential in HL-60 cells [5,10]. While HL-60 and ATL (ED and Su9T01) are leukemia
cell lines, they differ in origin and whéther they are a result of viral infection. The antiproliferative
properties of unsaturated fatty acids are well known. For example, Wendel et al. reported that the
- unsaturated fatty acids (mainly omega-3 fatty acids and derivatives) like conjugated eicosapentaenoic
acid as irhportant nutritional adjuvant therapeutics in the management of various human cancer
diseases and the impact of nutritional omega-3 fatty acids on cancer prevention [11]. a-ESA also may
have similar potential with nutritional function for cancer prevention. The present study is the first to
show the inhibitory effects of a-ESA on ATL cells in vitro. Specifically, o-ESA showed an inhibitory
effect in the rank order: ED cells > Su9TO01 cells > PBMCs. Sasaki et al. reported that tumor suppreésqr
in lung cancer 1 (TSLCI) gene expression was different between ED and Su9TO1 cells [12,13].
Therefore, using gene expression analysis, future studies should investigate the regulatory mechanism
of ISLCI and its DNA methylation, as well as the possible role of a-ESA in the inhibition of ED and

Su9TO1 proliferation and TSLC! expression.
3. Experimental

3.1. Chemicals

a-Eleostearic acid (a-ESA) was obtained from Larodan Fihe Chemicals AB, Malmg, Sweden and
Cayman Chemical, Ann Arbor, MI, USA. y-Linolenic acid, linoleic acid, o-linolenic acid, and elaidic
acid were purchased from Cayman Chemical. Stearic acid and oleic acid were purchased from Wako,
Osaka, Japan. Epigallocatechin-3-gallate (EGCG) was purchased from Nagara Science Co., Gifu,
Japan. Ficoll was purchased from GE Healthcare, Uppsala, Sweden. Phytohemagglutinin (M Form)
was purchased from Invitrogen, Carlsbad, CA, USA. IL-2 was purchased from R&D Systems,
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Minneapolis, MN, USA. A 2-(2-methoxy-4-nitrophenyl)-3-(4-nitrophenyl)-5-(2,4-disulfophenyl)-2H-
tetrazolium monosodium salt (WST-8) assay kit was purchased from Dojindo, Kumamoto, Japan.

3.2. Identification of Compounds in BGSE

The freeze-dried powder of bitter gourd seeds (5 mg) was extracted with 80% EtOH (0.5 mL) by
vortexing for 30 s, followed by centrifugation at 1,500 rpm for 3 min. The supernatant was used for
high performance liquid chromatography-diode array detector (HPLC-DAD) and mass spectrometry
(MS) analysis. The a-ESA HPLC analysis method was a modification of the methods of Amakura e al.
and Rezanka et al. [6,14]. The HPLC-DAD and MS analysis consisted of a Shimadzu HPLC System
(LC-ZOAV Prominence, Shimadzu, Kyoto, Japan) coupled to a SPD-20A (DAD; Shimadzu, Kyoto,
Japan) and an LC/MS-ion trap-time of flight (LC/MS-IT-TOF, Shimadzu, Kyoto, Japan) fitted with an
atmospheric pressure chemical ionization (APCI) source. HPLC separation was performed on a
reverse-phase column (Atlantis T3, 2.1 mm I.D. ¢100 mm, 3 pm; Waters, Milford, MA, USA). The
column was maintained at 40 °C. The mobile phase consisted of eluent A (0.1% acetic acid and
MeOH)/eluent B (0.1% acetic acid and 10% MeOH aq.) = 90:10 at a flow rate of 0.10 mL/min. The
injection volume was 10 puL. APCI conditions were recorded from m/z = 50 to 400 in negative ion
mode. The other MS conditions were as follows: nebulizer N, gas, 2.5 L/min; APCI interface
témperature, 400.0 °C; curved desolvation line (CDL) temperature, 250.0 °C; heat block temperature,

200.0 °C; detector voltage, 1.80 kV.

3.3. a-ESA Calibration Curve

The o-ESA standard Was dissolved in 80% ethanol and serial dilutions were analyzed by
HPLC-DAD. o-ESA content was calculated using the following linear equation based on the
calibration curve: ¥ = 215772X + 493606, R* = 0.9977. Y is the area detected by DAD (270 nm), and

X is the a-ESA content in ug/mlL.

3.4. ATL Cell Proliferation Assay

We used two ATL cell lines (ED and-Su9TO01) that are highly sensitive to inhibition of cell
proliferation, as determined in our previous study [3]. ED cells were kindly provided by Dr. M. Maeda
(Kyoto University, Kyoto, Japan) and Su9TO01 cells were kindly provided by Dr. N. Arima
(Kagoshima University, Kagoshima, Japan). The test compounds were dissolved in dimethy! sulfoxide
and subjected to assay screening. The method of ATL assay is described in a previous report [3]. ICso
calculation was some curve fitted onto the determined proliferation inhibition points.

3.5. Isolation and Culture of PBMCs

The method of isolation and culture of PBMCs is as follows. Heparinised blood (5 mL) was diluted
by adding 5 mL of PBS. The diluted blood samples were divided into four equal parts, loaded on 4 mL
of Ficoll and centrifuged at 400 x g for 30 min. The PBMC layer was located within the interphase
between the Ficoll and.plasma. The Ficoll contained the erythrocytes and most of the granulocytes.:
The plasma was removed using a pipette until ~5 mL above the PBMC interphase. The cells were
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washed three times with PBS (centrifuged at 200 x g for 15 min) and resuspended in RPMI
1640 medium supplemented with 10% foetal bovine serum containing 100 U/mL penicillin G,
100 pg/mL streptomycin, 2 ng/mL IL-2 and 128-fold dilution of phytohemagglutinin to a final cell
density of 1 x 10° cells/mL. The PBMC proliferation assay was conducted using the same method as

for the ATL proliferation assay [3].

3.6. Statistics

Each experiment was conducted at least three times. All data are expressed as the mean =+ standard
deviation (SD) of three independent experiments. Statistically significant differences were calculated

by Student’s #-test.

4. Conclusions

a-ESA was shown to be the main bioactive compound in BGSE, and contributes to the inhibition of
ED cell differentiation and proliferation without damaging normal cells, leading to the disruption of

ATL pathogenesis.
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ARTICLE INFO ABSTRACT

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
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Hypermethylation 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

Pancreatic cancer

Prognostic factor cell lines (PANC-1, PCI-35, PK-45P, and AsPC-1). In contrast, no increased NDRG2 expression was observed

after treatment with 5-aza-2’ 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 siich 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.

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

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

Abbreviations: NDRG2, N-myc downstream regulated gene 2; 5-aza-dC, 5-aza-2'
deoxycytidine; TSA, trichostatin A; qRT-PCR, quantititive reverse transcription
polymerase chain reaction; cDNA, complementary DNA; AU, arbitrary unit; B2M,
B2-microglobulin; MSP, methylation-specific PCR; HDAC, histone deacetylase.
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0006-291X/$ - see front matter © 2013 Elsevier Inc. All rights reserved.
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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].

NDRGZ2 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 rémain 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,

P-value

NDRG2 expression

Positive Negative

n=18 n=>51
Gender
Male 14 32 - 024
Female : 4 18
Age (mean, years) 61.2 64.0 0.25
Tumor size* (mm) : 383 42.3 045
UICC Stage
I 2 2 0.70
il 6 21
m 6 16
v 4 12

<

Differentiation
Wel 2 1 - 014
Mod 15 41
Por 1 9
Lymph node metastasis
NO 6 18 0.88
N1 ' 12 33
Lympﬁatic 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

? Average longitudinal diameter.

103

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 um 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 pg 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 f2-micro-
globulin (B2ZM) 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 pl 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-2'-deoxycytidine (5-aza-dC) and trichostatin A (TSA )

‘treatment

Cells were seeded at a density of 2 x 10 cells per 100 mm dish
and were maintained for 72 h while replacing the culture medium
containing 1 pM 5-aza-dC (Sigma, St. Louis, MO) every 24 h. Subse-
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Table 2
Nucleotide sequences of the primers and probes.
Forward primer (5'-3') Reverse primer {5'-3') Probe (5'-3') Annealing PCR  Product
temperature (°C) cycles size (bp)
gRT-PCR * ]
NDRG2 GAAGATGCAGTGGTGGAATG TCAGCTTGCCTGGCTGAGT TTCCTCAAGATGGCTGACTCCGG 60 30 , 109
B2M* TTTCAGCAAGGACTGGTCTTT CCAAATGCGGCATCTTCAAAC CTGAAAAAGATGAGTATGCCTGCCGTGTG 60 30 171
MSP .
Methylation GTTTGCGGGAAGTTCGAGTC CCGCCGACCCGACTAACG ) 70 35 134
specific primer
70 30 142

Unmethylation GTGGGTTTGTGGGAAGTTTGAGTTG CCACCCACCAACCCAACTAACA

specific primer

2 Nucleotide sequences for'B2ZM primers and probe were previoﬁsly reported by Ogawa et al. [28].

=

Probability of survival
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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 {x400 magnification), and pancreatic ductal adenocarcinoma with moderate (B), weak (C), and negative (D) staining (x200 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.

quently, celIs were treated with 1pM 5-aza-dC. or 1pM TSA
(Wako, Osaka, Japan) for another 24 h. In TSA only treatment,
2 x 10° cells were plated in a 100 mm dish, and 1 pM 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 ug genomic DNA was modified with sodium
bisulfite using an Epitect Bisulfite Kit (Qiagen) according to the
manufacturer’s instructions. The nucleotide sequences of primers

PK-1
PK-45p

O
Z
-«
-

-PK-8
PK-9

U M U MI

s AsPC-1

105

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 statxstlcally significant
when P < 0.05.

3. Results

3.1. NDRG2 negative staining correlated w1th 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

BxPC-3
PC1-35
Clone A

: MIA PaCa-2

MU MUMUM

Fig. 3. MSP analyses in pancreatic cancer cell lines. Results of methylation- and unmethylation-specific PCR are indicated by M and U, respectively. All of the cell lines showed

unmethylation with one exception: MIA PaCa-2 was partially methylated.
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gRT-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 histoné 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 hypennethylation was not involved in the decreased
NDRG?2 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 [16], 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
. acritical 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 1
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 unigue and
powerful tool for developing novel and useful applications for-
diagnosis and treatment of patients with pancreatic cancer.
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