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ARTICLE INFO ABSTRACT

Keywords: N-myc downstream-regulated gene 2 (NDRG2) is a candidate tumor suppressor that is frequently downregulated
NDRG2 in adult T-cell leukemia/lymphoma (ATLL) and functions to negatively regulate several cellular signaling
EZH2 pathways as PP2A recruiter. To clarify the molecular mechanisms of suppression of NDRG2 expression, we
DNA promoter methylation initially determined the expression pattern of NDRG2 in various types of T-cells and ATLL cells. NDRG2 ex-
ATLL pression was significantly upregulated in HTLV-1/Tax-immortalized T-cells, which was mediated by NF-kB ac-
tivation through Tax expression. On the other hand, NDRG2 expression was suppressed in HTLV-1-infected cell
lines and various types of ATLL cells, which was dependent on the DNA methylation of the NDRG2 promoter. We
found that the expression of enhancer of zeste homolog 2 (EZH2), a member of the polycomb family, is increased
in ATLL, and that EZH2 directly binds to the NDRG2 promoter and induces DNA methylation of the NDRG2
promoter. Since the expression of EZH2 were anti-parallelly regulated with the NDRG2 expression, EZH2 might
be one of the most important regulators of the downregulation of NDRG2, contributing to enhanced activation of

signaling pathways during ATLL development.

1. Introduction

Adult T-cell leukemia/lymphoma (ATLL) is an aggressive CD4* T-
cell malignancy associated with human T-cell leukemia virus type 1
(HTLV-1) infection. HTLV-1 oncogenic proteins Tax and HBZ induce
not only the aberrant activation of signal transduction pathways such as
PI3K/AKT, MAPK, Jak/STAT, and NF-«B, but also the accumulation of
abnormal genomic and epigenetic changes, leading to transformation
and cell proliferation of HTLV-1-infected T-cells, and < 5% of HTLV-1
carriers finally develop ATLL after a long latency period of > 50 years
[1,2]. Our previous studies demonstrated that the expression of a novel
tumor suppressor gene, N-myc downstream-regulated gene 2 (NDRG2),
is frequently downregulated in ATLL and many types of other cancers,
and that the down-regulation of NDRG2 leads to activation of the PI3K/
AKT and NF-xB signaling pathways through functional inactivation of
PTEN via an enhancement of its phosphorylation [3-5]. Because
NDRG2 promotes the dephosphorylation of PTEN via the recruitment of
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protein phosphatase 2A (PP2A) to PTEN, NDRG2 may play an im-
portant role in the regulation of several signaling transduction path-
ways through the recruitment of PP2A to signaling molecules other
than PTEN. Because NDRG2 expression is upregulated by stress re-
sponses, such as genotoxic p53, hypoxic HIFla, oxidative stress, and
inflammation [6-11], NDRG2 may suppress stress-induced aberrant
signal transduction pathways by promoting PP2A-dependent depho-
sphorylation of proteins. Therefore, it is of particularly importance to
understand the detailed molecular mechanisms of the regulation of
NDRG2 expression to elucidate the mechanism of tumorigenesis in
ATLL and other cancers.

Tumor suppressor genes are often downregulated through aberrant
genomic and epigenetic modifications, which are associated with tumor
development. In addition to genomic alterations such as mutations and
deletions, the aberrant DNA hypermethylation of CpG islands in the
promoter region and histone modifications are widely observed in
many types of cancers and are related to the silencing of transcription of
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tumor suppressor genes in a tumor-type specific manner [12,13]. The
expression of adenomatous polyposis (APC), p16 (CDKN2A), Kruppel-
like factor 4 (KLF4), human post-meiotic segregation 1 (hPMS1), and
NDRG2 are downregulated in ATLL cells through hypermethylation of
DNA promoter and is restored by treatment with a DNA demethylation
agent, including 5-Azacytidine (5-Aza) [5,14-17]. On the other hand,
trimethylation of histone H3 lysine 27 (H3K27me3) mediated by en-
hancer of zeste homolog 2 (EZH2)-containing polycomb repressive
complex 2 (PRC2) contributes to chromatin compaction and recruit-
ment of DNA methyltransferases (DNMTs), leading to the methylation
of CpG islands of target genes and induction of the transcriptional si-
lencing of different genes, which may also contribute to cancer devel-
opment [18,19]. It has been reported that the levels of EZH2 expression
and H3K27me3 modification are increased in many types of cancers
including ATLL and are associated with tumor progression and poor
prognosis, suggesting that trimethylation at H3K27 through over-
expression of EZH2 may play an important role in the development and
progression of ATLL [20,21]. EZH2 expression is known to be upregu-
lated by bacteria/virus infection [22,23] and signal transduction
pathways [24-26], and is also recently reported to be modulated by
aberrant signal transduction pathways in HTLV1-induced ATLL tu-
morigenesis. The pharmacological inhibition or transcriptional silen-
cing of EZH2 result in a decrease in H3K27me3 and restore the ex-
pression of tumor suppressor genes in HTLV-1-infected T- and ATLL
cells [20], suggesting that promoter methylation and histone mod-
ification may play critical roles in the inactivation of tumor suppressor
genes, including NDRG2.

In this study, HTLV-1-encoded oncogenic protein Tax was shown to
promote NDRG2 expression through Tax-mediated NF-kB activation
during early stage of ATLL development. In contrast, sustained Tax
expression activated the NF-kB signaling pathway and thereby induced
EZH2 expression through the binding of NF-xB to the EZH2 promoter,
leading to the suppression of NDRG2 expression via occupancy of EZH2
and H3K27me3 modification on the NDRG2 promoter. Because
knockdown of EZH2 through shEZH2 or EZH2 inhibitor revealed a re-
storation of NDRG2 expression along with suppression of cell pro-
liferation in ATLL cells, the HTLV-1 Tax/NF-kB/EZH2/NDRG2 axis may
play an important role in the ATLL leukemogenesis, which may provide
a novel approach for the prevention and treatment of ATLL.

2. Materials and methods
2.1. Reagents

The 5-Azacytidine (5-Aza) was obtained from Sigma-Aldrich (St.
Louis, MO), and Bay 11-7082 was obtained from Millipore (Temecula,
CA). The 3-deazaneplanocin A (DZNep) was obtained from Cayman
Chemical (Ann Arbor, MI). The transfection reagents HilyMax and cell
proliferation/cell toxicity kit Cell Counting Kit-8 were purchased from
DOJINDO (Kumamoto, Japan). Primary antibodies were purchased as
indicated: rabbit polyclonal antibodies against IkBa (C-21) and p65
(C20), mouse monoclonal antibody against p100/p52 (C-5), and goat
polyclonal antibody against NDRG2 (E20) from Santa Cruz (Santa Cruz,
CA), DNMT1 (5032), rabbit polyclonal antibody against EZH2 (4905),
rabbit monoclonal antibody against phospho-IKKa/f (Ser176/180)
(9554), and mouse monoclonal antibody against phospho-IkBa (Ser32/
36) (5A5) from Cell Signaling Technology (Danvers, MA), rabbit poly-
clonal antibody GFP (598) from MBL (Woburn, MA), rabbit polyclonal
antibody against trimethyl-Histone H3 (Lys27) (H3K27me3) from
Millipore, and mouse monoclonal antibody against 3-actin from Sigma-
Aldrich (AC-74, A5316). The mouse monoclonal antibody against Tax
(MI73) was a kind gift from Dr. M. Matsuoka (Kyoto University, Japan).

2.2. Plasmid construction

Human EZH2 complementary DNA (cDNA) from MT2 was

2634

BBA - Molecular Basis of Disease 1865 (2019) 2633-2646

subcloned into the p3xFLAG-myc-CMV-26 expression vector (Sigma-
Aldrich) (Flag-EZH2). The Flag-tagged NDRG2 and p47 expression
vector (pCMV26/NDRG2 and pCMV26/p47) has been described else-
where [5,27]. The small hairpin RNA (shRNA) with the different three
oligonucleotides DNA sequences against EZH2 was generated in the
RNAi-Ready pSIREN RetroQ-ZsGreen vector (Clontech, Mountain View,
CA) (shEZH2#1-3). A control shRNA vector against luciferase was
purchased from Clontech (shluc). The NDRG2 promoter region was
amplified by PCR and inserted into the pGL4.10 firefly luciferase vector
from Promega (Madison, WI). The internal control Renilla luciferase
vector pRL-TK was purchased from Promega. To generate the sub-
stitution mutant luciferase vector of the NDRG2 promoter, PCR-based
mutagenesis was performed to induce the mutation in the NF-xB
binding site using mutagenic primers. pCG-Tax is a kind gift from Dr. J.
Fujisawa (Kansai Medical University, Japan) [28]. EGFP-p50 and EYFP-
p65 were kind gifts from Dr. H. Tha (Oita University, Japan). The
transfections were performed using the Amaxa cell line Nucleofector kit
V (LONZA, Germany) and HilyMax, following the manufacturer's pro-
tocol.

2.3. Cell culture

JPX9 and JPXM are derivatives of the Jurkat T cell line and contain
the wild-type or inactive mutant of NF-kB transcriptional activation of
the tax gene, respectively, under the control of the inducible me-
tallothionein promoter. Tax expression was induced by the presence of
120 uyM Zn?" in the culture medium. Jurkat, MOLT4, and MKB-1 are
HTLV-1-negative human T-ALL cell lines. KOB, KK1, and SO4 are
IL2-dependent ATLL cell lines. SU9T-01 and ED are IL2-independent
ATLL cell lines. MT2 and HUT102 are T-cell lines transfected by HTLV-
1 infection. Jurkat, MOLT4 and MKBI1 cells were obtained from the
Fujisaki Cell Center, Hayashibara Biochemical Laboratories (Okayama,
Japan). MT2 and HUT102 cells were a kind gift from Dr. H. Tha (Oita
University, Oita, Japan). KOB, KK1, and SO4 cells were kind gifts from
Dr. Y. Yamada (Nagasaki University, Japan). SU9T-01 was a kind gift
from Dr. N. Arima (Kagoshima University, Japan). ED was a kind gift
from Dr. M. Maeda (Kyoto University, Japan). Tax ™ T-cells are HTLV-1
Tax-transformed human peripheral blood mononuclear cells (PBMCs),
which were a kind gift from Dr. M Fujii (Niigata University, Japan).
Human embryonic kidney 293T cells were obtained from RIKEN
Biorecourse Center (Tsukuba, Japan). IL2-dependent ATLL cell lines
were maintained in PRMI1640 medium supplemented with 10% fetal
bovine serum (FBS) and 0.75pg/ml recombinant human IL2 from
Peprotech (Rocky Hill, NJ) in a humidified atmosphere of 5% CO, at
37 °C. The HTLV-1-negative cell lines and IL2-independent ATLL cell
lines were maintained in the same medium without IL2. Other cells
were maintained in Dulbecco's Modified Eagle's Medium (DMEM,
Wako, Japan) supplemented with 10% FBS.

2.4. Patient samples

Blood samples were obtained from ATLL patients prior to che-
motherapy start. This study was performed in accordance with the
Declaration of Helsinki and the Japanese Ethical Guidelines for Medical
and Health Research Involving Human Subjects and for Human
Genomic/Genetic Analysis Research, and approved by the Institutional
Review Board of the Faculty of Medicine, University of Miyazaki,
Miyazaki, Japan. Informed consent was properly obtained from all
participants in this study. The collection of ATLL cells from the patients
and CD4* lymphocytes from volunteers was performed as described
previously [29]. Primary leukemic cells from ATLL patients were
maintained in AIM-V medium (Thermo Fisher Scientific, Waltham, MA)
supplemented with 20% FBS, 10 uM 2-mercaptoethanol (Thermo Fisher
Scientific) and 0.75 pug/ml recombinant human IL2 in a humidified at-
mosphere of 5% CO, at 37 °C.
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2.5. cDNA synthesis, reverse transcription (RT)-PCR and quantitative real
time PCR

Total RNA was isolated from cells using TRIzol reagent (Invitrogen).
The cDNA was synthesized from 1 pg of RNA sample with RNA PCR kit
with oligo (dT) primer (TaKaRa, Japan) and used as a template for RT-
PCR analysis. Quantitative real-time PCR (qPCR) was carried out using
Applied Biosystems StepOne Real Time PCR System (Applied
Biosystems) and GeneAce SYBR qPCR Mixa (Nippon Gene, Japan).
Expression levels of the target gene were normalized to -actin mRNA.

2.6. Western blotting

For extraction of protein from tissues, excised organs were homo-
genized in NP-40 lysis buffer (50 mM Tris-HCI, pH 8.0, 150 mM NaCl,
5mM EDTA, 1% NP-40) supplemented with a proteinase inhibitor
cocktail (Sigma-Aldrich) and phosphatase inhibitor tablet (PhosStop,
Roche). The lysate was centrifuged for 10 min at 15,000 X g (max-
imum) at 4°C, and the supernatant was collected. The protein con-
centration was determined using the BCA protein assay (Thermo SCI-
ENTIFIC, Waltham, MA) with bovine serum albumin (BSA) standard.
Equal amounts of protein samples were loaded, separated by SDS-
polyacrylamide gel electrophoresis and then transferred to a poly-
vinylidene difluoride membrane (PVDF, Immobilon-P, Millipore). The
membranes were blocked in PBS-Tween (0.1%) with 1% BSA or 5%
nonfat dried milk and then probed with the primary antibodies diluted
in PBST-BSA with 5% nonfat dried milk or Can Get Signal Buffer
(TOYOBO, Japan). The bands were detected using the Lumi-light Plus
kit (Roche) and LAS-3000. Band intensities were quantified with the
NIH ImageJ software. All primary antibodies were used at a dilution of
1:1000.

2.7. Chromatin immunoprecipitation (ChIP)-PCR assay

Cells were cross-linked with 1% formaldehyde for 10 min at room
temperature. The cells were then washed, lysed, and sonicated to
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generate 200 to 1000-bp DNA fragments according to BIORUPTOR
UCD-250 per the manufacturer's instructions (Cosmo Bio, Tokyo,
Japan). The samples were incubated with 1 ug of the indicated anti-
bodies overnight with rotation at 4 °C. Immunoprecipitations were re-
covered with Protein G Sepharose 4 Fast Flow (GE Healthcare, Uppsala,
Sweden), washed, and eluted with elution buffer. Following the re-
versal of cross-links at 65 °C for 4 h, the samples were extracted with
phenol/chloroform, precipitated with ethanol and amplified by PCR.
The primers sequences used are listed in Supplemental Table 1.

2.8. Promoter luciferase assay

Cells were transfected with NDRG2 promoter, NF-kB mutant luci-
ferase vector and pRL-TK vector using Amaxa. The transcriptional ac-
tivity was measured using a dual luciferase assay kit (Promega) ac-
cording to the manufacturer's instructions with a luminometer (Turner
Designs TD-20/20, Promega).

2.9. DNA methylation array

The DNA methylation array analysis using primary ATLL cells has
been described in our previous report [5]. Briefly, DNA samples from
primary ATLL cells and ATLL-related cell lines were bisulfite-modified
using the EZ DNA Methylation-Gold kit (ZYMO RESEARCH, Orange,
CA). The bisulfite-treated DNA was analyzed on the Infinium Hu-
manMethylation27 Bead Array (Illumina, San Diego, CA) according to
the manufacturer's instructions. The data were analyzed using Genome
Studio methylation software (Illumina). Methylation values were cal-
culated as ratio of the methylated/(methylated and unmethylated)
fluorescent signals (beta value).

2.10. Bisulfite sequencing
Genomic DNA was treated with bisulfite using the EZ DNA

Methylation kit (ZYMO RESEARCH). PCR was performed in a 20-ul
volume containing 1 pl of bisulfite-treated DNA, 500 uM of dNTPs and
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Fig. 1. NDRG2 expression is upregulated in Tax-immortalized T-cells and downregulated in primary ATLL cells, respectively.

Quantitative real-time PCR analysis of NDRG2 and Tax mRNA in CD4* T-cells from six healthy volunteers (CD4 " T), three Tax-immortalized T-cell lines (Tax™ T),
and leukemic cells from patients with various types of ATLL; five smoldering-types, six chronic-types, and eight acute-types. The data are expressed as the mean and
s.d. The Mann-Whitney Utest was used for statistical analysis (***; p < 0.01 compared with CD4" T cell from the healthy volunteers).
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Fig. 2. NDRG2 expression is transiently upregulated through the activation of NF-«xB after the induction of Tax in T-cell line.

A, JPX9 cells were treated with Zn?>* (120 uM) and incubated in RPMI-1640 medium supplemented with 10% FBS for the indicated times, followed by western blot
analysis with the indicated antibodies (left panel). The results are representative of three independent experiments. The bar graph shows the quantification of the
relative band intensity of NDRG2 normalized by B-actin (right panel). The data are expressed as the mean and s.d. (n = 3). Student's t-test was used for statistical
analysis (*;p < 0.05 compared to the untreated control).

B, Quantitative real-time RT-PCR analysis of NDRG2 mRNA in Zn%" (120 uM)-treated JPX9. The data are expressed as the mean and s.d (n = 3). Student's t-test was
used for statistical analysis (#;p < 0.05 compared to the untreated control).

C, Tax-inducible JPX9 or JPXM (loss of NF-kB activation) cell lines were treated with Zn%* (120 uM) and incubated in RPMI-1640 medium supplemented with 10%
FBS for the indicated times, followed by western blot analysis with the indicated antibodies. The results are representative of three independent experiments. The
graphs show the quantification of the relative band intensity of NDRG2 normalized by B-actin. The data are expressed as the mean and s.d. (n = 3). Student's t-test
was used for statistical analysis (*;p < 0.05 compared to the untreated control).

D, ChIP-PCR of the NF-kB consensus binding site (—730 to —721 bp) on the human NDRG2 promoter (+1 represents the transcription initiation site) and of a
negative control sequence (+889 to + 1082 bp) performed using anti-p65 and p52 antibodies in JPX9 and JPXM in the presence or absence of Zn®>* (120 uM). The
input chromatin (input), which represents a portion of the sonicated chromatin before immunoprecipitation, served as a positive control.

E, JPXO cells were transfected with a luciferase reporter plasmid with one kb of NDRG2 promoter (—1000 to + 1) and pRL-TK plasmid and untreated or treated with
Zn** (120 uM), followed by luciferase reporter assays. For mutation in the NF-xB-binding site (GGGTGGTTCC), five nucleotides (shown in red, ctcTGGTTag) were
replaced into the NDRG2 promoter-luciferase reporter vector. The data are expressed as the mean and s.d. (n = 3). Student's t-test was used for statistical analysis
(*;p < 0.05).

F, JPX9 cells were treated with or without Zn®* (120 uM) in the presence or absence of Bay11-7082 (10 uM) and incubated in RPMI-1640 medium supplemented
with 10% FBS for 6 h, followed by western blot analysis with each indicated antibody. The graph shows the quantification of the relative band intensity of NDRG2
normalized by B-actin. The data are expressed as the mean and s.d. (n = 3). Student's t-test was used for statistical analysis (*;p < 0.05).

500 nM of each primer for the NDRG2 promoter region (nucleotides 3.2. Tax expression transiently activates the NDRG2 promoter through the
20564110-20563790, GenBank accession no. NC_000014) (forward NF-kB pathway in Tax-inducible JPX9 cell line
5-TTTTCGAGGGGTATAAGGAGAGTTTATTTT-3’ and reverse 5-CCAA

AAACTCTAACTCCTAAATAAACA-3"), and 1 unit of Taq polymerase Because the NDRG2 expression is induced by various cellular stress
(Takara) under the following conditions: 98 °C for 30s; 40 cycles of responses such as inflammation, hypoxia, and oxidative stress [6-11],
98°C for 10s, 60°C for 5s and 72°C for 30s; and final extension at the HTLV1 infection may induce NDRG2 expression. To determine
72°C for 3min. PCR products were subcloned into the pTA2 vector whether HTLV-1/Tax induces NDRG2 expression, we utilized a Tax-
(TOYOBO) and sequenced. inducible JPX9 cell line, which is a derivative of Jurkat/T-ALL cell line
containing the Tax gene under the control of Zn**-inducible me-
tallothionein promoter. The protein and mRNA expression levels of
NDRG2 were mildly increased along with induction of the Tax ex-
pression at 6 to 12h after the Zn?" treatment, and then gradually de-
creased to the expression level of NDRG2 less than the basal level in the
untreated JPX9 cell line at 72h (3 days) to 120h (5days) during the
induction of Tax expression (Fig. 2A, B, and Supplementary Fig. 1A). To
determine whether the observed transient induction of NDRG2 by the
Tax expression was mediated by the NF-xB pathway, one of the most
important pathways activated by Tax, we used the JPXM cell line
containing a Tax mutant that is defective in inducing NF-xB activation

2.11. Cell proliferation assay
Cells were seeded in 96-well plates at a density of 2 x 10° per well

and incubated for the indicated time period in culture medium. Cells
were counted using the cell counting kit-8.

2.12. Statistical analysis

Data are presented as the means and s.d. We used the two-tailed

Student's t-test and Mann-Whitney Utest for comparisons within each and control JPX9 cell line to measure NDRG2 induction at 6 to 24 h
parameter. A probability value p < 0.05 was considered statistically after Zn®* treatment. In JPX9 cells, NDRG2 expression increased after
significant. 6 h of treatment then decreased at 24 h; however, NDRG2 expression in
the JPXM cell line did not change at any time point after Zn>* treat-
3. Results ment with mutated Tax induction (Fig. 2C). In JPX9 cells treated with
Zn>™, the canonical NF-xB pathway was activated with increased levels
3.1. NDRG2 expression is upregulated and downregulated in Tax- of phosphorylated IKK-Ser176/180 and IkBa-Ser32/36 proteins and
immortalized T-cells and primary ATLL cells, respectively reduced protein level of IkBa (Supplementary Fig. 1B). The non-cano-
nical NF-kB pathway was also activated with p100 processing to p52.
We previously reported that NDRG2 expression is downregulated in However, neither the canonical nor non-canonical NF-«kB pathways
ATLL cells by genomic deletion and DNA methylation of the NDRG2 were activated by the induction of mutated Tax in the JPXM cells
promoter [5]. To elucidate detailed mechanisms of NDRG2 down- (Supplementary Fig. 1B). Since transfection of the expression vectors
regulation during ATLL leukemogenesis, we initially determined the for the canonical NF-xB p65 and p50 into 293T cells induced NDRG2
expression levels of NDRG2 and HTLV-1/Tax in peripheral CD4* T- expression, the activation of NF-kB signaling pathway is necessary for
cells from healthy volunteers, Tax-immortalized T-cells (Tax™ T), and induction of NDRG2 (Supplementary Fig. 1C).
leukemia cells from patients with smoldering-type, chronic-type, or To assess whether the NF-kB transcription factors directly bind and
acute-type ATLL (Fig. 1). Surprisingly, the expression of NDRG2 was activate the NDRG2 promoter following the Tax induction, we per-
significantly upregulated in Tax™ T-cells compared with CD4 ™" T-cells formed chromatin immunoprecipitation (ChIP) assays using antibodies
from healthy volunteers, suggesting that HTLV-1/Tax may enhance against p65 or p52 in the JPX9 cell line. Based on an analysis of the
NDRG2 expression. In contrast, the NDRG2 expression was down- genomic sequence of the human NDRG2 promoter within —1000 bp
regulated in primary ATLL cells from patients with various types of upstream of the transcriptional start site, an NF-kB consensus sequence

ATLL and it was gradually decreased during stage progression of ATLL. was found in the region from nucleotides of —730 to —721 (Fig. 2D).
Although Tax mRNA was highly expressed in Tax-immortalized T-cells, Cell extracts from JPX9 or JPXM cell lines with or without Zn treatment

moderately or low level of the Tax expression was detected in primary were immunoprecipitated using an anti-p65 antibody for the canonical
leukemic cells from various types of ATLL cases as reported previously NF-xB pathway or anti-p52 antibody for the non-canonical pathway and
[5]. then amplified by each specific primer pair to recover five DNA
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Fig. 3. Downregulation of NDRG2 expression through DNA promoter methylation.

A, A heat map showing the levels of DNA methylation in the CpG islands in the NDRG2 gene. TSS200 and TSS1500 represent 1-200 bp and 200 to 1500 bp upstream
from the TSS (translation start site), respectively. UTR, untranslated region; gene body, exon and intron. DNA methylation levels were shown as the average beta
value, which is represented by the scale with the highest methylation value (1) in red and the lowest (0) in blue. DNA samples from CD4 " T-cells from five healthy
volunteers [CD4 " T1, three Tax-immortalized cell lines [Tax * T], leukemic cells from patients with ten smoldering-types, eleven chronic-types, and nine acute-types
were analyzed. Box plot with median (horizontal line inside the box), lower (25%) and upper (75%) quartile (box limits), and the lowest and highest scores
(whiskers) is also shown on the right. Student's t-test was used for statistical analysis (*;p < 0.05 compared with the healthy controls).

B, CpG island region in the NDRG2 promoter was amplified by PCR using bisulfite-treated genomic DNA of JPX9 cells treated with or without Zn** (120 uM) for
three days and the PCR products were subcloned, followed by sequencing analysis. Open circles indicate unmethylated CpGs, and filled circles indicate methylated
CpGs.

C, JPX9 cells were pretreated with or without Zn>* (120 uM) in the presence or absence of 5-Aza (5 uM) and incubated in RPMI-1640 medium supplemented with
10% FBS for three days, followed by western blot analysis with the indicated antibodies. The graph shows the quantification of the relative band intensity of NDRG2
normalized by B-actin. The data are expressed as the mean and s.d. (n = 3). Student's t-test was used for statistical analysis (#;p < 0.05).

D, MT2, KOB, KK1, and SO4 (ATLL-related cell lines) were treated with 5-Aza (5 uM) for one to five days and subjected to western blot analysis with the indicated
antibodies.

fragments (No. 1 to No. 5) covering the 1.0-kb promoter region. A DNA restored by the treatment of both 5-Aza and Zn**, while Zn** single
of the fragment 2 (nucleotides of —873 to —634) containing the NF-kB- treatment suppressed expression of NDRG2 (Fig. 3C). The similar re-
binding site (—730 to —721) was amplified from cell extracts of JPX9 sults were obtained in the treatment with 5-Aza to Tax-transfected 293T
by anti-p65 antibody, but not from those of JPXM after the treatment cell line (Supplementary Fig. 2B and C). Moreover, we determined
with Zn®*; however, none of the DNA fragments were co-im- whether 5-Aza treatment restores the expression of NDRG2 in four
munoprecipitated by the anti-p52 antibody (Fig. 2D), suggesting that ATLL-related cell lines (Tax-positive MT2 and KOB, Tax-negative KK1
the canonical NF-xB pathway was activated in JPX9 cells. To confirm and SO4), which had highly methylated NDRG2 promoter in TSS200
whether the expression of NDRG2 was mediated by the activation of (Supplementary Fig. 2D and E). The 5-Aza treatment restored NDRG2

NF-kB signaling pathway, a luciferase reporter vector containing the expression in all of the four ATLL-related cell lines (Fig. 3D and Sup-
1.0-kb NDRG2 promoter region was generated and transfected into plementary Fig. 2F). Therefore, DNA methylation of the NDRG2 pro-
JPX9 cells, and the promoter activity of the 1.0-kb fragment was de- moter plays an important role in the suppression of NDRG2 expression
termined. After Zn>* treatment to the transfected JPX9 cells, the pro- in both HTLV1-infected and ATLL cells via Tax-dependent and -in-
moter activity of the 1.0-kb fragment of NDRG2 promoter was in- dependent mechanisms.

creased up to 3-fold as compared to that of untreated cells, and the
activity of the promoter was abrogated in the luciferase construct with
mutated NF-xB consensus sequence (Fig. 2E). To further confirm the
NF-kB-dependent transcriptional activation of NDRG2, an NF-kB in-
hibitor, Bay11-7082, was applied in the JPX9 inducible system. The
treatment of Bay11-7082 significantly inhibited Tax-induced NDRG2
expression after the Zn>* treatment (Fig. 2F), suggesting that activation
of the NF-xB pathway is important for the activation of NDRG2 ex-
pression during early phase of Tax induction.

3.4. Suppression of NDRG2 expression by the polycomb group protein
EZH2-mediated epigenetic modifications

To identify the proteins that regulate the DNA methylation of the
NDRG2 promoter, we analyzed gene expression prolife of ATLL patient
samples using the DNA microarray [5] and particularly determined a
series of enzymes and transcription factors related to DNA methylation.
We observed a significant upregulation of enhancer of zeste homolog 2
(EZH2), one of the components of the polycomb repressive complex
3.3. Downregulation of NDRG2 expression by DNA promoter methylation (PRC2), in ATLL compared with control CD4* T-cells. However, the

expression level of DNA methyltransferase (DNMT) family did not

To determine the levels of DNA methylation of the NDRG2 promoter change (Supplementary Fig. 3A). Since PRC2 has been reported to
during ATLL leukemogenesis, we performed a DNA methylation array play an important role in regulation of the expression of tumor sup-
analysis with genomic DNA from CD4* T-cells from healthy volunteers, pressor genes through trimethylation of Lys27 in histone H3
Tax ™ T-cells, and leukemia cells from patients with various types of (H3K27me3) in HTLV-1-infected and ATLL cells [20], we analyzed the
ATLL [5]. The region between —158 from the transcription start site expression of EZH2 and H3K27me3 in primary ATLL cells and ATLL cell
(TSS) to 1502 in the 5’ untranslated region (5’UTR) of the NDRG2 gene lines. The mRNA and protein levels of EZH2 with H3K27me3 mod-

was unmethylated in CD4" T-cells; however, the levels of DNA me- ification were significantly increased in primary ATLL cells and ATLL
thylation in the promoter region (TSS200) from —158 to —29 were cell lines compared with those in CD4* T-cells from healthy volunteers
gradually increased during ATLL progression from Tax* T, smoldering-, and T-ALL cell lines, respectively (Fig. 4A, B and supplementary
chronic- to acute-type ATLL cells (Fig. 3A and Supplementary Fig. 2A). Fig. 3B). To determine whether Tax induces the expression of DNA

To next determine whether the Tax expression affects the methy- methylation factors, we examined the levels of EZH2 expression with
lation status of the NDRG2 promoter region, JPX9 cells treated with H3K27me3 modification and DNMT1 in the Tax-inducible JPX9 cells
Zn?" were subjected to bisulfite sequencing. The upstream CpG island with or without Tax induction. While the induction of Tax by the Zn?*

(CpG 1 to 12) from —396 to —226 in TSS1,500 was highly methylated, treatment increased NDRG2 expression through the activation of NF-xB
which is probably due to the fact that the JPX9 cell line was established signaling pathway within 6 h (Fig. 2A and B), the protein level of EZH2
30 years ago; however, the downstream CpG islands (CpG 13 to 16) and the methylation level of H3K27me3 gradually increased at 12h to
from —187 to —133 in TSS200 was clearly unmethylated. After in- 96 h (four days) after Tax induction, resulting in the inversely reduced
duction of Tax protein by Zn*>* for three days, those CpGs (13 to 16) NDRG2 protein at 12h after Tax induction (Fig. 4C, D, and Supple-
were heavily methylated (Fig. 3B), suggesting that the Tax expression mentary Fig. 3C to 3E). Since one of the functions of PRC2 complex

may promote the DNA methylation in the NDRG2 promoter region. with EZH2 recruits DNMT to enhance DNA methylation [18,19], en-
To determine whether DNA methylation at the CpGs (13 to 16) hanced expression of EZH2 by Tax may play a critical role in the

induced by the Tax expression affects NDRG2 expression, Tax-inducible downregulation of NDRG2 expression by promoter methylation.

JPX9 cells were co-treated with 5-azacytidine (5-Aza), an inhibitor of To confirm whether EZH2 is primarily responsible for the suppres-

DNA methylation during the Zn?* treatment. After 5-Aza treatment of sion of NDRG2 expression in JPX9 cells, 3-deazaneplanocin A (DZNep),
JPX9 with or without Zn>* for three days, the NDRG2 expression was an EZH2 inhibitor, was administered to the JPX9 cells with or without
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Fig. 4. Suppression of NDRG2 expression by polycomb EZH2-mediated epigenetic modification.

A, Quantitative real-time RT-PCR analysis of EZH2 in CD4* T cells from five healthy volunteers (CD4 " T), three Tax-immortalized T-cell lines (Tax " T), and leukemic
cells from patients with various types of ATLL; four smoldering-types, five chronic-types, and eight acute-types. The data are expressed as the mean and s.d. The
Mann-Whitney Utest was used for statistical analysis (**;p < 0.01 compared with the healthy controls).

B, Expression of EZH2, H3K27me3, and Tax were determined in CD4™ T-cells from four healthy volunteers, leukemic cells from six ATLL patients with acute-type
(upper panel), and three T-ALL cell lines as control non-HTLV-1 infection and six ATLL-related cell lines (lower panel) by immunoblot analysis.

C, JPXO cells were treated with Zn?* (120 uM) and incubated in RPMI-1640 medium supplemented with 10% FBS for each indicated time period (hour), followed by
western blot analysis with each indicated antibody. The results are representative of three independent experiments.

D, The graphs show the quantification of the relative band intensity of NDRG2, EZH2, H3K27me3 and Tax normalized by B-actin. The data are expressed as the mean
and s.d. (n = 3). Student's t-test was used for statistical analysis (*;p < 0.05 compared to the untreated control).

E, JPX9 cells were pretreated with or without Zn®* (120 uM) in the presence or absence of DZNep (1 uM) and incubated in RPMI-1640 medium supplemented with
10% FBS for three days, followed by western blot analysis with each indicated antibody (left panel). The graphs show the quantification of the relative band intensity
of NDRG2, EZH2, and H3K27me3 normalized by B-actin (three right panels). The data are expressed as the mean and s.d. (n = 3). Student's t-test was used for
statistical analysis (*;p < 0.05).

F, MT2, KOB, KK1, and SO4 in ATLL-related cell lines were treated with DZNep (1 uM) for one to five days and subjected to western blot analysis with the indicated
antibodies.

G, Cell growth curves of four ATLL-related cell lines (MT2, KOB, KK1, and SO4) were shown under the culture with various doses of DZNep (0 to 1 uM) at each
different time period, as assessed using the cell counting kit-8. The data are expressed as the mean and s.d. (n = 3). Student's t-test was used for statistical analysis
(#;p < 0.05 compared to the untreated control).

H, Four ATLL-related cell lines (MT2, KOB, KK1, and SO4) were transiently transfected with three shRNA expression vectors targeting with each different targeted
region of EZH2 or for control mock luciferase vector (shLuc), followed by western blot analysis for EZH2, H3K27me3, and NDRG2.

I, Two primary leukemia cells from the patients with ATLL cells were treated with DZNep (1 uM) for one to five days and subjected to western blot analysis with the
indicated antibodies.

J, Two cases of primary ATLL cells under culturing with various doses of DZNep (0-1 utM) were counted their viable cells at different time periods, by the cell
counting kit-8. Student's t-test was used for statistical analysis (*; p < 0.05 compared to the untreated control).

Zn>" treatment for three days. The NDRG2 expression was suppressed containing with CpG No. 13 to 16 in TSS200 of the NDRG2 promoter
by Zn" treatment, which was accompanied by upregulation of EZH2 with H3K27 trimethylation. Furthermore, after DZNep treatment of
and enhanced H3K27 trimethylation; however, DZNep treatment with ATLL-related cell lines, the binding of DNA fragment 5 to EZH2 and K27
Zn?" suppressed the EZH2 expression and the H3K27 trimethylation, trimethylated Histone H3 was decreased along with demethylation of
resulting in restored expression of NDRG2 (Fig. 4E). Furthermore, when CpG (13 to 16) in the NDRG2 promoter region (TSS200) (Fig. 5B and
DZNep was administered to two Tax-high (MT2 and KOB) and two Tax- C), suggesting that overexpression of EZH2 in HTLV-1-infected and
low expressed (KK1 and SO4) ATLL-related cell lines, EZH2 expression ATLL cells contributes to the suppression of NDRG2 expression via both
as well as H3K27 trimethylation gradually decreased over time after histone modification and DNA promoter methylation.

treatment with DZNep, which inversely induced the NDRG2 expression

(Fig. 4F and supplementary Fig. 3F). Furthermore, the D.ZNep'treatment 3.6. Upregulation of EZH2 expression through the NF-«B pathway in ATLL
suppressed the cell growth rate of ATLL-related cell lines in a dose- cells

dependent manner (Fig. 4G). Additionally, transfection of small hairpin
RNA (shRNA)-expression vector targeting EZH2 induced demethylation
at H3K27, resulting in the induction of NDRG2 expression in HTLV-1-
infected and ATLL cell lines (Fig. 4H). Finally, we determined the ef-
fects of DZNep treatment on NDRG2 expression and cell proliferation
using primary leukemic cells from ATLL patients. The DZNep treatment
of primary ATLL cells suppressed the EZH2 expression and H3K27 tri-
methylation, and cell proliferation, and upregulated the NDRG2 ex-
pression with time-dependent manner (Fig. 41, J and Supplementary
Fig. 3G), indicating that EZH2 overexpression is a major cause of the
downregulation of NDRG2 expression in ATLL.

Because EZH2 expression is regulated by virus and stress-induced
NF-kB pathway in many types of cancer [22,23], we assessed whether
the activation of NF-kB pathway is involved in EZH2 overexpression in
HTLV-1-infected and ATLL cells. After Tax induction in JPX9 cells
treated with Zn>* for three days, the levels of EZH2 expression and
H3K27 trimethylation were significantly increased, along with inverse
reduction of NDRG2 expression; however, the levels of EZH2,
H3K27me3, and NDRG2 did not change after the induction of a mu-
tated Tax protein, which is unable to induce NF-xB activation, in JPXM
cells (Fig. 6A). In addition, transfection of NF-kB transcription factor,
p50 and/or p65 or of Tax expression plasmid, enhanced the EZH2 ex-
3.5. Direct binding of EZH2 on the NDRG2 promoter to suppress the pression in 293T cells (Supplementary Fig. 5A and B). Furthermore, the
NDRG?2 expression treatment of NF-xB inhibitor Bay11-7082 suppressed EZH2 expression

in JPX9 with Tax induction after Zn?" treatment, which was accom-

EZH2-induced H3K27 methylation and the direct binding of EZH2 panied by the suppression of H3K27 trimethylation and downregulation
to target promoter are associated with heterochromatin formation, re- of NF-«xB signaling pathway in HTLV-1-infected and ATLL cell lines with
sulting in DNA promoter methylation to induce transcriptional repres- Tax (MT2 and KOB) or without Tax expression (KK1 and SO4) (Fig. 6B,
sion [30,31]. Given that overexpression of EZH2 in 293T cells induced C and Supplementary Fig. 5C). The suppression of NF-xB signaling
H3K27 trimethylation with dose-dependent suppression of NDRG2 ex- pathway by Bay11-7082 in ATLL cell lines resulted in impaired binding
pression and the NDRG2 promoter activity (Supplementary Fig. 4A and of EZH2 to the NF-xB element in the fragment 5 on the NDRG2 pro-
B), we next analyzed the direct DNA binding of EZH2 and H3K27me3 moter with demethylation of H3K27 (Fig. 6D).

modification on the NDRG2 promoter using ChIP-PCR assays with anti- Among many genetic and epigenetic abnormalities involved in Tax-
Flag or anti-H3K27me3 antibodies. When five DNA fragments encom- independent NF-kB activation in ATLL cells, we recently found that
passing the 1.0-kb NDRG2 promoter region were amplified after downregulation of tumor suppressor NDRG2 in ATLL cells activates
transfection of Flag-tagged EZH2 to 293T cells and immunoprecipita- canonical NF-xB signaling pathway via the activation of PI3K/AKT

tion of sheared DNA with each specific antibody, the DNA fragment 5 signaling pathway, and that protein degradation of p47, a negative
(nucleotide —275 to —53) in the CpG island region of the NDRG2 regulator of NF-kB pathway acting by inducing lysosomal degradation
promoter was co-immunoprecipitated with EZH2 or K27 trimethylated of polyubiquitinated NEMO, also activates canonical NF-kB pathway
histone H3 (Fig. 5A), indicating the binding of EZH2 to the fragment 5 [4,27]. When NDRG2 or p47 was enforcedly expressed in Tax-negative
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C, After the treatment of DZNep (1 pM) to MT2 cells, two CpG regions in the NDRG2 promoter at TSS1500 and TSS200 were amplified by PCR using bisulfite-treated
genomic DNA and were sequenced. Open circles indicate unmethylated CpGs, and filled circles indicate methylated CpGs.

and positive ATLL cells, EZH2 expression and the levels of H3K27 tri-
methylation were significantly decreased by the expression of NDRG2
or p47 through the inhibition of canonical NF-kB signaling pathway
(Fig. 6E, F and Supplementary Figs. 5D, E).

NF-kB consensus sequences are found within 696 bp upstream of the
TSS in the EZH2 promoter region, and the NF-kB-binding site between
—180bp and —171bp has been shown to be associated with EZH2
overexpression in ATLL [20,32]. The occupancy of p65 at the NF-kB-
binding site in the EZH2 promoter region was clearly detected in JPX9

2643

cells expressing Tax, but not in JPXM cells expressing a Tax mutant
(Supplementary Fig. 5F). Furthermore, the treatment of NF-kB inhibitor
Bay11-7082 in HTLV-1-infected (MT2) and ATLL (KK1) cell lines sup-
pressed the binding of p65 to the NF-kB-binding site in EZH2 promoter
(Supplementary Fig. 5F), indicating that NF-kB activation increases
EZH2 expression by promoting the occupancy of NF-kB transcriptional
factor p65 on the EZH2 promoter and thereby induces the suppression
of NDRG2 expression.
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Fig. 6. Upregulation of EZH2 expression through the NF-xB pathway.

A, JPX9 and JPXM cells were treated with Zn?>* (120 uM) and incubated in RPMI-1640 medium supplemented with 10% FBS for three days, followed by western blot
analysis with the indicated antibodies (left panel). The results are representative of three independent experiments. The graphs show the quantification of the relative
band intensity of NDRG2, EZH2 and H3K27me3 normalized by B-actin (three right panels). The data are expressed as the mean and s.d. (n = 3). Student's t-test was
used for statistical analysis (*;p < 0.05 compared to the untreated control).

B, JPX9 cells were treated with or without Zn*>* (120 uM) in the presence or absence of Bay11-7082 (10 uM) and incubated in RPMI-1640 medium supplemented
with 10% FBS for three days, followed by western blot analysis with the indicated antibodies (left panel). The graph shows the quantification of the relative band
intensity of EZH2 normalized by [B-actin (right panel). The data are expressed as the mean and s.d. (n = 3). Student's t-test was used for statistical analysis
(#;p < 0.05).

C, Four different ATLL-related cell lines (MT2, KOB, KK1, and SO4) were treated with Bay11-7082 (10 uM) for three days and subjected to western blot analysis with
each indicated antibody and at each indicated period. Activation of NF-kB is indicated by the level of phosphorylated IKKa/p and phosphorylated IkBa.

D, ChIP-PCR of fragment No. 5 on the human NDRG2 promoter was performed after immunoprecipitation by anti-EZH2 or H3K27me3 antibody in MT2, and KK1
cells with or without Bay11-7082 (10 pM) treatment.

E, KOB, and KK1 cells were stably transfected with the Flag-tagged NDRG2 expression vector (pCMV26/NDRG2), followed by western blot analysis for EZH2 and
H3K27me3.

F, ED, and KK1 cells were transiently transfected with the Flag-tagged p47 expression vector (pCMV26/p47), followed by western blot analysis for EZH2 and
H3K27me3.

4. Discussion matrix metalloproteinases through the recruitment of DNMTs in cancer
[20,30,40,41]; however, silencing of target genes such as E-cadherin by

In this study, to determine how NDRG2 expression is regulated in EZH2-mediated H3K27me3 occurs independently of DNA promoter
HTLV-1 infection and in ATLL cells, we determined the NDRG2 ex- methylation [42-44]. Since the CpG island of the NDRG2 promoter is
pression in various types of Tax-immortalized T-cells, HTLV-1 infected highly methylated in ATLL cells, a member of DNMT family may be
and ATLL cell lines and primary ATLL cells. We showed that NDRG2 recruited to the NDRG2 promoter region by EZH2 with H3K27me3.

expression is upregulated in Tax-immortalized T-cells by Tax-mediated Thus, it is speculated that increased EZH2 expression may be involved
NF-kB activation; however, Tax expression downregulates the NDRG2 in the development of ATLL through the suppression of NDRG2 ex-
expression by enhancing EZH2 expression after the long incubation pression by enhanced promoter methylation.

period in HTLV-1-infected T-cell lines, ATLL cell lines and primary Dysregulation of EZH2 expression is involved in tumor aggressive-
ATLL leukemia cells. Moreover, EZH2 directly occupied the CpGs of ness and metastasis through transcriptional repression of tumor sup-
NDRG2 promoter with enhanced its DNA methylation and histone pressor genes in many types of cancer and is modulated by infection/

methylation at H3K27me3 in HTLV-1l-infected and ATLL cells bacteria, cytokine-induced signal transduction pathways, and
(Supplementary Fig. 6). Thus, although NDRG2 expression may sup- microRNAs [45-47]. We showed that EZH2 expression was markedly
press the activation of stress-induced aberrant signaling pathways, increased in HTLV-1-infected and ATLL cells and mediated by NF-xB
chronic stress responses such as virus infection and inflammation may activation. Since there are several potential binding sites for tran-
suppress NDRG2 expression via epigenetic modifications by enhanced scription factors such as SRF, Elk1, and STAT1, in the EZH2 promoter
EZH2 expression through activated NF-kB signaling pathway, which region, a detailed study is needed to further clarify the regulation of

may contribute to tumor development through continuous chronic in- EZH2 expression in ATLL. Inhibition of EZH2 may prevent the initiation

flammation responses. and development of ATLL through the re-activation of tumor suppressor
NDRG2 expression is upregulated by several stress responses, in- genes, including NDRG2.

cluding DNA damage by p53, hypoxia by HIFla, oxidative stress, in- Taken together, these findings suggest that while NDRG2 expression

flammation [6-11], steroid, and hormones [33,34], implicating a role is upregulated by HTLV1/Tax-induced NF-kB activity during the early
of NDRG2 in stress-related physiological and pathological processes. phase of HTLV-1-infection in T-lymphocytes, which could lead to the

Moreover, in Sertoli cell syndrome or hypospermatogenesis, NDRG2 suppression of aberrant signal transduction pathways, NF-kB-induced
expression is upregulated by testicular Leydig cell-specific toxicant EZH2 overexpression inhibits NDRG2 expression through the en-
ethane-dimethanesulfonate (EDS) or TNFa through NF-kB-mediated hancement of NDRG2 promoter methylation during a long incubation
transcriptional activation of the Ndrg2 promoter, resulting in induction period before the onset of ATLL (Supplementary Fig. 6). Therefore, the
of apoptosis of Leydig cells and male fertility. This apoptosis induction expression of NDRG2 and its epigenetic modification may become
by NDRG2 may play an important role in defense by eliminating da- promising novel targets for cancer diagnosis and therapy.
maged sperm cells [11]. Our results also suggest that NDRG2 upregu-
lation following Tax induction may work to avoid excessive pro- Transparency document
liferative stimulation in HTLV-1-infected T-cells.

NDRG2 expression is significantly downregulated in many types of The Transparency document associated with this article can be
cancer through DNA promoter methylation and the upregulation of found, in online version.

microRNAs, contributing to poor prognosis and survival [35-38]. We
showed that the NDRG2 expression was downregulated by the con-
versely enhanced NDRG2 promoter methylation during the develop-
ment of ATLL [5]. Chronic infection of Helicobacter pylori in the sto-
mach has been reported to suppress the NDRG2 expression via
enhancement of DNMT3f expression with NDRG2 promoter methyla-
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