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malignant disease of CD4" T lymphocytes caused by

infection with human T-cell leukaemia virus type 1
(HTLV-1)!. HTLV-1 is endemic in many regions, including
Japan, the Caribbean and parts of South America, and more than
20 million people are infected with this virus worldwide?. ATLL
develops in ~5% of infected individuals after a long latency
period. Although the viral transactivating protein Tax has a
crucial role in the proliferation and transformation of the infected
T cells, ATLL cells frequently lose their expression of Tax due to
genetic and epigenetic changes in the proviral genome®. Another
viral product, HBZ, has been shown to support the proliferation
of ATLL cells; however, additional cellular events are required for
the development of ATLL?. Recent studies have shown that the
phosphatidylinositol 3-kinase (PI3K)-AKT signalling pathway,
one of the major oncogenic pathways, is frequently activated in
ATLL and is indispensable for the proliferation of ATLL cells*®.

The phosphatase and tensin homologue (PTEN) deleted on the
chromosome 10 (PTEN) gene was cloned by association with the
human cancer susceptibility locus at 10923 (refs 6,7) and is a lipid
phosphatase that dephosphorylates phosphatidylinositol 3,4,5-
trisphosphate (PIP;) to PI(4,5)P, and opposes the PI3K-AKT
pathway, exerting tumour suppressor activity’. Although
PTEN is one of the most frequently mutated genes in human
cancer, the frequency of PTEN mutations varies from 1 to 45%°.
Loss of PTEN through genetic alterations can lead to activation of
the AKT pathway; however, activation without PTEN mutations
is likely to occur in the majority of cancers, suggesting that
different mechanisms such as PIK3CA mutations involve
activation of AKT'?. The lipid phosphatase activity and protein
stability of PTEN can be regulated through multiple mechanisms,
including acetylation, phosphorylation and ubiquitination!!. For
instance, E3 ubiquitin ligases, NEDD4-1 and WWP2, have been
reported to decrease PTEN stability by catalysing PTEN poly-
ubiquitination, and the PTEN degradation predisposes to
tumourigenesis'>~14, In addition, PTEN is subject to phospho-
rylation at the C-terminal serine-threonine cluster (Ser370,
Ser380, Thr382, Thr383 and Ser385) that affects its phosphatase
activity, subcellular localization and protein stability!>~17.
It has been proposed that phosphorylation of the C-terminal
sites keeps PTEN in an inactive form in the cytoplasm; however,
the dephosphorylation induces translocation of PTEN to the
plasma membrane where the active PTEN antagonizes PI3K-
AKT signalling'®, PTEN inactivation through increased
phosphorylation of the C-terminal serine-threonine cluster is
observed in several malignancies, including T-cell acute
lymphoblastic leukaemia (T-ALL)!®20) and casein kinase II
(CK2) has been proposed as a candidate protein kinase for the
phosphorylation at these sites’!. However, the molecular
mechanisms responsible for this hyperphosphorylation remain
poorly understood.

Here we identify N-myc downstream-regulated gene 2
(NDRG2) as a PTEN-associated protein that recruits protein
phosphatase 2A (PP2A) to facilitate dephosphorylation of PTEN
at the Ser380, Thr382 and Thr383 cluster. Our results indicate
that genetic and epigenetic inactivation of NDRG2 in ATLL cells
leads to increased phosphorylation of PTEN, resulting in
decreased PTEN lipid phosphatase activity and subsequent
enhanced activation of the PI3K-AKT pathway. Moreover,
NDRG2-deficient mice show high levels of AKT phosphorylation
in various tissues and spontaneous tumour development of
various types, including T-cell lymphomas, providing the first
in vivo evidence that NDRG2 functions as a tumour suppressor
gene. Because downregulation of NDRG2 is reported in several
types of cancers, the phosphorylation of PTEN at the
Ser380/Thr382/Thr383 cluster via NDRG2 inactivation is one of
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the most important events leading to the dysregulation of PTEN
function in cancer.

Results

NDRG2 is a candidate tumour suppressor gene in ATLL. We
recently mapped 605 chromosomal breakpoints in 61 ATLL cases
by spectral karyotyping and identified chromosome 14qll as
one of the most common chromosomal breakpoint regions?2.
To map the precise location of the 14qll chromosomal break-
points, we performed single-nucleotide polymorphism (SNP)-
based comparative genomic hybridization on leukaemia cells from
acute-type ATLL patients. In patients with chromosomal deletions
at 14q11, the breakpoints frequently accumulated adjacent to the
T-cell receptor alpha-delta chain locus (TCRo/d), and a recurrent
0.9-Mb interstitial deletion was identified in a region including
part of the TCRo/d locus (Fig. la). Because tumour suppressors
and oncogenes are commonly located at fragile sites?®, we analysed
the expression of the 25 genes that map within the 0.9-Mb region
in ATLL cells from seven acute-type ATLL patients and in
CD4™" T lymphocytes from the peripheral blood of five healthy
volunteers (references) using oligonucleotide —microarrays
(Supplementary Methods) (Affymetrix U133 Plus 2.0). NDRG2,
a member of a new family of differentiation-related genes®*, and
TCR delta variable 3 (TRDV3) were consistently downregulated in
all seven ATLL samples compared with the five normal control
samples from healthy volunteers (Fig. 1a). Furthermore, we used a
genome-wide DNA methylation analysis in combination with
microarray gene expression analysis to identify genes that are
frequently methylated and silenced in ATLL. We identified 34
genes including NDRG2 that become methylated and
transcriptionally repressed during ATLL leukaemogenesis
(Supplementary Table 1, Supplementary Methods). Here, we
investigated whether NDRG2 might be a 14q11 tumour suppressor
candidate in ATLL. Quantitative reverse transcription-PCR (RT-
PCR) analysis confirmed that NDRG2 expression was significantly
reduced in a series of ATLL cell lines and primary acute-type
ATLL samples when compared with HTLV-1-negative T-ALL cell
lines and CD4" lymphocytes from healthy volunteers,
respectively (Fig. 1b). Treatment with an inhibitor of histone
deacetylase, trichostatin A, and/or an inhibitor of DNA
methylation, 5-aza-deoxycytidine, restored the expression of
NDRG?2 in most of the ATLL cell lines (Supplementary Fig. 1),
suggesting that epigenetic modification is an important
mechanism to reduce the expression of NDRG2 in ATLL cells.
In accordance with DNA methylation array data, the CpG
islands of the NDRG2 promoter were heavily methylated in three
ATLL cell lines and primary ATLL cells from five acute-type
ATLL patients, but not in three T-ALL cell lines and control
CD4™" lymphocytes from five healthy volunteers, as revealed
by bisulfite-sequencing analysis (Supplementary Fig. 2). Similarly,
a methylation-specific PCR confirmed the hypermethylation of the
NDRG2 promoter in the majority of ATLL cells (eight of eight
ATLL cell lines and 34 of 34 primary samples) (Supplementary
Table 2). No somatic mutations in the NDRG2 gene were observed
in 34 primary ATLL samples and 42 cancer cell lines, including
eight ATLL cell lines (Supplementary Table 3), except for
previously reported SNPs (Supplementary Table 4). These data
indicated that NDRG2 is frequently inactivated by genomic
deletion and epigenetic silencing in ATLL.

The PI3K-AKT signalling pathway is activated in ATLL cells.
Because the PI3K-AKT signalling pathway is constitutively acti-
vated in ATLL cells*, we analysed PTEN and NDRG2 expression
and the activation status of PI3K-AKT in primary ATLL cells
from acute-type ATLL patients and in ATLL cell lines (Fig. 2a,b).
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Figure 1 | NDRG2 is a candidate tumour suppressor gene in ATLL. (a) Genomic and gene expression analysis of chromosome 14q11. Results from the SNP
array-based comparative genomic hybridization (CGH) analysis on chromosome 14 in ten samples from acute-type ATLL patients. Green bars represent
loss of copy number and red bars represent gain of copy number. Out of the ten ATLL samples, eight had breakpoints on 14q11 clustered in a region of
0.9 Mb between genomic positions 21,201,800 and 22,113,700. A heatmap of the normalized gene expression measures for the 27 genes mapped to the
recurrent breakpoint region in the CD4 ™ T lymphocytes from five healthy volunteers and ATLL cells from seven acute-type ATLL patients is shown with
the deletion map, in which columns represent samples and rows represent genes. A gradient of blue and red colours represent low- and high-relative
fold changes of gene expression to the average expression in normal controls. Genes with average signal intensities less than 100 were eliminated.

(b) Expression of NDRG2 mRNA in ATLL cells. Quantitative RT-PCR analysis of NDRG2 was performed with mRNA isolated from nine samples of CD4
T lymphocytes from healthy volunteers and 13 samples of ATLL cells from the patients, along with samples from four T-ALL cell lines and eight ATLL cell
lines. The relative amounts of mMRNA were normalized against B-actin mRNA and expressed relative to the mRNA abundance in healthy control sample 1.
Mean £ s.d. is shown, *P<0.05 (Mann-Whitney U-test). More than a 50% reduction in NDRG2 mRNA expression was observed in 12 out of 13 cases
(92%) of ATLL. Data are representative of two experiments.

The NDRG2 protein expression in ATLL cell lines and primary
ATLL cells was significantly lower than that in T-ALL cell lines
and CD4™" Iymphocytes from healthy volunteers, and AKT
phosphorylation at Ser473 and Thr308, an indicator of AKT
activation, was detected in the majority of the primary ATLL
samples and ATLL cell lines. Because PTEN mRNA and protein

were expressed at normal levels in all of the ATLL samples except
the SO4 cell line (Fig. 2c), we performed a mutation analysis of
the PTEN and PIK3CA genes. No mutations were detected within
the coding and adjacent intronic regions of PTEN or in the
hotspot mutation regions of PIK3CA in the ATLL samples
(Supplementary Table 3). Therefore, we considered the possibility

NATURE COMMUNICATIONS | 5:3393 | DOI: 10.1038/ncomms4393 | www.nature.com/naturecommunications 3
© 2014 Macmillan Publishers Limited. All rights reserved.



ARTICLE

NATURE COMMUNICATIONS | DOI: 10.1038/ncomms4393

that post-translational modifications of PTEN influence PTEN
phosphatase activity in ATLL cells. The phosphorylation of PTEN
at the serine-threonine cluster (Ser370, Ser380, Thr382, Thr383
and Ser385) in the C-terminal tail suppresses its phosphatase
activity!’; therefore, we evaluated PTEN phosphorylation and
demonstrated that the cluster sites were highly phosphorylated
in the primary ATLL cells and ATLL cell lines, whereas the
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non-phosphorylated form was lower in abundance compared
with controls (Fig. 2a,b; Supplementary Fig. 3). Notably, we also
found that the SO4 cell line, which has a higher level of PTEN
expression, contains high levels of phosphorylated PTEN and an
elevated level of phosphorylated AKT (Supplementary Fig. 4).
Furthermore, the expression levels of SHIPI, a different class of
lipid phosphatase that catalyses PIP; to PI(3,4)P, (ref. 25),
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showed no significant differences between ATLL cells and
controls, although a few cases showed higher levels of SHIP1
(Fig. 2a,b). Collectively, these results suggested that PI3K-AKT
pathway activation in ATLL may be related to increased PTEN
phosphorylation and potentially to the inactivation of NDRG2.

NDRG2 expression induces dephosphorylation of PTEN and
AKT. To determine whether low NDRG2 expression was asso-
ciated with increased PTEN phosphorylation and PI3K-AKT
activation in ATLL cells, we introduced an NDRG2 expression
vector into two ATLL cell lines (KK1 and HUT102). The phos-
phorylation of AKT-Ser473 and PTEN-Ser380/Thr382/Thr383,
but not PTEN-Ser370 and PTEN-Ser385, was markedly decreased
in both NDRG2-expressing cell lines (Fig. 3a; Supplementary
Fig. 5a), although NDRG2 expression did not significantly change
the basal activity of PI3K (Supplementary Fig. 6). There was
also an increase in the abundance of Ser380/Thr382/Thr383
non-phosphorylated PTEN in NDRG2-expressing cells
(Supplementary Fig. 7). No change in SHIP1 expression was
detected (Fig. 3a). In addition, the NDRG2-transfected cells
exhibited decreased growth rates and a predominant nuclear
localization of forkhead box protein Ol and O4 (FOXO1/4) (a
marker of low AKT activity status) (Fig. 3b,c; Supplementary
Fig. 5b). Furthermore, to determine whether NDRG2 expression
may influence the tumour growth of transplanted ATLL cells
in vivo, mock vector-transfected or NDRG2-transfected KK1 cells
were injected intravenously into NOD/Shi-scid, interleukin (IL)-
2Rg™™! (NOG) mice. The average duration of life of 10 mice after
inoculation with KK1-Mock cells was 67 days, but that of 10 mice
inoculated with KK1-NDRG2 cells was extended to 207 days
(Fig. 3d; Supplementary Fig. 8). Statistically significant difference
in apoptotic cell rate was also found in the infiltrating neoplastic
cells between KKI1-Mock- and KKI1-NDRG2-injected mice
(Supplementary Fig. 9). To investigate these observations further,
we performed the reverse experiment by inhibiting NDRG2
expression in the MOLT4 cell line. Transfection of the MOLT4
cell line with short hairpin RNA (shRNA) against NDRG2
enhanced the phosphorylation of PTEN-Ser380/Thr382/Thr383
and AKT-Ser473, which was accompanied by increased cell
proliferation and a relocation of FOXO1/4 from the nucleus to
the cytoplasm (Fig. 3e-g). We utilized the NIH3T3 mouse
embryonic fibroblast cell line to confirm whether NDRG2
expression attenuates PTEN-Ser380/Thr382/Thr383 phosphor-
ylation and AKT activation. After serum stimulation or trans-
fection of a constitutively active PI3K mutant, we determined that
the inhibition of NDRG2 expression resulted in increases in
phosphorylated PTEN-Ser380/Thr382/Thr383 and AKT-Ser473
compared with the control cells (Supplementary Figs 10 and 11).
In contrast, the forced expression of NDRG2 in NIH3T3 cells
resulted in a dose-dependent decrease in PTEN-Ser380/Thr382/

Thr383 and AKT-Ser473 phosphorylation under conventional
culture conditions (Supplementary Fig. 12). To establish a direct
link between PTEN-Ser380/Thr382/Thr383 phosphorylation and
PI3K-AKT activation, we constructed PTEN-S370A, -S380A/
T382A/T383A and -S385A mutants in which Ser370, a Ser380/
Thr382/Thr383 cluster and Ser385, respectively, were replaced
with alanines. The forced expression of the PTEN-S380A/T382A/
T383A mutant in HUT102 cells decreased AKT phosphorylation,
cell growth and nuclear localization of FOXO1/4, whereas the
expression of the PTEN-S370A or PTEN-S385A mutant had no
significant effect (Fig. 3h-j). Treatment of ATLL cells with the
CK2 inhibitors, 4,5,6,7-tetrabromobenzotriazole (TBB) and
CX-4945, did not change the level of phosphorylated PTEN-
Ser380/Thr382/Thr383, whereas the same treatment decreased
PTEN-Ser370, a bona fide CK2 substrate?, and AKT-Ser473
phosphorylation (Supplementary Fig. 13). These results indicate
that the phosphorylation on PTEN-Ser380/Thr382/Thr383 has an
important role in the activation of PI3K-AKT in ATLL cells, and
that NDRG2 is able to reverse PTEN-Ser380/Thr382/Thr383
phosphorylation, leading to the suppression of PI3K-AKT
activation.

NDRG2 is a novel PTEN-interacting protein. To determine
whether NDRG2 physically associates with PTEN, lysates
from KK1 cells stably expressing FLAG-tagged NDRG2 were
immunoprecipitated with an anti-FLAG antibody, and NDRG2-
associated proteins were analysed by western blotting with a
PTEN-specific antibody. We found that ectopically expressed
NDRG2 co-precipitated with endogenous PTEN in ATLL
cells (Fig. 4a). Exogenously expressed green fluorescent protein
(GFP)-tagged PTEN and FLAG-tagged NDRG2 co-precipitated
in 293T cells (Fig. 4b), and endogenous NDRG2 and PTEN
co-immunoprecipitated with each specific antibody and co-loca-
lized in the cytoplasm in MOLT4 cells (Fig. 4c,d), suggesting that
these two proteins physically interact in T lymphocytes. By
subjecting a series of deletion mutants to co-immunoprecipitation
assays, a domain containing a putative «—p hydrolase fold (NDR
domain) that is conserved among NDRG family members?’
was found to interact with the C-terminal half of PTEN, which
contains a C2 lipid-binding domain (Supplementary Fig. 14). In
addition, the S370A, S380A/T382A/T383A and S385A mutations
in PTEN did not significantly interfere with the binding of
NDRG2 (Supplementary Fig. 15), suggesting that NDRG2 can
bind to both the phosphorylated and non-phosphorylated forms
of PTEN.

NDRG2 recruits PP2A to dephosphorylate PTEN. To deter-
mine the mechanism by which NDRG2 expression induces PTEN
dephosphorylation, we incubated KK1-NDRG2 cell lysates with a
synthetic PTEN phosphopeptide containing the Ser380/Thr382/

Figure 2 | The PI3K-AKT signalling pathway is activated in ATLL cells. (a) A western blot analysis of NDRG2, PTEN, phosphorylated PTEN (p-PTEN)
(Ser370, Ser380/Thr382/Thr383 and Ser385), non-p-PTEN (Ser380/Thr382/Thr383), SHIP1, AKT, p-AKT (Ser473 and Thr308) and Tax was performed
in primary leukaemic cells from acute-type ATLL patients. The CD4 1 T lymphocytes from healthy volunteers (CD4+ T lymph) served as the controls. No
expression of Tax was detected in CD4 ™ T lymphocytes from healthy volunteers or ATLL cells from acute-type ATLL patients. The graph shows relative
band intensity of p-PTEN (Ser380/Thr382/Thr383) and non-p-PTEN (Ser380/Thr382/Thr383). Each p-PTEN or non-p-PTEN value was divided by the
total PTEN value for a given sample. The data are expressed as the mean value £ s.d. (*P<0.05, Student's t-test). The data are representative of three
experiments. (b) A western blot analysis with the same antibodies as in Fig. 2a was performed in the T-ALL and ATLL cell lines. Asterisk, nonspecific band.
HTLV-1-transformed T-cell lines (HUT102, MT2 and MT4) expressed high levels of Tax. The graph shows relative band intensity of p-PTEN (Ser380/
Thr382/Thr383) and non-p-PTEN (Ser380/Thr382/Thr383). Each p-PTEN or non-p-PTEN value was divided by the total PTEN value for a given sample.
The data are representative of three experiments. (¢) Quantitative RT-PCR analysis of PTEN in CD4 T T lymphocytes from five healthy volunteers and ATLL
cells from seven acute-type ATLL patients, along with four T-ALL cell lines and eight ATLL cell lines. The relative amounts of mRNA were normalized against
B-actin mRNA and expressed relative to the mRNA abundance in healthy control sample 1. The mean £ s.d. is shown; *P<0.05; NS, not significant

(Mann-Whitney U-test). The data are representative of two experiments.
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Figure 3 | Decreased expression of NDRG2 and the enhanced phosphorylation of PTEN are involved in the activation of PI3K-AKT. (a) Western blots
analysis of stably transfected KK1 cells. Note that the amount of NDRG2 protein in both MOLT4 and NDRG2-transfected KK1 cells was found to be
similar. The data are representative of three experiments. (b) The proliferation rates of KK1-NDRG2, KK1-Mock, and parental KK1 cells. The mean +s.d. is
shown; *P<0.05 (Student's t-test). The data are representative of three experiments. (¢) The subcellular localization of FOXO1/4 in KK1-NDRG2 and
KK1-Mock cells. The nuclei were labelled with DAPI. Scale bar, 10 um. The data are representative of three experiments. (d) Kaplan-Meier survival curves of
NOG mice intravenously injected with KK1-NDRG2 or KK1-Mock cells (n=10 mice per group, *P<0.05, log-rank test). (e) MOLT4 cells transiently
transfected with two different shRNAs against NDRG2 or control shRNA against luciferase (shLuc) were subjected to western blotting. The data are
representative of three experiments. (f) The proliferation rates of MOLT4 cells transfected with sSANDRG2 or shlLuc expression vectors. The mean £ s.d.
is shown; *P<0.05 (Student's t-test). The data are representative of three experiments. (g) The subcellular localization of FOXO1/4 in MOLT4 cells
transfected with sShNDRG2 or shLuc. The transfected cells were visualized by ZsGreen expression. Scale bar, 10 um. The data are representative of three
experiments. (h) HUT102 cells transfected with WT PTEN or PTEN mutants were subjected to western blotting. A slower migrating band for PTEN
and phosphorylated PTEN appears in the presence of transfected PTEN, and a high level of phosphorylation of exogenous PTEN-Ser380/Thr382/Thr383
was observed in HUT102 cells. The data are representative of three experiments. (i) The proliferation rates of HUT102 cells transfected with WT or
mutant PTEN. The mean £ s.d. is shown; *P<0.05 (Student's t-test). The data are representative of three experiments. (j) The subcellular localization of
FOXO1/4 in HUT102 cells transfected with WT or mutant PTEN. The transfected cells were visualized using an antibody against FLAG. Scale bar, 10 pm.
The data are representative of three experiments.

Thr383 cluster in the presence or absence of increasing KKI/NDRG2 cell lysates with the synthetic pSer380/pThr382/
concentrations of okadaic acid (OA), an inhibitor of the pThr383 peptide in the presence or absence of increasing
serine—threonine phosphatases, PP1 and PP2A%%, We incubated concentrations of OA. As expected, the phosphatase activity in
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Figure 4 | NDRG2 is a novel PTEN-interacting protein. (a) The KK1 cell lysates transfected with the mock or FLAG-NDRG2 vector were immuno-
precipitated with an anti-FLAG antibody, and the western blots were probed with the indicated antibodies. IP, immunoprecipitation. The data are
representative of three experiments. (b) Exogenously expressed PTEN and NDRG2 were co-immunoprecipitated in 293T cells (WB, western blot). The data
are representative of three experiments. (¢) The co-immunoprecipitation of endogenous PTEN and NDRG2 was performed in MOLT4 cell lysates. On the
input lane ( —), 1/200 of the input was loaded for detection of NDRG2. Asterisk, nonspecific band. The data are representative of three experiments. (d)
The co-localization of endogenous PTEN and NDRG2 was determined in MOLT4 cells. The nuclei were labelled with DAPI. Scale bar, 10 um. The data are

representative of three experiments.

KKI1-NDRG2 cell lysates was substantially inhibited by a low
concentration of OA (10nM) (Fig. 5a). In addition, the
dephosphorylation of PTEN-Ser380/Thr382/Thr383 in KXKI-
NDRG2 cells was inhibited by OA in a dose-dependent manner
(Fig. 5b), but there was no effect on PTEN-Ser370 phosphory-
lation. In accordance with these results, a transiently expressed
PP2A catalytic subunit (PP2Ac), but not PP1c or PP5c, efficiently
dephosphorylated the synthetic pSer380/pThr382/pThr383
peptide, which was prevented by 10nM OA (Fig. 5¢
Supplementary Fig. 16). Similarly, the endogenous PP2Ac
immunoprecipitated ~ from  NIH3T3  lysates  exhibited
phosphatase activity toward the pSer380/pThr382/pThr383
peptide in an OA-sensitive manner (Fig. 5d; Supplementary
Fig. 17). In support of these data, small interfering RNA (siRNA)-
mediated knockdown of PP2Aco prevented the NDRG2-
dependent PTEN dephosphorylation in KKI-NDRG2 cells
(Supplementary Fig. 18). Further analysis revealed that the
recombinant PP2A core enzyme, a dimer of PP2Ac and the
structural A subunit, also dephosphorylated the pSer380/
pThr382/pThr383 peptide and was capable of dephosphory-
lating each of the three phosphorylated residues (pSer380,
pThr382 and pThr383) with comparable efficiencies (Fig. 5e).
Recombinant PP2A  dephosphorylated PTEN-Ser380/Thr382/
Thr383 purified from KK1 cell lysates (Fig. 5f), indicating that
PP2A specifically mediates the dephosphorylation of PTEN-
Ser380/Thr382/Thr383. We demonstrated that PP2Ac co-
precipitated with NDRG2 in the lysates of crosslinked
HUT102/NDRG2 cells (Fig. 5g). Although PP2Ac was barely
detectable in the PTEN immunoprecipitates from KK1-Mock
cells (Fig. 5h), PTEN clearly co-precipitated with both NDRG2
and PP2Ac in KK1-NDRG?2 cells; this result was accompanied by
decreased PTEN-Ser380/Thr382/Thr383 phosphorylation (Fig. 5h),
suggesting that NDRG2 recruits PP2A to PTEN and thereby
promotes  PTEN-Ser380/Thr382/Thr383  dephosphorylation.

Remarkably, we found that C-terminal deletion mutants of
NDRG2 (AC and NDR), which do not interact with PP2A, are
impaired in their ability to downregulate PTEN-Ser380/Thr382/
Thr383 phosphorylation (Supplementary Fig. 19).

NDRG2-deficient mice are susceptible to spontaneous tumours.
To determine whether NDRG2 has a role in tumourigenesis, we
generated NDRG2-deficient (NDRG2 /) mice (Supplementary
Fig. 20), which were born at normal Mendelian ratios
(Supplementary Table 5) and developed without apparent phy-
sical abnormalities. NDRG2 was highly expressed in the adult
mouse brain, heart and liver?® (Fig. 6a). The mutant mice
exhibited increased levels of phosphorylated PTEN-Ser380/
Thr382/Thr383, AKT-Ser473 and GSK3B-Ser9 in all of the
tissues examined (Fig. 6b). In addition to the NDRG2 and PTEN
interaction in the frontal cortex of wild-type (WT) mice (Fig. 6c),
the NDRG2™/~ embryonic fibroblasts exhibited increased
phosphorylated  PTEN-Ser380/Thr382/Thr383, high AKT-
Ser473 phosphorylation and an accelerated cell proliferation
rate (Fig. 6d,e). The NDRG2~/~ mice had a markedly shorter
lifespan than the WT or NDRG2%/~ mice (Fig. 6f), and they
developed various types of tumours, including lymphoma,
hepatocellular carcinoma and bronchoalveolar carcinoma
(Supplementary Table 6; Fig. 6gh). Malignant lymphomas
occurred at a high frequency (~50%), and the infiltrating
lymphoid cells were CD3+TCD41CD8 ™, indicating a mature
helper T-cell phenotype (Fig. 6i-n; Supplementary Fig. 21),
suggesting that NDRG2 is a possible tumour suppressor in
various types of cancer, including peripheral T-cell lymphoma.

NDRG2 downregulation activates PI3K-AKT in various
cancers. We next evaluated the methylation status of the NDRG2
promoter in various cancer cell lines from different organ origins.
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proliferation rates of WT, NDRG21/~, and NDRG2~/ ~ embryonic fibroblasts. The mean + s.d. is shown; *P<0.05 (Student's t-test). The data are
representative of three experiments. (f) Kaplan-Meier survival curves of WT (n=15), NDRG2/~ (n=31) and NDRG2~/~ (n=12) mice up to 24
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hepatocellular carcinoma section from an NDRG2/ = mouse liver was subjected to H&E staining. The results indicated the presence of a large sheet of
hepatic cords composed of several hepatocytes of variable nuclei and cell sizes; the nuclei of the carcinoma cells were hyperchromatic with prominent
nucleoli (scale bar, 22 um). (h) A bronchoalveolar carcinoma section from an NDRG2 T/~ mouse lung was subjected to H&E staining. The histopathology
demonstrated a well-circumscribed mass of a solid sheet of neoplastic cells containing hyperchromatic nuclei with signs of frequent mitosis and an
indistinct basophilic cytoplasm (scale bar, 22 pm). (i-k) Lymphoma sections from the mesenteric lymph node of an NDRG2/~ mouse. The
histopathology indicated the presence of diffuse pleomorphic large lymphoid cells with vesicular nuclei, prominent nucleoli and scant cytoplasm (i). Robust
staining for CD3 was present in the cytoplasm (j), but B220 staining was negative (k) (scale bar, 22 um). (I-n) Lymphoma sections from an NDRG2+/ =
mouse spleen were examined by histopathology. The results demonstrated pleomorphic large lymphoid cells with vesicular nuclei, prominent nucleoli,
some nuclear distortion and numerous cells undergoing mitosis (). Staining for CD3 revealed robust cytoplasmic staining in cells, ranging from white pulp
to red pulp (m). B220 staining was negative (n) (scale bar, 22 pm).

In accordance with previous studies’®®!, methylation of the with low levels of NDRG2 show high levels of phosphorylated
NDRG2 promoter was found in various cancer types PTEN-Ser380/Thr382/Thr383 and AKT-Ser473 (Fig. 7c). Of
(Supplementary Table 7; Fig. 7a). We confirmed that treatment note, we found that the ectopic expression of NDRG2 in
of these cancer cell lines with 5-aza-deoxycytidine resulted in an  two human cancer cell lines carrying WT PTEN ((SAS (OSCC)
increased abundance of NDRG2 mRNA (Fig. 7b). Recently, we and Hela (cervical cancer)) resulted in marked decreases in
reported that the abundance of phosphorylated AKT-Ser473 PTEN-Ser380/Thr382/Thr383 phosphorylation and PI3K-AKT
inversely correlated well with NDRG2 protein abundance in the inactivation (Fig. 7d). These findings suggest that down-
majority  of oral squamous cell carcinoma (OSCC) cases®’, regulation of NDRG2 could have an important role in
which are known to have very low frequencies of PTEN activating the PI3K-AKT signalling pathway in various types of

and PIK3CA mutations®>?* We found that cancer cell lines cancer.
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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 48 h, 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. (¢) 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

10

NDRG2 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

NATURE COMMUNICATIONS | 5:3393| DOI: 10.1038/ncomms4393 | www.nature.com/naturecommunications

© 2014 Macmillan Publishers Limited. All rights reserved.



NATURE COMMUNICATIONS | DOI: 10.1038/ncomms4393

ARTICLE

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?®3%, 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®”3, 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?126:363% 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*®*!, 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-0)
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 B56p, 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 glioblastomas30-3148-51,
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

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 wvivo.
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-NDRG2 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 PIP; 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
PIP3 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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