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Abstract
N-myc downstream-regulated gene 2 (NDRG2) is a candidate tumor suppressor in 
various cancers, including adult T-cell leukemia/lymphoma (ATLL). NDRG2, as a 
stress-responsive protein, is induced by several stress-related signaling pathways 
and NDRG2 negatively regulates various signal transduction pathways. Although it 
has not been found to function alone, NDRG2 binds serine/threonine protein phos-
phatase 2A (PP2A), generating a complex that is involved in the regulation of various 
target proteins. The main function of NDRG2 is to maintain cell homeostasis by sup-
pressing stress-induced signal transduction; however, in cancer, genomic deletions 
and/or promoter methylation may inhibit the expression of NDRG2, resulting in en-
hanced tumor development through overactivated signal transduction pathways. A 
wide variety of tumors develop in Ndrg2-deficient mice, including T-cell lymphoma, 
liver, lung and other tumors, the characteristics of which are similar to those in Pten-
deficient mice. In particular, PTEN is a target molecule of the NDRG2/PP2A complex, 
which enhances PTEN phosphatase activity by dephosphorylating residues in the 
PTEN C-terminal region. In ATLL cells, loss of NDRG2 expression leads to the failed 
recruitment of PP2A to PTEN, resulting in the inactivation of PTEN phosphatase with 
phosphorylation, ultimately leading to the activation of PI3K/AKT. Thus, NDRG2, as 
a PP2A adaptor, regulates the global phosphorylation of important signaling mol-
ecules. Moreover, the downregulation of NDRG2 expression by long-term stress-
induced methylation is directly correlated with the development of ATLL and other 
cancers. Thus, NDRG2 might be important for the development of stress-induced 
leukemia and other cancers and has become an important target for novel molecular 
therapies.

www.wileyonlinelibrary.com/journal/cas
mailto:￼
https://orcid.org/0000-0002-2245-9950
mailto:kmorishi@med.miyazaki-u.ac.jp


     |  23MORISHITA eT Al.

1  | INTRODUC TION

N-myc downstream-regulated gene 1 (NDRG1), a member of the 
NDRG family, was identified as a stress stimulus-induced gene1 that 
is downregulated by N-myc gene expression.2 Four family mem-
bers, namely, NDRG1, NDRG2, NDRG3, and NDRG4, are found in 
mammals, and they have 57%-65% identical amino acid sequences.3 
NDRG proteins have a common NDR domain in the middle of the 
protein with an alpha (α)/beta (β) hydrolase-like region; however, no 
NDRG family member plays a hydrolase role or has an enzymatic 
function.4 Expression of NDRG2 is induced by several stress stim-
uli, such as hypoxia, DNA damage or endoplasmic reticulum stress 
(ERS) and other pathological conditions, and are considered tumor 
suppressor genes.5 We isolated NDRG2 as a candidate tumor sup-
pressor gene based on a the genome analysis of ATLL. Moreover, 
downregulated NDRG2 expression was reported to be a candidate 
tumor suppressor in various types of human cancers and, in our 
study, the development of a wide-variety of tumors, including T-cell 
lymphoma, was observed in Ndrg2-deficient mice.6 Therefore, in this 
review, we summarize the elucidation of the physiological function 
of NDRG2, particularly the possible role of downregulated NDRG2 
expression in ATLL and other cancers, and the possible value of 

NDRG2 as a tumor suppressor. Future directions of research are 
discussed.

2  | WHAT ROLE DOES NDRG2 PL AY IN 
NORMAL CELL S?

NDRG2 was found to be a stress-responsive gene that is transcrip-
tionally activated by several types of cellular stress stimuli.7-9 NDRG2 
mRNA increases in response to glucocorticoid stimulation in astro-
cytes, 10 to hypoxia through the activation of HIF-1α,9 DNA damage 
through p53 activation,7 and to other kinds of stresses (Figure 1). 
After NDRG2 expression is increased by stress, NDRG2 suppresses 
cell proliferation, induces cell death, and suppresses protein synthe-
sis and other metabolic processes. However, the actual function of 
NDRG2 in suppressing signaling systems has remained unclear.

To elucidate the function of NDRG2, we carried out a compre-
hensive analysis of NDRG2-binding proteins. Among these binding 
proteins, we found PP2A, which is a major serine/threonine protein 
phosphatase. PP2A is known to be involved in the regulation of a 
wide range of signaling systems through its phosphatase activity.11 
PP2A itself is thought to be a tumor suppressor and has been shown 
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F I G U R E  1   N-myc downstream-
regulated gene 2 (NDRG2) is a key 
regulator of cellular stress responses. 
NDRG2 maintains cellular homeostasis by 
regulating multiple biological processes 
in response to genotoxic stress that 
involves p53,7 hypoxic stress mediated 
by hypoxia-inducible factor 1-alpha 
(HIF-1α),9 hyperthermia mediated by 
AKT signaling,56 inflammation mediated 
by the NF-κB signaling pathway,33 and 
anabolic stress mediated by estrogen-
related receptor-alpha (ERR-α).57 Under 
stress conditions, cells may activate 
signaling pathways such as AKT or 
gene transcription to promote stress-
defense responses including apoptosis, 
the immune response, inflammation, or 
metabolic regulation, and these cellular 
responses can be terminated by the 
dephosphorylation of important signaling 
molecules such as phosphatase and 
tensin homolog deleted on chromosome 
10 (PTEN), NF-κB-inducing kinase 
(NIK) or others by the NDRG2-protein 
phosphatase 2A (PP2A) complex as a 
negative feedback loop
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to be downregulated in many cancers, and PP2A inhibitors such as 
SET and CIP2A have been identified.12,13 In addition to PP2A inhib-
itors, PP2A is affected by RACK1 adaptor (scaffold) protein, which 
recruits PP2A and deactivates transcription factor called IRF3 via 
the inhibition of type I interferon signaling.14 Similar to RACK1, we 
found that NDRG2, a scaffold protein, is able to bind PP2A, which 
results in PP2A dephosphorylation of a group of signaling proteins, 
such as PTEN, NIK, PRMT5 and HSP90 (Figure 1), which cannot di-
rectly bind to PP2A.6,15,16 PTEN can be dephosphorylated by PP2A 
only through NDRG2-mediated binding to PTEN.6 The enzymatic 
activity of PTEN as a phosphatase is regulated by its phosphoryla-
tion at the C-terminus (Ser380, Thr382, and Thr383, the STT clus-
ter), and when PTEN is phosphorylated at the PTEN-STT cluster, it 
is uncoupled from the cell membrane and loses its enzyme activity.17 

PTEN that has been dephosphorylated by the NDRG2/PP2A com-
plex is activated and binds to the cell membrane to dephosphorylate 
PIP3 (Figure 2).

In cell survival, various types of stress stimuli, such as inflam-
mation, proliferative stimuli, and metabolic activation by insulin, ac-
tivate several signaling systems, including the PI3K/AKT signaling 
pathway.18-20 Eventually, the activated signaling systems return to 
their unstimulated state. The expression of NDRG2 is upregulated 
under stress conditions7-9 and forms a complex with PP2A that binds 
to PTEN and dephosphorylates the PTEN-STT cluster.6 The active 
form of PTEN dephosphorylates PIP3, resulting in the suppression of 
PI3K/AKT signaling. Thus, NDRG2 is upregulated by various stresses 
and consequently triggers a negative feedback mechanism by sup-
pressing the stress-activated signaling pathway to return the cells 

F I G U R E  2   Regulation of PI3K/
AKT signaling by N-myc downstream-
regulated gene 2 (NDRG2)/protein 
phosphatase 2A (PP2A) complex. In 
normal cells, NDRG2 recruits PP2A 
to phosphatase and tensin homolog 
deleted on chromosome 10 (PTEN), 
which induces the dephosphorylation of 
PTEN at Ser380/Thr382/Thr383 (PTEN-
STT cluster). This dephosphorylation 
of the PTEN-STT cluster leads to the 
open conformation of the C-tail that 
allows PTEN to associate with the cell 
membrane and the C2 domain can 
bind phosphatidylserine (PS) inside the 
cell membrane and the subsequent 
suppression of PI3K/AKT signaling via 
dephosphorylation of phosphatidylinositol 
3,4,5-trisphosphate (PIP3). In tumor cells, 
the loss of NDRG2 expression induces 
constitutive phosphorylation of the PTEN-
STT cluster, which prevents binding of 
PTEN to the cell membrane by the closed 
conformation, leading to constitutive 
AKT activation via inactivation of the 
phosphatase activity of PTEN.6 This figure 
has been adapted from reference 6 with 
permission
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to their normal state (Figure 1). In addition to that of the PI3K/AKT 
signaling pathway, the kinase activity of NIK in the non-canonical 
NF-κB pathway is regulated by phosphorylation via the NDRG2/
PP2A complex.15 Moreover, the enzyme activity of arginine methyl-
transferase of PRMT5 and the activation status of HSP90 are regu-
lated by the NDRG2/PP2A complex.16

Thus, the stress-activated signaling system upregulates NDRG2 
expression, and NDRG2 forms a complex with PP2A, which binds to 
various signaling proteins. The NDRG2/PP2A complex regulates en-
zymatic activity via dephosphorylation, resulting in the suppression 
of the signaling pathways in a negative feedback mechanism. This 
suppressive signaling pathway triggered by the NDRG2/PP2A com-
plex might lead cells to resume their conventional inactivate state.

3  | ROLES OF NDRG2 IN C ANCER

3.1 | Downregulation of NDRG2 expression in ATLL 
and other cancers

Chromosome 14q11 is one of the most common chromosomal 
breakpoint regions in ATLL.21 In patients with chromosomal dele-
tions at 14q11, breakpoints are most often found adjacent to the T 
cell receptor alpha-delta chain locus (TCRα/δ), and a recurrent 0.9-Mb 
interstitial deletion was identified in a region that includes part of 
the TCRα/δ locus.6 Among the genes that map within this deleted 
region common to ATLL, NDRG2 is consistently downregulated in 
ATLL cells in patients with acute ATLL.6 Furthermore, no somatic 
mutations were observed in the NDRG2 gene in samples obtained 
from 34 patients with primary ATLL. Epigenetic modifications, in-
cluding DNA methylation and histone deacetylation, occur at the 
NDRG2 locus in ATLL.6 We isolated NDRG2 because it is a 14q11 
tumor suppressor candidate commonly inactivated by genomic dele-
tion and epigenetic silencing in ATLL. Increasing evidence has shown 
that NDRG2 is downregulated in ATLL and in other types of cancers, 
such as liver cancer, gastric cancer, and OSCC, through methyla-
tion of the NDRG2 gene promoter.22-27 Moreover, cancer cells with 
restored NDRG2 expression show suppressed cell proliferation or 
metastasis; however, the mechanism by which NDRG2 expression is 
downregulated in cancer cells is still unknown.28-32

The transcriptional regulation of NDRG2 via epigenetic pro-
moter methylation was investigated in ATLL cells associated with 
HTLV-1 infection.33 In CD4+ T cells, NDRG2 expression was induced 
by HTLV-1/Tax,33 an oncogenic viral protein of HTLV-1.34 In the 
early stage of HTLV-1 infection, the Tax-inducible NF-κB signaling 
pathway upregulates NDRG2 expression, thereby suppressing the 
cancer-promoting effect of Tax in HTLV-1+ T cells. In addition, Tax-
inducible NF-κB enhances the expression of the polycomb gene (en-
hancer of zeste 2 polycomb repressive complex 2 subunit [EZH2]), 
and enhanced expression of EZH2 induces triple methylation of ar-
ginine 27 of histone H3 (H3K27me3) and DNA methylation at the 
NDRG2 promoter. These modifications result in the downregulation 
of NDRG2 expression.33 Finally, H3K27me3 enhancement by EZH2 

was observed in most ATLL cells.35 This result indicated that the spe-
cific epigenetic abnormality of ATLL cells is caused by EZH2 and is 
involved in the development of ATLL. Therefore, epigenesis-modifi-
cation factors, including EZH2, are involved in NDRG2 expression 
and are important therapeutic targets.

3.2 | Activation of the PI3K/AKT/NF-κB signaling 
pathways by NDRG2 downregulation in cancer cells

PTEN is a lipid phosphatase that dephosphorylates PIP3 to gener-
ate PI(4,5)P2, which negatively regulates the PI3K/AKT pathway, 
thereby exerting tumor suppressor activity.36-38 PTEN is one of the 
most commonly mutated genes in cancers.39 However, the activa-
tion of the PI3K/AKT signaling pathway is likely to occur in different 
types of cancers regardless of whether PTEN is mutated.40 Indeed, 
no mutations or genomic deletions were observed within the cod-
ing regions of PTEN in leukemic cells for 34 patients with ATLL and 
in 47 of 50 cancer cell lines, including lung cancer, liver cancer, and 
OSCC cells.6 In contrast, under certain conditions, PTEN is subjected 
to phosphorylation at the C-terminus at the PTEN-STT cluster. This 
phosphorylation downregulates PTEN phosphatase activity17,41,42 
because PTEN is inactive, in a closed conformation in the cytoplasm 
after detaching from the cell membrane. In contrast, dephosphoryla-
tion causes PTEN to acquire an open conformation, which causes it 
to localize preferentially to the cell membrane where this active form 
can PTEN phosphatase antagonize PI3K/AKT signaling.17 PTEN in-
activation via increased phosphorylation of the PTEN-STT cluster is 
observed in several malignancies, including T-ALL.43,44 Moreover, a 
high phosphorylation level was observed in the primary ATLL cells 
and ATLL cell lines. Moreover, the forced expression of a PTEN-STT 
cluster mutant in ATLL-related cell lines inhibited AKT phosphoryla-
tion and cell growth.6 Thus, phosphorylation of the PTEN-STT clus-
ter plays an important role in the activation of PI3K-AKT in ATLL. 
Intriguingly, the phosphorylation of the PTEN-STT cluster was 
significantly decreased in ATLL cell lines upon transfection of an 
NDRG2 expression vector, which suppressed PI3K/AKT activation.6 
PTEN dephosphorylation is induced by NDRG2 expression. Hence, 
NDRG2 is considered a PTEN-associated protein that recruits PP2A 
as an adaptor protein to facilitate the dephosphorylation of the 
PTEN-STT cluster (Figure 2).6 Moreover, Ndrg2-deficient mice had 
high levels of the Pten-STT cluster and Akt phosphorylation in vari-
ous tissues. This finding supports the notion that tumor formation 
might be correlated with the activation of the PI3K/AKT signaling 
pathway through abrogation of phosphatase activity upon PTEN 
phosphorylation. Homozygous Pten-deficient mice show an embry-
onically lethal phenotype; however, heterozygous Pten-deficient 
mice develop different types of tumors with high penetration, such 
as T-cell lymphoma and endometrial, prostate, and thyroid tumors.45 
T-cell lymphomas are mainly observed in Pten- and Ndrg2-deficient 
mice.6,45 Thus, the phenotypes of heterozygous Pten-deficient 
mice and homozygous and heterozygous Ndrg2-deficient mice are 
quite similar in terms of cancer development, indicating that tumor 
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formation may be dependent on Pten inactivation in Ndrg2-deficient 
mice. Thus, in ATLL cells and other types of tumor cells without ge-
netic alterations to the PI3K/AKT pathway, suppression of NDRG2 
transcription disrupts the negative regulation of PI3K/AKT signaling 
by sustained phosphorylation of the PTEN-STT cluster during tumor 
development.

The hyperphosphorylation of PTEN caused by the loss of NDRG2 
function leads to activation of not only the PI3K/AKT signaling 
pathway but also to the NF-κB canonical pathway. In the canonical 
NF-κB pathway, various point mutations are involved in the activa-
tion of cytokine signaling in ATLL cells,46 with the inactivation of p47, 
which is a negative regulator.47 Further, NF-κB signaling is activated 
by Tax protein associated with HTLV-1 infection.48 In addition to 
PTEN, NIK, which is an important factor in the non-canonical NF-κB 
pathway, is considered a target protein for dephosphorylation via 
the recruitment of the NDRG2/PP2A complex (Figure 3).15 In ATLL 
cells, NIK is highly expressed when the expression of miR-31 is re-
duced.49 Moreover, overexpressed NIK is highly phosphorylated at 
Thr559 because of the loss of NDRG2 expression.15 Phosphorylated 
NIK maintains its kinase activity, stimulating p100 proteolysis to 

generate p52, which leads to the nuclear translocation of the RelB/
p52 complex.15 In normal cells, NDRG2 expression induces the sup-
pression of AKT by the dephosphorylation of PTEN, which in turn 
induces the suppression of the canonical NF-κB signaling pathway 
by decreasing IKK activation. NIK is maintained at low levels. In ATLL 
cells, the loss of NDRG2 promotes the phosphorylation of PTEN 
and NIK, resulting in the activation of canonical and non-canonical 
NF-κB pathways.15

Therefore, NDRG2 is an important repressor of the PI3K/AKT 
and NF-κB signaling pathways, which have important functions in 
cell proliferation. Moreover, the inactivation of NDRG2 may be es-
sential for the development of cancers, including leukemia.

3.3 | Activation of HSP90 by NDRG2 
downregulation in cancer cells

PRMT5 belongs to the arginine methyltransferase family, which has 
several functions in oncology, including transcriptional regulation in 
the nucleus upon arginine methylation of histones and several signal 

F I G U R E  3   Regulation of nuclear factor kappa B (NF-κB) signaling by N-myc downstream-regulated gene 2 (NDRG2)/protein phosphatase 
2A (PP2A) complex. A central signaling component of the non-canonical pathway is NF-κB-inducing kinase (NIK) and the NDRG2/PP2A 
complex regulating the kinase activity of NIK by dephosphorylation reaction. Homeostatic activation of the NF-κB signaling system is 
known to be important in the development of adult T-cell leukemia/lymphoma (ATLL). The low expression of miR-31 in ATLL cells, which is 
involved in the repression of NIK expression, leads to increase in NIK protein. In addition to this phenomenon, NIK is highly phosphorylated 
with high kinase activity due to low expression of NDRG2, and dysregulation of NDRG2/PP2A complex was found to be an important 
factor in activating the non-canonical NF-κB pathway. Moreover, the downregulation of NDRG2 expression also induces activation of the 
canonical NF-κB pathway through activation of the IκB kinase (IKK) complex by constitutive activation of AKT, which is derived from the 
phosphorylation of PTEN caused by downregulation of NDRG2 in ATLL cells.15 Therefore, NDRG2 is one of the important regulatory factors 
of the NF-κB pathway. This figure has been adapted from reference 15 with permission
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F I G U R E  4   Regulation of heat shock protein 90 (HSP90A) function by arginine methylation of protein arginine methyltransferase 5 
(PRMT5) via the N-myc downstream-regulated gene 2 (NDRG2)/protein phosphatase 2A (PP2A) complex (NDRG2/PP2A). Heat shock 
protein (HSP) 90, an ATP-dependent molecular chaperone, is essential for oncogenic transformation through supporting a wide variety of 
activated oncoproteins, kinases, transcription factors and others. Although the activity of HSP90 is regulated by many protein modifications 
such as phosphorylation and acetylation, we first reported a mechanism for the activity regulation of HSP90 by arginine methylation 
through PRMT5. Moreover, the NDRG2/PP2A complex regulates the arginine methyltransferase activity of PRMT5 by its phosphorylation 
status. (A) In normal cells, the NDRG2/PP2A complex dephosphorylates PRMT5 and unphosphorylated PRMT5 is mainly localized to the 
nucleus and leads to arginine methylation of histones; however, cytoplasmic PRMT5 cannot catalyze the arginine residues in HSP90.16 (B) 
In adult T-cell leukemia/lymphoma (ATLL) or other cancer cells with low expression of NDRG2, PRMT5 is mainly localized in the cytoplasm 
and is highly phosphorylated by the downregulation of NDRG2, and induces the methylation of HSP90A arginine residues, leading to 
the enhancement of its chaperone activity (AHA1 and p23) and stabilization of client proteins, including AKT, NF-κB essential modulator 
(NEMO) or others, contributing to enhanced cell growth and anti-apoptosis. In the right half of the figure, knocking down PRMT5 expression 
in NDRG2-deficient tumors induces cell apoptosis via the reduction of HSP90A function and the degradation of client proteins via activation 
of the ubiquitin-proteasome pathway, suggesting that enzymatic inhibition of PRMT5 is a potential therapeutic target because it causes 
synthetic lethality in NDRG2-deficient cancer or ATLL cells.16 This figure has been adapted from reference 16 with permission

(A)

(B)
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transduction proteins in the cytoplasm.50 PRMT5 expression did not 
change in normal CD4+ T cells or samples obtained from patients with 
ATLL.16 In NDRG2-expressing normal cells, PRMT5 was observed in 
the cytoplasm and nucleus, and histones H4 and H3, which are the 
specific substrates of PRMT5, were arginine methylated.16 However, 
in NDRG2-deficient ATLL cells, PRMT5 was localized in the cyto-
plasm, and the arginine methylation of histones was lost, indicating 
that PRMT5 is involved in the development of ATLL.16 NDRG2 de-
ficiency leads to constitutively phosphorylated Ser335 of PRMT5, 
which is involved in the cytoplasmic localization and enhancement 
of PRMT5 enzyme activity.16 Therefore, we comprehensively exam-
ined NDRG2-binding proteins via immunoprecipitation-mass spec-
trometry analysis. Results showed that NDRG2 specifically binds to 
PRMT5 and the chaperone HSP90 in the cytoplasm of ATLL cells.16 
Moreover, the NDRG2/PP2A complex binds to PRMT5 and regu-
lates its enzymatic function by regulating its phosphorylation status. 
Further, in ATLL cells, PRMT5 was mainly found in the cytoplasm, 
where it maintains a hyperphosphorylated form and continuous 
enzymatic activity (Figure 4).16 Moreover, HSP90 is considered a 
substrate for PRMT5.16 HSP90 is a molecular chaperone that con-
tributes to the stability and enhanced activity of AKT, NEMO, and 
other important signaling molecules, which are referred to as cli-
ent proteins and are required for the survival and proliferation of 
tumor cells.15,51 Once HSP90 is inactivated in tumor cells, the client 
proteins are degraded, inducing cell death by the inhibited chaper-
one activity. Post-translational modifications, such as phosphoryla-
tion and acetylation, regulate the chaperone activity of HSP90.52 
We first identified arginine methylation of HSP90A at R345 and 
R386, which enhances chaperone activity and stabilizes client pro-
teins through PRMT5 in ATLL cells. Therefore, it is proposed that in 
normal cells, PRMT5 dephosphorylated by the NDRG2/PPA2 com-
plex localizes to the nucleus, leading to the arginine methylation of 
histones (Figure 4A). In ATLL cells, the loss of NDRG2 induces the 
phosphorylation of PRMT5 at Ser335, which induces the binding of 
HSP90A with PRMT5 in the cytoplasm. Methylation of HSP90A ar-
ginine by PRMT5 is associated with the stability of client proteins 
and tumor development (Figure 4B). When the expression of PRMT5 
was downregulated in ATLL cells, the chaperone activity decreased 
with the suppression of HSP90A arginine methylation. This decrease 
in methylation resulted in the degradation of client proteins and the 
induction of apoptosis (Figure 4).16 This effect was not observed 
in NDRG2-expressing normal cells. Hence, NDRG2 and PRMT5/
HSP90 have a synthetic lethal relationship and are useful therapeu-
tic targets.16

3.4 | Enhanced metastasis of cancer cells upon 
NDRG2 downregulation and upregulation of the 
epithelial-to-mesenchymal transition

Several studies have shown that NDRG2 is associated with can-
cer metastasis and that the loss of NDRG2 expression enhanced 
EMT in colorectal, gallbladder, and breast cancer cells.53-55 In a 

previous study, PTEN expression was maintained, and no somatic 
mutations were found in OSCC cells.6 Specifically, the expression 
of NDRG2 was downregulated in most patients with OSCC due to 
enhanced promoter methylation, which resulted in enhanced PI3K/
AKT signaling.6,26 Moreover, the downregulation of NDRG2 expres-
sion was significantly correlated with high lymph node metasta-
sis in OSCC. 27 These results indicated that low levels of NDRG2 
expression may contribute to enhanced tumor development with 
cervical metastasis of OSCC.27 Therefore, we developed an OSCC 
model in which 4-NQO, which is a tobacco surrogate, was used to 
treat Ndrg2-deficient mice.27 In this model, both the number and 
size of the OSCC tumors increased significantly with cervical lymph 
node metastasis in Ndrg2-deficient mice. The 4-NQO treatment of 
human OSCC cell lines with low NDRG2 expression induced EMT 
via the activation of NF-κB signaling. This signaling resulted in the 
downregulation of E-cadherin through activation of the TWIST fam-
ily bHLH transcription factors (TWIST) and SNAIL family of tran-
scriptional repressors (SNAIL) (Figure 5).27 In contrast, the ectopic 
expression of NDRG2 reversed the EMT phenotype and inhibited 
NF-κB signaling by the suppression of PTEN-STT and AKT-Ser473 

F I G U R E  5   Enhancement of epithelial-to-mesenchymal 
transition (EMT) via the loss of N-myc downstream-regulated 
gene 2 (NDRG2) activity. Because loss of NDRG2 expression has 
been reported to promote cancer development and metastasis, 
we conducted animal studies in an oral cancer model using 
NDRG2-deficient mice.27 In Ndrg2-deficient mice, the treatment 
of carcinogenic compound 4-nitroquinoline-1-oxide (4-NQO) 
induces development of oral cancer and cervical lymph node 
metastasis, which enhances the activation of the PI3K/AKT and 
nuclear factor kappa B (NF-κB) signaling pathways via enhanced 
phosphorylation of phosphatase and tensin homolog deleted on 
chromosome 10 (PTEN) by downregulating NDRG2. Activation of 
the NF-κB signaling pathway promotes EMT via the upregulation of 
twist family bHLH transcription factors (TWIST) and SNAIL family 
of transcriptional repressors (SNAIL) transcription, which induces 
metastasis of oral squamous cell carcinoma (OSCC) because 
intercell adhesion is lost and motility is increased.27 Therefore, 
reduced NDRG2 expression contributes to cancer development and 
metastasis by regulation of EMT. This figure has been adapted from 
reference27 with permission
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phosphorylation.27 These results show the importance of NDRG2 
expression, which is a critical determinant for the invasive and meta-
static capacity of OSCC. Moreover, they indicate that the constitu-
tive activators of the NF-κB pathway, such as heavy tobacco use, 
alcoholism, and chronic infection, might be important risk factors 
for OSCC development and metastasis. These effects may be de-
pendent on enhanced methylation of the NDRG2 promoter, which is 
caused by chronic stresses.

4  | CONCLUSIONS

NDRG2 is not considered a tumor suppressor gene because its 
genome sequences lack point mutations. However, it regulates 
phosphorylation throughout the cell and is involved in the stress 
response. This conclusion is supported by the fact that Ndrg2-
deficient mice develop different types of cancers and several 
lifestyle-related diseases. As cellular stress promotes genomic mu-
tations and epigenetic modification alterations, defects in NDRG2 
expression by genetic alteration or methylation may play a role in 
cancer development. Therefore, it is highly likely that the creation 
of a cellular state that can maintain NDRG2 function ultimately 
prevents cancer development. Thus, treatments including gene 
re-expression are important. Studies in this direction should be 
conducted in the future.
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