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Simple Summary: NDRG1 (N-myc downregulated gene-1) has been reported to suppress metastasis,
to be a biomarker of poor outcome, and to be a facilitator of disease progression in a range of different
cancers. Characterizing NDRG1 remains challenging due to its pleiotropic functions. This review
summarizes the role of NDRGL in cancer and provides an overview of its expression and function in
different cancer types.

Abstract: N-myc downregulated gene-1 (NDRG1) has been variably reported as a metastasis sup-
pressor, a biomarker of poor outcome, and a facilitator of disease progression in a range of different
cancers. NDRGI1 is poorly understood in cancer due to its context-dependent and pleiotropic func-
tions. Within breast cancer, NDRGI is reported to be either a facilitator of, or an inhibitor of tumour
progression and metastasis. The wide array of roles played by NDRG1 are dependent on post-
translational modifications and subcellular localization, as well as the cellular context, for example,
cancer type. We present an update on NDRG1, and its association with hallmarks of cancer such
as hypoxia, its interaction with oncogenic proteins such as p53 as well its role in oncogenic and
metastasis pathways in breast and other cancers. We further comment on its functional implications
as a metastasis suppressor and promoter, its clinical relevance, and discuss its therapeutic targetability
in different cancers.
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1. Introduction

N-myc downregulated gene-1 (NDRGI) is often called a metastasis suppressor protein
and is found to be expressed in various tumour types. It is an intracellular protein composed
of 394 amino acids and is 43 kD in size with several isoforms reported [1]. NDRGI is
involved in cellular processes such as stress responses, immunity, and DNA repair. In
recent years, interest in the role of NDRG1 in cancer progression has increased and it
is classified as both a pro-tumorigenic and tumour-suppressive protein [2]. Herein, we
will broadly consider the function of NDRGI, as well as its role in different cancer types
and metastasis.

2. NDRGT1: History and Structure

NDRGI gene homologs are highly conserved across species (plants, humans, C. elegans,
and mice [3]), indicating its importance in cellular function. Initial studies showed NDRG1
to be associated with cell differentiation in normal and tumour tissues. NDRG1 expression
was first found to be upregulated upon cell differentiation in colon epithelial cells and
downregulated in colon cancer [4]. Originally referred to as NDR1, NDRG1 was reported to
be a target gene repressed by oncoproteins N-myc and c-myc, with upregulation in N-myc
mutant mouse embryos [5]. As high-risk cancers often abnormally express myc [6], myc-
mediated regulation of NDRG1 makes this protein an interesting therapeutic candidate
in cancer.
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The NDRGI1 gene maps to chromosome 8q24.3 and encodes a 3.0 kb mRNA, which
further translates to a 43 kD protein. Three alternatively spliced isoforms of NDRG1 have
been reported: Q92597-1 (43 kD, Figure 1A); Q92597-2 (35 kD, Figure 1B); and, Q92597-3
(33 kD, Figure 1C) [7]. The NDRG1 promoter region consists of repeated CpG islands [8]
regions, which are often observed as sites of DNA methylation mediated gene regulation in
cancers and tumour suppressor genes [9]. NDRGI1 shares a 53-65% sequence identity with
other NDRG proteins (NDRG2, NDRG3, and NDRG4); the greatest identity between these
forms of NDRG lies at the o/ 3 hydrolase motif. Intriguingly, none of the NDRG isoforms
exhibit hydrolase activity [10] but this domain allows the proteins to undergo extensive post-
translational modification [11]. NDRGT1 is structurally different from other NDRG proteins
due to the presence of three tandem repeats of 10 amino acids (GTRSRSHTSE) in the C
terminus [12], and a helix-turn-helix (HTH) at the N-terminus of the protein sequence [13];
the roles of these features are not yet evident. NDRG1 contains multiple phosphorylation
(P) sites [14] and its phosphorylation is mediated via glycogen synthase kinase 3 (GSK3), a
central protein in the Wnt signalling pathway. In fact, NDRG1 phosphorylation at Ser330
and THr346 was shown to suppress the NF-«B signalling pathway in pancreatic cancer
cells [15].
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Figure 1. Alternatively spliced NDRG1 isoforms. (A) Canonical NDRGI1 sequence (full length NDRG1).
(B) Isoform 2 with 66 amino acid (1-66) difference from the canonical sequence. (C) Isoform 3, with 81
amino acid (1-81) difference from the canonical sequence [Made with Biorender; modified from [1]].

3. NDRGI1 Expression and Localization

NDRGI1 was reported to be mostly expressed in epithelial cells with sparse presen-
tation in mesenchymal or endothelial cells [16]. Subcellularly, NDRG1 exhibits a diverse
pattern of localization and is seen to be dominantly cytoplasmic, with some presence in the
plasma membrane and nucleus [16]. NDRG1 sub-cellular localization varies according to
the tissue type (Figure 2). For example, NDRGI co-localizes with the plasma membrane in
intestinal and lactating breast epithelial cells, whereas nuclear localization was noted for
prostate epithelial cells, and dominant cytoplasmic expression in the kidney [16]. NDRG1
localization is also responsive to exogenous stimuli. For example, in DNA damage contexts,
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NDRG1 was shown to translocate to the nucleus in bladder carcinoma cells [17], while
hypoxic conditions in trophoblasts enhanced NDRG1 expression in the nucleus and cyto-
plasm [13]. The translocation of NDRG1 under hypoxic and DNA damaging conditions
supports its function as a stress responsive gene [18]. Additionally, both phosphorylation
and proteolytic cleavage of NDRG1, shown in HCC, prostate, colon, and pancreatic cancer
cells have been associated with different localization implications [1]. The non-cleaved
NDRGT1 along with Ser300 p-NDRG1 were shown to be cytosolic whereas the cleaved form
of NDRG1 along with Thr346 p-NDRG1 were shown to localize in the nucleus.

Cancer Type NDRG1 Localization

Pe®
Q0

Cellular Stress
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M N

C C+N

oPOO®

Figure 2. Subcellular localization of NDRGI1 in different types of cancer & under cellular stress.
C, Cytoplasm; M, Membrane; N, Nucleus.

NDRG1 was observed to co-localize with specific cellular organelles [16] and in some
cases linked to specific cellular functions. For example, in prostate cancer cells NDRG1 was
found to colocalize with markers for recycling endosomes, as well as for late endosomes [19],
and was shown to be involved in the recycling of E-cadherin. NDRG1 was also found
to be expressed in the mitochondrial inner membrane in the proximal tubule cells of the
kidney [16] and was later found to weakly bind to cardiolipin, a mitochondrial inner
membrane protein, in prostate cancer cells [19], indicating a possible role in mitochondrial
apoptotic processes [20]. Under hypoxic conditions, NDRG1 localized to desmosomes,
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endoplasmic reticulum, and perinuclear tubulin in trophoblasts, but was not observed
in trophoblastic mitochondria or trans golgi network [13]. NDRG1 was also shown to
localize to the microtubule matrix of the centrosome, where it protects against spindle
disruption [21]. Interestingly, NDRGI overexpression in p53-deficient tumour cell lines
resulted in rescuing the cells from a spindle damage induced-mitosis arrest, indicating
NDRG's involvement in regulation of microtubule dynamics and cell cycle. Phosphorylated
NDRG1 was shown to colocalize with the y-tubulin on centromeres and at the cleavage
furrow during cytokinesis further supporting a role in controlling microtubule function [22].

4. Hypoxia and NDRG1

NDRGL is a stress responsive protein, and its association with hypoxia, a major
pathological stress process associated with cancer progression [23], has been investigated
in several studies [24-26]. The non-coding sequence of the NDRGI gene consists of three
hypoxia inducible factor one (HIF-1) binding sites, one in the promoter and two in the
3’ untranslated region. HIF-1 binding sites in the 3’ region of the erythropoietin gene
regulate its transcription [27,28], thus suggesting that NDRG1 may similarly be regulated
via HIF-1 [24]. Wang et al., later defined the minimal essential HIF-1 binding site in the
NDRGI1 promoter region (—1202 to —450) in lung cancer cells [29].

Under hypoxic conditions, HIF-1x was essential for NDRG1 transcription in Hepatocel-
lular carcinoma (HCC) cells [26,30]. Indeed, NDRG1 expression is significantly upregulated
in HCCs, making it a potential indicator of malignant progression and poor prognosis [31].
Hypoxia-induced cytoplasmic localization of NDRG1 was also observed in HCC cells [30].
Furthermore, hypoxia-induced NDRG1 contributes to doxorubicin resistance in HCC cells
by inhibiting apoptosis [26]. Additionally, Guo et al. [26] observed that under hypoxic
conditions, NDRG1-knockdown cells showed an elevation in the accumulation of pro-
apoptotic protein BAX and a decrease in anti-apoptotic proteins Bcl-2 and Bclxl, indicating
NDRG1-mediated inhibition of apoptosis. This survival promotion necessitates modulation
of mitochondrial dynamics, an intriguing prospect for future study.

5. NDRG1 and Cancer

The specific functions of NDRG1 have been examined in a number of cancer types.
Here, we discuss the most well-researched of these:

5.1. Breast Cancer

NDRGL expression was investigated in breast cancer (BCa) samples and was reported
to be an independent prognostic factor [8,32]. Clinical analysis showed a significant
reduction in NDRG1 expression in BCa patients with bone and lymph node metastasis,
indicating its potential involvement in BCa progression [8]. Confusingly, NDRGI is located
on 8q24.3, in the vicinity of MYC, and amplification of this region is common and is
prognostic in BCa [33,34] and HCC [35].

A novel approach to treating cancer involves the use of molecules that are able to
induce differentiation in highly plastic cancer cells ([36] and Sections 7 and 8 below). The
functional indication of differentiated or lineage committed cells is expression of a measur-
able phenotype, e.g., breast cells identified by their ability to produce milk [37]. Bae et al.,
established a close link between NDRG1 expression and milk-producing differentiation
status in BCa cells. This study reported that drug-induced differentiation in BCa cells also
resulted in an elevation in NDRGI1 expression, identifying NDRG1 as a successful marker
of this therapeutic approach in BCa. Though these studies established NDRG1 to be a
promising target for regulating BCa progression, its role in breast cancer remains controver-
sial due to it also being involved in metastasis progression [38—40]. NDRG1 was reported
to contribute to BCa aggressiveness by modulating lipid metabolism [41]. Enhanced lipid
synthesis and lipid uptake contributes to cancer progression and metastasis [42]. Alteration
in lipid metabolism is directly linked to increased dependency on glycolysis in cancer, a
hallmark of cancer progression. Luo et al., showed high NDRG1 expression to be associated
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with an elevation in aggressive metabolic gene signature, with a high probability of disease
recurrence and metastasis. Similarly, NDRG1 silencing in HCC was shown to disrupt
hypoxia-enhanced aerobic glycolysis [26].

In inflammatory BCa, NDRGI expression has been established as a negative prog-
nostic marker [38,39]. The estrogen receptor (ER) status is a well-established prognostic
and predictive biomarker in BCa and ER-negativity is typically associated with a more
aggressive phenotype and shorter overall survival. Villodre et al., stratified ER-negative
patients based on NDRG1 expression levels and observed a survival difference. Their
study showed that ER-negative patients with high NDRGI1 expression were associated
with worse survival as compared to ER-negative patients with low NDRG1 expression
highlighting the potential usefulness of NDRG1 as a biomarker to increase the accuracy in
predicting clinical outcomes of ER-negative patients.

5.2. Prostate Cancer

NDRGI1 is an androgen-regulated gene, making it a central protein of interest in
Prostate cancer (PrCa) [43] and a target of study for many years [44-46]. NDRGI has
been reported to be involved in both metastasis progression as well as suppression in
PrCa [45,47]. Song et al. [47] showed that subcellular localization, specifically a decrease
in membrane expression of NDRG1, was associated with significantly reduced survival
outcomes in PrCa patients. Additionally, high cytoplasmic and reduced membranous
expression of NDRG1 also correlated with a higher Gleason score, a scale used to predict
the aggressiveness of PrCa. Knocking down NDRGTI in prostate cancer cells increased
Cdc42 activity [46], a protein involved in cell cycle regulation as well as in resistance to
anoikis, a process often preceding metastasis [43]. Indeed, NDRGI inhibition was seen
to increase the ability of PrCa cells to survive anoikis, contributing to their metastatic
potential [46]. Androgen receptor activation is associated with PrCa progression [49] and
high NDRG1 expression was associated with a reduction in activation of androgen receptor
in PrCa cells via both androgen-dependent and independent signalling pathways [50].
These results indicate that high NDRG1 expression is associated with anti-tumour function
in PrCa progression, making it a promising therapeutic target.

5.3. Pancreatic Cancer

Low NDRGT1 expression has been associated with poor prognosis in pancreatic ductal
adenocarcinoma [51]. Muruyama et al., showed that NDRG1 overexpression suppresses
tumour growth in a xenograft mouse model of pancreatic cancer (PC) via modulation of
angiogenesis [51]. Interestingly, NDRG1 decreased the expression of CXC chemokines that
are involved in pro-metastasis pathways [15]. GLI1 (human glioma-associated oncogene
homolog 1) is a key driver of PC metastasis [52] and is directly involved in the transcrip-
tion of hepatocyte growth factor (HGF), insulin-like growth factor 1 (IGF-1), etc, which
in turn can induce oncogenic signaling pathways such as NF-kB, and WNT/ 3-catenin
signaling [53]. Geleta et al., also showed that silencing NDRGI significantly increased
GLI1 levels and decreased its inhibitory phosphorylation. Conversely, overexpression of
NDRGT1 in PC cells resulted in inhibition of GLI1 expression resulting in the opposite effect
demonstrating the pivotal role of NDRGI in influencing the metastasis driver GLI1 in
PC [54]. NDRG1 overexpression was also independently shown to impair cell growth in
PC cells via apoptotic pathways [55]. The induction of apoptosis in PC cells by NDRG1
expression suggested that NDRGI can restrict cell death evasion and act as a tumour
suppressor. Conversely, in hepatocellular carcinoma, knocking down NDRG1 expression
resulted in the induction of apoptosis [56], further reinforcing the context dependent role
and tissue specific outcomes.

5.4. Osteosarcoma

Using proteomic analyses, Hue et al., found NDRGI to be upregulated in human
osteosarcoma (OS) cells indicating it’s potential as a diagnostic biomarker of OS [57]. HER4,
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a transmembrane glycoprotein important in metastasis [58], is a marker of both disease
progression in OS patients and increased chemotherapy resistance in OS cells [59] and
Wang et al., showed that HER4 and NDRGI1 interaction resulted in increased cell growth
and survival in OS cells [59]. Additionally, NDRG1 overexpression in HER4-knockdown
cells rescued cell growth and survival, suggesting a co-operative mechanism of NDRG1
and HER4 in promoting survival and growth in OS cells. NDRG1 expression was also
reported to mediate cancer stem cell differentiation in OS cells via Wnt activation [60].
Finally, inhibition of NDRG1 expression was shown to induce apoptosis [61] as well as
reduce the protein expression of VEGF and matrix metalloproteinases, key modulators of
angiogenesis, in OS cells [60]. These results suggest critical links between NDRGI1 and the
regulation of metastasis in OS.

6. Metastasis

NDRGT1 plays a context dependent role in cancers by either suppressing or promoting
metastasis, depending on the cancer type (Figure 3). Here, we discuss NDRG1 and its link
to metastasis in both contexts.

Anti-oncogenic Pro-oncogenic
e ¢ Induction of
e Tumour growth inhibition mesenchymal

¢ Inhibition of tumour cell
migration

e Maintains membrane
expression of Beta-
catenin and E-cadherin to

morphological shift in
tumours cells
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e EMAT colonization
P ; : e Biomarker of poor
e Metastasis suppression T

Colon Glioma Prostate Lung Cervical\ (Gastric
cancer cancer cancer cancer cancer
Ovarian Hepatocellular
cancer carcinoma

Figure 3. NDRGI and its anti/pro-oncogenic roles in different cancer.

Breast
cancer

6.1. NDRGI1: Metastasis Suppressor

The role of NDRG1 as a metastasis-suppressor protein has been widely reported
in different cancers including the colon [62], prostate [45], breast [8], and pancreas [51].
Epithelial to mesenchymal transition (EMT) is a critical step in the process of metastasis [63].
Oncogenic pathways such as TGF-f3 and Wnt, directly and indirectly, influence metastasis
progression; NDRG1 expression has been shown to be linked with these pathways. NDRG1
and Wnt signaling interplay has been investigated in the context of BCa metastasis [64].
Lie et al., found that NDRGI interacts with LRP6 and blocks the binding of Wnt ligand to
LRP6, an initiating step of the Wnt signaling cascade [64]. Upregulation of NDRG1 reduced
Wnt-induced mesenchymal traits in BCa cells, along with upregulating membranous E-
cadherin and (3-catenin. Analysing the expression of NDRG1 and Wnt-related proteins in
clinical BCa patient samples revealed a lack of NDRG1 expression in patients with Wnt
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protein expression, correlating with a significantly worse prognosis for metastasis free
survival [64].

Cells undergoing EMT lose the expression of E-cadherin and gain a mesenchymal
phenotype, allowing them to separate from the primary tumour and eventually migrate
away from their original location [65]. NDRG1 was shown to inhibit EMT in colon and
prostate cancer cells by modulating the transforming growth factor beta (TGE-f3) pathway,
a prime regulator of EMT [66]. Elevation of TGF-f signaling is commonly associated
with an increase in cell invasion and metastasis in cancer [67]. TGF-{3 signaling activates
SMAD complex which in turn activates the Snail and Slug genes resulting in elevated cell
growth and survival [68]. Snail and Slug also repress the expression of the E-cadherin
gene (CDH1) and increase the expression of cell survival related genes such as ZEB1 and
Vimentin (VIM) [69]. Guan et al. showed NDRGI1 overexpression induced E-cadherin
expression in SW620 colon cancer cells [62].

In prostate cancer cells, NDRG1 knockdown increased expression of SMAD complex
and overexpression of NDRGI1 resulted in the opposite [66] thus suggesting that NDRG1
limits the SMAD induced upregulation of Snail/Slug, and rescues the repression of E-
cadherin expression. E-Cadherin expression directly enhances adhesion complex formation
in cells, establishing cell—cell junctions and preventing/reducing cell motility and metasta-
sis [66]. A unique role of NDRG1 in regulating 3-catenin activity was reported by Jin et al.,
in colon cancer cells [66], where it was demonstrated that NDRG1 expression increases
total 3-catenin and non-phosphorylated 3-catenin at the plasma membrane. Additionally,
NDRG1 was also shown to directly block the (3-catenin-nuclear translocation via inhibi-
tion of PAK4 localization. PAK4 (p21-kinase activated 4) is important in the shuttling of
[3-catenin to the nucleus, and hence directly affects 3-catenin mediated activation of Wnt
target genes [66].

The tumour suppressor PTEN (phosphatase and tensin homologue) has been shown
to upregulate NDRG1 expression in breast and prostate cancers [70]. Similarly, NDRG1
was shown to upregulate PTEN expression in pancreatic as well as prostate cancer [44,71],
a likely positive feedback loop. PTEN is a key tumour suppressor owing to its inhibitory
role in the oncogenic PI3K pathway [44], which is critical in tumour progression and
metastasis [72-77].

NDRGI1 regulation was shown to be directly mediated by p53 [76] and that p53-
mediated NDRG1 expression varied between metastatic lung cancer cells and non-metastatic
colon cells. Furthermore, ectopic expression of p53 did not induce NDRG1 expression in
H1299-p53 (metastatic lung) as compared to DLD-1-p53 (non-metastatic colon) cells. Inter-
estingly, the study also reported that the metastatic H1299-p53 cells, which were reported to
have no NDRG1 expression also lacked the expression of E-cadherin. Similarly, an absence
of NDRG1 expression was reported in a metastatic colon cell line (SW620), contradicting
previous ideas that NDRG1 was ubiquitously expressed across different tissues.

6.2. NDRG1: Pro-Metastatic Functions

Although NDRGI1 function is predominantly reported as anti-oncogenic and anti-
metastatic, studies also show it to be pro-oncogenic in different cancers such as gastric
cancer [77] and HCC [78]. NDRG1 overexpression in clinical esophageal cancer (ESCC)
samples was found to be associated with the malignant progression of the disease [79]. In-
deed, NDRG1 overexpression induced a morphological change in ESCC cells, where a shift
to spindle-like, mesenchymal morphology from an epithelial state was observed [80]. This
was accompanied by increased expression of mesenchymal markers such as N-cadherin,
Snail, and MMP1 as well as Wnt pathway-associated genes such as WNT3A, LEF1, and
FZD8. Additionally, an increase in the accumulation of 3-catenin and NDRG1 in the nuclear
fraction of ESCC cells was also reported. The study hypothesized that NDRG1 impacts the
Wnt pathway and (3-catenin accumulation via the mediation of the Wnt-associated genes,
and hence promotes metastasis [80].
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NDRGT1 expression is also associated with poor prognosis and malignant progression
in gastric cancer [81]. NDRG1 was found to be significantly upregulated in the highly
metastatic gastric cancer cell lines, as compared to the parental cells with low metastatic
potential [77]. There was also an elevation in the levels of Snail and VIM, and downreg-
ulation of CDHI (E-cadherin). Indeed, knocking down NDRGI1 in gastric cancer cells
increased E-cadherin expression and suppressed the expression of vimentin; linking the
typically high NDRGI1 levels to the metastatic potential of gastric cancer cells. Notably,
this EMT-driving interaction between NDRG1 and E-cadherin in gastric cancer is quite
opposite of what was observed in the colon cancer cell line [62].

Recently, the role of NDRG1 was explored in brain metastases (BrM). Villodre et al.,
demonstrated that elevated levels of NDRG1 were associated with worse clinical outcomes
in aggressive breast cancer [82]. Using publicly available datasets, NDRGI1 expression was
found to be higher in BrM than in the matched primary tumours. Additionally, NDRG1-
high tumours showed reduced BrM relapse-free survival when compared to NDRG1-
low tumours. This suggested a potential involvement of NDRG1 in BrM progression
within the breast cancer cohort. Particularly in ER-negative patients, NDRGI acts as a
driver for BrM. Further studying NDRG1 expression in BCa xenografts and PDX tumours
showed that depleting NDRG1 resulted in a decrease in migration, colony formation,
invasion, and tumour initiating cells in the aggressive ER-negative BCa cells in vitro and in
vivo. In 2021, it was reported that BCa-BrM development involves the slow-cycling BCa
cell population which interestingly has high NDRG1 expression [83]. Depleting NDRG1
resulted in complete suppression of BrM, suggesting that NDRG1-high slow-cycling BCa
cells are the dominant source of brain metastases [83].

Taken together, it is clear that NDRGI function in tumour progression or suppression
(Table 1) is highly dependent on the tumour-cell type and its differentiation status.

Table 1. Clinical consequences of NDRG1 expression in cancer.

Cancer Type Oncogene or TSG? Pre-Clinical Evidence Clinical Relevance of NDRG1
1 NDRGL, 1 glycolytic & hypoxic genes [41] e Prognostic factor for worse
e | NDRG]I, | xenograft primary tumour growth ..
. . survival in inflammatory
and brain metastasis [82] breast cancer [39]
Breast Oncogene/TSG Directly proportional to cell differentiation e Significant inverse correlation
status [84]. . e DEFS in other breast cancers [8]
e 1T NDRGI in slow cycling BrM initiating cells [83]
1T NDRG1-tumour induces angiogenesis + NDRG1-Prognostic
Pancreatic TSG in vivo [51] biomarker [51]
1 membrane E-cadherin, supresses metastasis [85]
) i EBIE% promotte ° turﬁotghgrqwth " deo [86] High NDRGI associated with
Ovarian TSG promotes cell adhesion an PFS * [85]
migration [87]
Promotes resistance to doxorubicin in HCC Indicator of poor prognosis [31]
cells [25] . L
Liver Oncogene L NDRG1 tumour growth & induces Biomarker for metastasis and

senescence [89]

recurrence [90]
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Table 1. Cont.

Cancer Type Oncogene or TSG? Pre-Clinical Evidence Clinical Relevance of NDRG1
1 NDRGI1 low survival
Renal cell J NDRGT1 enhances cell proliferation and probability * [92]
; TSG invasion [91] Prognostic biomarker for clear
carcinoma g
cell renal cell carcinoma [93]
. . . Predictor of poor prognosis in
1 NDRGT1 induces cell proliferation and NSCLC [95]
Lun Oncogene apoptosis [29] . .
& 8 1 NDRGI1 induces cisplatin resistance [94] Nege.ltlvely Correlated. with
survival and prognosis [96]
J NDRGI1 increases cellular invasion, directly J tumour metastasis [45,46]
Prostate TSG impacting metastasis [46,97] J membrane expression
J androgen receptor signalling, | EMT [50] indicator of | DFS [47]
J NDRGT1 enhances cell proliferation and . Ker f -
Osteosarcoma Oncogene/TSG invasion [98] Biomarker for osteosarcoma [57]
) 1 NDRGTI in invasive cervical cancer [99] Expression associated with
Cervical cancer ~ Oncogene/TSG J tumour growth, invasion and metastasis [61] poor PFS and OS [100]
Colorectal J EMT, migration and invasion in CRC cells [96] J NDRGI correlates with poor
cancer TSG J EGFR downstream oncogenic pathways [101] survival [102]

DEFS, disease free survival; OS, overall survival; PFS, progression free survival; TSG, tumour suppressor gene;
HCC, hepatocellular carcinoma. * Data mined from KM plotter and Protein atlas [88,92].

7. NDRG1 and Drug Resistance

NDRGI1 expression has been associated with both chemotherapy- and radiotherapy-
resistance in different cancers. Neuroblastoma cells overexpressing NDRG1 showed high
resistance on treatment with clinically relevant chemotherapeutics in a multi drug treatment
setting, resulting in a significantly higher cell growth relative to control cells [103]. Addi-
tionally, NDRG1 overexpression in these cells also resulted in upregulation of LRP-1, MDR,
and MRP-1, proteins commonly associated with drug resistant phenotypes. Analyzing
radio-resistant human rectal cancer cells revealed an elevated expression of NDRG1 at both
the mRNA and protein level. Inhibition of NDRG1 in these radio-resistant cells resulted in
an increase sensitization of the cell to ionizing radiation while overexpression of NDRG1
re-instilled resistance in the cells, indicating a direct role of NDRG1 in radio-resistance in
rectal cancer cells [104].

Conversely, NDRGI has also been shown to sensitize NSCLC cells to cisplatin, a common
chemotherapeutic [105]. The study showed ERCC1 (excision repair cross-complementing 1)
mediated NDRG1 downregulation as a key step in inducing drug resistance in the NSCLC
cells. ERCC1 is a key protein for induction of cisplatin resistance and knocking it down
resulted in high NDRGI expression and a significant increase in apoptosis in NSCLC
cells. Rescue experiments confirmed a strong link between ERCC1-NDRG1 modulation in
drug resistance.

8. Therapeutic Targetability of NDRG1 in Cancer

A number of drugs have been tested for their capacity to modulate NDRG1 func-
tion. The use of novel thiosemicarbazone iron chelators as NDRG1 modulators has been
explored in both cancer cells and xenograft models [106-108]. di-2-pyridylketone 4,4-
dimethyl-3-thiosemicarbazone (Dp44mT) and di-2-pyridylketone 4-cyclohexyl-4-methyl-
3-thiosemicarbazone (DpC) are iron-binding agents that have been shown to upregulate
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NDRGI1 expression and in turn exhibit anti-metastatic activity [64,92,93]. These compounds
deplete cellular iron via hypoxia-inducible factor 1o« (HIF-10r) pathways [107], leading to the
accumulation of HIF-1e, nuclear translocation, and formation of the HIF-1 complex [109].
The HIF-1 complex binds to hypoxia response elements (HREs) located in gene promoter
regions to regulate gene expression [29,110]. Indeed, cellular iron depletion-mediated
upregulation of NDRGI expression inhibits the epithelial-mesenchymal transition that is
central to the process of metastasis [66]. In the pancreatic cancer cell model, NDRGI over-
expression was induced via treatment with DpC and Dp44mT and resulted in a decrease
in NF-«B activation and as well as its downstream targets Snail, Slug and, ZEB1, which
suppress E-cadherin expression [111]. NDRG1 has been shown to inhibit autophagy [112],
a stress responsive cellular process which is also an important regulator of tumour pro-
gression and metastasis [113]. Dp44mT mediated expression of NDRGI in PC cells was
also shown to potentiate lysosome membrane permeabilization (LMP), which inhibits
autophagic degradation, leading to dysfunctional autophagy [114].

DpC and Dp44mt treatments have been shown to be a promising approach for tumour
and metastasis suppression. DpC treatment in mice carrying pancreatic tumours showed
a significant reduction in tumour growth and metastasis, and this was found to be more
effective than the standard chemotherapy [54]. IHC analysis of these tumours revealed
elevated expression of NDRGI, confirming the in vitro studies. Importantly DpC treatment
was shown to be exhibit cancer cell specific toxicity along with significant reduction in
distant metastasis [54]. In a breast cancer-bone metastasis mouse model, Dp44mt treatment
over short period of time (~9 days) resulted in a dramatic decrease in circulating tumour
cell burden, whereas extended treatment significantly blocked metastasis incidence with no
apparent traces of drug toxicity [64]. Interestingly ablation of NDRGI in this model resulted
in resistance to treatment with Dp44mt, strongly suggesting a high selectivity between the
iron chelator and NDRGI1 [64]. Therapeutic efficacy iron chelators such as DpC for induction
of NDRGI1 expression is a significant approach with promising translational outcomes. In
2016, DpC was investigated in multi-center phase I clinical trial for treating advanced and
resistant cancers (NCT02688101), making this approach more clinically relevant.

Inhibition of NDRG1 has been explored due to its pro-tumourigenic role in some cancer
types. In Osteosarcoma (OS), NDRG1 was shown to play an integral role in lysosomal
function. Combretastatin A-4 (CA-4) and chloroquine combination therapy has been shown
to exert synergistic cytotoxic effects on human OS cells. Wang et al., showed that silencing
NDRGI1 sensitized OS cells to CA-4 treatment via suppression of autophagosome-lysosome
fusion, potentiating an anti-tumour response [61]. NDRGI1 expression was shown to be
significantly increased in radio-resistant rectal cancer (RC) cell lines and its silencing was
shown to sensitize RC cells to relevant clinical doses of radiation by increasing DNA double
strand breaks [104]. NDRGI suppression in both instances offers a valuable strategy to
potentiate anti-tumour effects, suggesting a promising therapeutic strategy.

9. Conclusions/Summary

NDRGI continues to be an intriguing mediator of cancer progression and metastasis.
Its modulatory role in critical cancer signaling pathways provides evidence of its dominant
influence in both tumour promotion and suppression, making it important to further
explore its underlying biology. Induction of NDRG1 has been directly shown to suppress
tumour growth and metastasis in vitro and in vivo in a range of different cancers. Given the
diversity of NDRG1'’s post translational modifications and subcellular localization, it is not
surprising that it has such context dependent functions in cancer progression. Therapeutic
NDRGT1 induction mediated by iron-chelators such as DpC and Dp44mT is a promising
intervention for cancer suppression. NDRGI offers a wide array of opportunities for cancer
treatment owing to its dynamic role.

Author Contributions: Conceptualization, V.J., S.R.L. and A.E.M.R.; writing—original draft prepa-
ration, VJ., S.R.L. and A.E.M.R.; writing—review and editing, V.J., SR.L. and A.EM.R. All authors
have read and agreed to the published version of the manuscript.



Cancers 2022, 14, 5739 11 of 15

Funding: VJ. is supported by an Australian Government Research Training Program (RTP) scholarship.

Conflicts of Interest: The authors declare no conflict of interest.

References

1.

11.

12.

13.

14.

15.

16.

17.

18.

19.

20.

21.

22.

23.

24.

Park, K.C.; Menezes, S.V.; Kalinowski, D.S.; Sahni, S.; Jansson, PJ.; Kovacevic, Z.; Richardson, D.R. Identification of differential
phosphorylation and sub-cellular localization of the metastasis suppressor, NDRG1. Biochim. Biophys. Acta (BBA)-Mol. Basis Dis.
2018, 1864, 2644-2663. [CrossRef] [PubMed]

Park, K.C.; Paluncic, J.; Kovacevic, Z.; Richardson, D.R. Pharmacological targeting and the diverse functions of the metastasis
suppressor, NDRGI, in cancer. Free Radic. Biol. Med. 2020, 157, 154-175. [CrossRef] [PubMed]

Kovacevic, Z.; Richardson, D.R. The metastasis suppressor, Ndrg-1: A new ally in the fight against cancer. Carcinogenesis 2006, 27,
2355-2366. [CrossRef] [PubMed]

van Belzen, N.; Dinjens, W.N.; Diesveld, M.P,; Groen, N.A.; van der Made, A.C.; Nozawa, Y.; Vlietstra, R.; Trapman, J.; Bosman,
E.T. A novel gene which is up-regulated during colon epithelial cell differentiation and down-regulated in colorectal neoplasms.
Lab. Investig. 1997, 77, 85-92. [PubMed]

Shimono, A.; Okuda, T.; Kondoh, H. N-myc-dependent repression of NDR1, a gene identified by direct subtraction of whole
mouse embryo cDNAs between wild type and N-myc mutant. Mech. Dev. 1999, 83, 39-52. [CrossRef]

Liu, R.; Shi, P.; Wang, Z.; Yuan, C.; Cui, H. Molecular Mechanisms of MYCN Dysregulation in Cancers. Front. Oncol. 2021, 10,
625332. [CrossRef] [PubMed]

Consortium, T.U. UniProt: The universal protein knowledgebase in 2021. Nucleic Acids Res. 2020, 49, D480-D489. [CrossRef]
Bandyopadhyay, S.; Pai, S.K.; Hirota, S.; Hosobe, S.; Takano, Y.; Saito, K.; Piquemal, D.; Commes, T.; Watabe, M.; Gross,
S.C.; et al. Role of the putative tumor metastasis suppressor gene Drg-1 in breast cancer progression. Oncogene 2004, 23, 5675-5681.
[CrossRef]

Das, PM.; Singal, R. DNA Methylation and Cancer. J. Clin. Oncol. 2004, 22, 4632—-4642. [CrossRef]

Shaw, E.; McCue, L.A.; Lawrence, C.E.; Dordick, ].S. Identification of a novel class in the ot/ hydrolase fold superfamily: The
N-myec differentiation-related proteins. Proteins Struct. Funct. Bioinform. 2002, 47, 163-168. [CrossRef]

Hwang, J.; Kim, Y.; Kang, H.B.; Jaroszewski, L.; Deacon, A.M.; Lee, H.; Choi, W.-C.; Kim, K.-J.; Kim, C.-H.; Kang, B.S. Crystal
structure of the human N-Myc downstream-regulated gene 2 protein provides insight into its role as a tumor suppressor.
J. Biol. Chem. 2011, 286, 12450-12460. [CrossRef]

Qu, X,; Zhai, Y.; Wei, H.; Zhang, C.; Xing, G.; Yu, Y.; He, F. Characterization and expression of three novel differentiation-related
genes belong to the human NDRG gene family. Mol. Cell. Biochem. 2002, 229, 35—44. [CrossRef]

Shi, X.-H.; Larkin, J.C.; Chen, B.; Sadovsky, Y. The Expression and Localization of N-Myc Downstream-Regulated Gene 1 in
Human Trophoblasts. PLoS ONE 2013, 8, €75473. [CrossRef]

Agarwala, K.L.; Kokame, K.; Kato, H.; Miyata, T. Phosphorylation of RTP, an ER Stress-Responsive Cytoplasmic Protein.
Biochem. Biophys. Res. Commun. 2000, 272, 641-647. [CrossRef]

Murakami, Y.; Hosoi, E; Izumi, H.; Maruyama, Y.; Ureshino, H.; Watari, K.; Kohno, K.; Kuwano, M.; Ono, M. Iden-
tification of sites subjected to serine/threonine phosphorylation by SGK1 affecting N-myc downstream-regulated gene
1 (NDRG1)/Cap43-dependent suppression of angiogenic CXC chemokine expression in human pancreatic cancer cells.
Biochem. Biophys. Res. Commun. 2010, 396, 376-381. [CrossRef]

Lachat, P; Shaw, P.; Gebhard, S.; van Belzen, N.; Chaubert, P.; Bosman, ET. Expression of NDRG1, a differentiation-related gene,
in human tissues. Histochem. Cell Biol. 2002, 118, 399-408. [CrossRef]

Kurdistani, S.K.; Arizti, P.; Reimer, C.L.; Sugrue, M.M.; Aaronson, S.A.; Lee, S.W. Inhibition of Tumor Cell Growth by RTP/rit42
and Its Responsiveness to p53 and DNA Damagel. Cancer Res. 1998, 58, 4439-4444. [PubMed]

Chekmarev, J.; Azad, M.G.; Richardson, D.R. The Oncogenic Signaling Disruptor, NDRG1: Molecular and Cellular Mechanisms
of Activity. Cells 2021, 10, 2382. [CrossRef]

Kachhap, S.K,; Faith, D.; Qian, D.Z.; Shabbeer, S.; Galloway, N.L.; Pili, R.; Denmeade, S.R.; DeMarzo, A.M.; Carducci, M.A. The
N-Myc Down Regulated Genel (NDRG1) Is a Rab4a Effector Involved in Vesicular Recycling of E-Cadherin. PLoS ONE 2007, 2,
e844. [CrossRef] [PubMed]

Houtkooper, R.H.; Vaz, EM. Cardiolipin, the heart of mitochondrial metabolism. Cell. Mol. Life Sci. 2008, 65, 2493-2506. [CrossRef]
[PubMed]

Kim, K.-t.; Ongusaha, PP.; Hong, Y.-K.; Kurdistani, S.K.; Nakamura, M.; Lu, K.P,; Lee, S.W. Function of Drgl/Rit42 in p53-
dependent Mitotic Spindle Checkpoint. J. Biol. Chem. 2004, 279, 38597-38602. [CrossRef] [PubMed]

McCaig, C.; Potter, L.; Abramczyk, O.; Murray, ].T. Phosphorylation of NDRGI is temporally and spatially controlled during the
cell cycle. Biochem. Biophys. Res. Commun. 2011, 411, 227-234. [CrossRef] [PubMed]

Muz, B.; de la Puente, P.; Azab, F; Azab, A K. The role of hypoxia in cancer progression, angiogenesis, metastasis, and resistance
to therapy. Hypoxia 2015, 3, 83-92. [CrossRef] [PubMed]

Cangul, H. Hypoxia upregulates the expression of the NDRGI gene leading to its overexpression in various human cancers.
BMC Genet. 2004, 5, 27. [CrossRef] [PubMed]


http://doi.org/10.1016/j.bbadis.2018.04.011
http://www.ncbi.nlm.nih.gov/pubmed/29679718
http://doi.org/10.1016/j.freeradbiomed.2019.05.020
http://www.ncbi.nlm.nih.gov/pubmed/31132412
http://doi.org/10.1093/carcin/bgl146
http://www.ncbi.nlm.nih.gov/pubmed/16920733
http://www.ncbi.nlm.nih.gov/pubmed/9251681
http://doi.org/10.1016/S0925-4773(99)00025-8
http://doi.org/10.3389/fonc.2020.625332
http://www.ncbi.nlm.nih.gov/pubmed/33614505
http://doi.org/10.1093/nar/gkaa1100
http://doi.org/10.1038/sj.onc.1207734
http://doi.org/10.1200/JCO.2004.07.151
http://doi.org/10.1002/prot.10083
http://doi.org/10.1074/jbc.M110.170803
http://doi.org/10.1023/A:1017934810825
http://doi.org/10.1371/journal.pone.0075473
http://doi.org/10.1006/bbrc.2000.2833
http://doi.org/10.1016/j.bbrc.2010.04.100
http://doi.org/10.1007/s00418-002-0460-9
http://www.ncbi.nlm.nih.gov/pubmed/9766676
http://doi.org/10.3390/cells10092382
http://doi.org/10.1371/journal.pone.0000844
http://www.ncbi.nlm.nih.gov/pubmed/17786215
http://doi.org/10.1007/s00018-008-8030-5
http://www.ncbi.nlm.nih.gov/pubmed/18425414
http://doi.org/10.1074/jbc.M400781200
http://www.ncbi.nlm.nih.gov/pubmed/15247272
http://doi.org/10.1016/j.bbrc.2011.06.092
http://www.ncbi.nlm.nih.gov/pubmed/21708134
http://doi.org/10.2147/HP.S93413
http://www.ncbi.nlm.nih.gov/pubmed/27774485
http://doi.org/10.1186/1471-2156-5-27
http://www.ncbi.nlm.nih.gov/pubmed/15341671

Cancers 2022, 14, 5739 12 of 15

25.

26.

27.

28.

29.

30.

31.

32.

33.

34.

35.

36.

37.

38.

39.

40.

41.

42.

43.

44.

45.

46.

47.

48.

49.

Jung, E.U.; Yoon, J.-H.; Lee, Y.-]; Lee, ].-H.; Kim, B.H.; Yu, S.J.; Myung, S.J.; Kim, YJ.; Lee, H.-S. Hypoxia and retinoic acid-inducible
NDRGI expression is responsible for doxorubicin and retinoic acid resistance in hepatocellular carcinoma cells. Cancer Lett. 2010,
298, 9-15. [CrossRef]

Guo, D.-D.; Xie, K.-F,; Luo, X.-]. Hypoxia-induced elevated NDRG1 mediates apoptosis through reprograming mitochondrial
fission in HCC. Gene 2020, 741, 144552. [CrossRef] [PubMed]

Madan, A.; Curtin, P.T. A 24-base-pair sequence 3’ to the human erythropoietin gene contains a hypoxia-responsive transcriptional
enhancer. Proc. Natl. Acad. Sci. USA 1993, 90, 3928-3932. [CrossRef]

Wenger, R.H.; Kvietikova, I.; Rolfs, A.; Camenisch, G.; Gassmann, M. Oxygen-regulated erythropoietin gene expression is
dependent on a CpG methylation-free hypoxia-inducible factor-1 DNA-binding site. Eur. ]. Biochem. 1998, 253, 771-777.
[CrossRef]

Wang, Q.; Li, L.-H.; Gao, G.-D.; Wang, G.; Qu, L.; Li, ].-G.; Wang, C.-M. HIF-1x up-regulates NDRG1 expression through binding
to NDRG1 promoter, leading to proliferation of lung cancer A549 cells. Mol. Biol. Rep. 2013, 40, 3723-3729. [CrossRef]

Sibold, S.; Roh, V.; Keogh, A.; Studer, P; Tiffon, C.; Angst, E.; Vorburger, S.A.; Weimann, R.; Candinas, D.; Stroka, D. Hypoxia
increases cytoplasmic expression of NDRGI, but is insufficient for its membrane localization in human hepatocellular carcinoma.
FEBS Lett. 2007, 581, 989-994. [CrossRef]

Chua, M.-S.; Sun, H.; Cheung, S.T.; Mason, V.; Higgins, ].; Ross, D.T.; Fan, S.T.; So, S. Overexpression of NDRGI is an indicator of
poor prognosis in hepatocellular carcinoma. Mod. Pathol. 2007, 20, 76-83. [CrossRef] [PubMed]

Nagai, M.A.; Gerhard, R.; Fregnani, ].H.T.G.; Nonogaki, S.; Rierger, R.B.; Netto, M.M.; Soares, E.A. Prognostic value of NDRG1
and SPARC protein expression in breast cancer patients. Breast Cancer Res. Treat. 2011, 126, 1-14. [CrossRef]

Cuny, M.; Kramar, A.; Courjal, F; Johannsdottir, V.; lacopetta, B.; Fontaine, H.; Grenier, J.; Culine, S.; Theillet, C. Relating Genotype
and Phenotype in Breast Cancer: An Analysis of the Prognostic Significance of Amplification at Eight Different Genes or Loci and
of p53 Mutations. Cancer Res. 2000, 60, 1077-1083. [PubMed]

Al-Kuraya, K.; Schraml, P,; Torhorst, J.; Tapia, C.; Zaharieva, B.; Novotny, H.; Spichtin, H.; Maurer, R.; Mirlacher, M.; Kochli, O.
Prognostic relevance of gene amplifications and coamplifications in breast cancer. Cancer Res. 2004, 64, 8534-8540. [CrossRef]
Zheng, Y.; Cheng, Y.; Zhang, C; Fu, S.; He, G.; Cai, L.; Qiu, L.; Huang, K.; Chen, Q.; Xie, W. Co-amplification of genes in
chromosome 8q24: A robust prognostic marker in hepatocellular carcinoma. J. Gastrointest. Oncol. 2021, 12, 1086. [CrossRef]
[PubMed]

Solé, R.; Aguadé-Gorgorid, G. The ecology of cancer differentiation therapy. J. Theor. Biol. 2021, 511, 110552. [CrossRef]

Bae, D.-H.; Jansson, P.J.; Huang, M.L.; Kovacevic, Z.; Kalinowski, D.; Lee, C.S.; Sahni, S.; Richardson, D.R. The role of NDRG1 in
the pathology and potential treatment of human cancers. J. Clin. Pathol. 2013, 66, 911-917. [CrossRef]

Mao, X.-Y.; Fan, C.-F,; Wei, ].; Liu, C.; Zheng, H.-C.; Yao, F; Jin, F. Increased N-myc downstream-regulated gene 1 expression is
associated with breast atypia-to-carcinoma progression. Tumor Biol. 2011, 32, 1271. [CrossRef]

Villodre, E.S.; Gong, Y.; Hu, X.; Huo, L.; Yoon, E.C.; Ueno, N.T.; Woodward, W.A_; Tripathy, D.; Song, J.; Debeb, B.G. NDRG1
Expression Is an Independent Prognostic Factor in Inflammatory Breast Cancer. Cancers 2020, 12, 3711. [CrossRef]

Villodre, E.S.; Hu, X.; Larson, R.; Eckhardt, B.L.; Gong, Y.; Huo, L.; Song, J.; Krishnamurthy, S.; Ibrahim, N.; Ueno, N.T.; et al.
Abstract P3-01-10: NDRG1-egfr axis in inflammatory breast cancer tumorigenesis and brain metastasis. Cancer Res. 2020, 80,
P3-01-10. [CrossRef]

Sevinsky, C.J.; Khan, F.; Kokabee, L.; Darehshouri, A.; Maddipati, K.R.; Conklin, D.S. NDRGI regulates neutral lipid metabolism
in breast cancer cells. Breast Cancer Res. 2018, 20, 55. [CrossRef]

Luo, X.; Cheng, C.; Tan, Z; Li, N.; Tang, M.; Yang, L.; Cao, Y. Emerging roles of lipid metabolism in cancer metastasis. Mol. Cancer
2017, 16, 76. [CrossRef]

Tu, L.C; Yan, X.; Hood, L.; Lin, B. Proteomics Analysis of the Interactome of N-myc Downstream Regulated Gene 1 and Its
Interactions with the Androgen Response Program in Prostate Cancer Cells. Mol. Cell. Proteom. 2007, 6, 575-588. [CrossRef]
[PubMed]

Dixon, K.M.; Lui, G.Y.L.; Kovacevic, Z.; Zhang, D.; Yao, M.; Chen, Z.; Dong, Q.; Assinder, S.J.; Richardson, D.R. Dp44mT targets
the AKT, TGF-f3 and ERK pathways via the metastasis suppressor NDRG1 in normal prostate epithelial cells and prostate cancer
cells. Br. J. Cancer 2013, 108, 409-419. [CrossRef]

Bandyopadhyay, S.; Pai, S.K.; Gross, S.C.; Hirota, S.; Hosobe, S.; Miura, K.; Saito, K.; Commes, T.; Hayashi, S.; Watabe, M.; et al.
The Drg-1 Gene Suppresses Tumor Metastasis in Prostate Cancer. Cancer Res. 2003, 63, 1731-1736.

Sharma, A.; Mendonca, J.; Ying, J.; Kim, H.-S.; Verdone, ].E.; Zarif, ].C.; Carducci, M.; Hammers, H.; Pienta, K.J.; Kachhap, S. The
prostate metastasis suppressor gene NDRG1 differentially regulates cell motility and invasion. Mol. Oncol. 2017, 11, 655-669.
[CrossRef]

Song, Y.; Oda, Y.; Hori, M.; Kuroiwa, K.; Ono, M.; Hosoi, F,; Basaki, Y.; Tokunaga, S.; Kuwano, M.; Naito, S.; et al. N-myc
downstream regulated gene-1/Cap43 may play an important role in malignant progression of prostate cancer, in its close
association with E-cadherin. Hum. Pathol. 2010, 41, 214-222. [CrossRef] [PubMed]

Cheng, T.-L.; Symons, M.; Jou, T.-S. Regulation of anoikis by Cdc42 and Racl. Exp. Cell Res. 2004, 295, 497-511. [CrossRef]
[PubMed]

McCall, P.; Gemmell, L.K.; Mukherjee, R.; Bartlett, .M.S.; Edwards, J. Phosphorylation of the androgen receptor is associated with
reduced survival in hormone-refractory prostate cancer patients. Br. J. Cancer 2008, 98, 1094-1101. [CrossRef]


http://doi.org/10.1016/j.canlet.2010.05.020
http://doi.org/10.1016/j.gene.2020.144552
http://www.ncbi.nlm.nih.gov/pubmed/32165297
http://doi.org/10.1073/pnas.90.9.3928
http://doi.org/10.1046/j.1432-1327.1998.2530771.x
http://doi.org/10.1007/s11033-012-2448-4
http://doi.org/10.1016/j.febslet.2007.01.080
http://doi.org/10.1038/modpathol.3800711
http://www.ncbi.nlm.nih.gov/pubmed/17170744
http://doi.org/10.1007/s10549-010-0867-2
http://www.ncbi.nlm.nih.gov/pubmed/10706127
http://doi.org/10.1158/0008-5472.CAN-04-1945
http://doi.org/10.21037/jgo-21-205
http://www.ncbi.nlm.nih.gov/pubmed/34295559
http://doi.org/10.1016/j.jtbi.2020.110552
http://doi.org/10.1136/jclinpath-2013-201692
http://doi.org/10.1007/s13277-011-0232-z
http://doi.org/10.3390/cancers12123711
http://doi.org/10.1158/1538-7445.SABCS19-P3-01-10
http://doi.org/10.1186/s13058-018-0980-4
http://doi.org/10.1186/s12943-017-0646-3
http://doi.org/10.1074/mcp.M600249-MCP200
http://www.ncbi.nlm.nih.gov/pubmed/17220478
http://doi.org/10.1038/bjc.2012.582
http://doi.org/10.1002/1878-0261.12059
http://doi.org/10.1016/j.humpath.2009.07.011
http://www.ncbi.nlm.nih.gov/pubmed/19800102
http://doi.org/10.1016/j.yexcr.2004.02.002
http://www.ncbi.nlm.nih.gov/pubmed/15093747
http://doi.org/10.1038/sj.bjc.6604152

Cancers 2022, 14, 5739 13 of 15

50.

51.

52.
53.

54.

55.

56.

57.

58.

59.

60.

61.

62.

63.

64.

65.

66.

67.

68.

69.

70.

71.

72.

73.
74.

Lim, S.C.; Geleta, B.; Maleki, S.; Richardson, D.R.; Kovagevi¢, Z. The metastasis suppressor NDRGI directly regulates androgen
receptor signaling in prostate cancer. J. Biol. Chem. 2021, 297, 101414. [CrossRef]

Maruyama, Y.; Ono, M.; Kawahara, A.; Yokoyama, T.; Basaki, Y.; Kage, M.; Aoyagi, S.; Kinoshita, H.; Kuwano, M. Tumor Growth
Suppression in Pancreatic Cancer by a Putative Metastasis Suppressor Gene Cap43/NDRG1/Drg-1 through Modulation of
Angiogenesis. Cancer Res. 2006, 66, 6233-6242. [CrossRef] [PubMed]

Kasai, K. GLI1, a master regulator of the hallmark of pancreatic cancer. Pathol. Int. 2016, 66, 653—-660. [CrossRef] [PubMed]
Noubissi, EK.; Goswami, S.; Sanek, N.A.; Kawakami, K.; Minamoto, T.; Moser, A.; Grinblat, Y.; Spiegelman, V.S. Wnt Signaling
Stimulates Transcriptional Outcome of the Hedgehog Pathway by Stabilizing GLI1 mRNAWnt Signaling Stabilizes GLI1 mRNA.
Cancer Res. 2009, 69, 8572-8578. [CrossRef]

Geleta, B.; Park, K.C,; Jansson, PJ.; Sahni, S.; Maleki, S.; Xu, Z.; Murakami, T.; Pajic, M.; Apte, M.V.; Richardson, D.R,; et al.
Breaking the cycle: Targeting of NDRGI to inhibit bi-directional oncogenic cross-talk between pancreatic cancer and stroma.
FASEB ]. 2021, 35, €21347. [CrossRef] [PubMed]

Angst, E.; Dawson, D.W.; Stroka, D.; Gloor, B.; Park, J.; Candinas, D.; Reber, H.A.; Hines, O.].; Eibl, G. N-myc downstream
regulated gene-1 expression correlates with reduced pancreatic cancer growth and increased apoptosis in vitro and in vivo. Surgery
2011, 149, 614-624. [CrossRef]

Yan, X.; Chua, M.-S; Sun, H.; So, S. N-Myc down-regulated gene 1 mediates proliferation, invasion, and apoptosis of hepatocellular
carcinoma cells. Cancer Lett. 2008, 262, 133-142. [CrossRef]

Hua, Y;; Jia, X,; Sun, M.; Zheng, L.; Yin, L.; Zhang, L.; Cai, Z. Plasma membrane proteomic analysis of human osteosarcoma and
osteoblastic cells: Revealing NDRGI1 as a marker for osteosarcoma. Tumor Biol. 2011, 32, 1013-1021. [CrossRef]
Mendoza-Naranjo, A.; El-Naggar, A.; Wai, D.H.; Mistry, P,; Lazic, N.; Ayala, ER.R.; da Cunha, L W,; Rodriguez-Viciana, P.; Cheng,
H.; Tavares Guerreiro Fregnani, J.H.; et al. ERBB4 confers metastatic capacity in Ewing sarcoma. EMBO Mol. Med. 2013, 5,
1087-1102. [CrossRef]

Wang, H.; Sun, W.; Sun, M.; Fu, Z.; Zhou, C.; Wang, C.; Zuo, D.; Zhou, Z.; Wang, G.; Zhang, T.; et al. HER4 promotes cell survival
and chemoresistance in osteosarcoma via interaction with NDRG1. Biochim. Biophys. Acta (BBA)-Mol. Basis Dis. 2018, 1864 Pt A,
1839-1849. [CrossRef]

Zhao, T.; Meng, Y.; Wang, Y.; Wang, W. NDRG1 regulates osteosarcoma cells via mediating the mitochondrial function and CSCs
differentiation. J. Orthop. Surg. Res. 2021, 16, 364. [CrossRef]

Wang, H.; Li, W.; Xu, J.; Zhang, T.; Zuo, D.; Zhou, Z.; Lin, B.; Wang, G.; Wang, Z.; Sun, W.; et al. NDRGI1 inhibition sensitizes
osteosarcoma cells to combretastatin A-4 through targeting autophagy. Cell Death Dis. 2017, 8, e3048. [CrossRef] [PubMed]
Guan, R],; Ford, HL.; Fu, Y;; Li, Y.; Shaw, L.M.; Pardee, A.B. Drg-1 as a Differentiation-related, Putative Metastatic Suppressor
Gene in Human Colon Cancerl. Cancer Res. 2000, 60, 749-755.

Geiger, T.R.; Peeper, D.S. Metastasis mechanisms. Biochim. Biophys. Acta (BBA)-Rev. Cancer 2009, 1796, 293-308. [CrossRef]
[PubMed]

Liu, W,; Xing, F; liizumi-Gairani, M.; Okuda, H.; Watabe, M.; Pai, S.K.; Pandey, PR.; Hirota, S.; Kobayashi, A.; Mo,
Y.-Y,; et al. N-myc downstream regulated gene 1 modulates Wnt-B-catenin signalling and pleiotropically suppresses
metastasis. EMBO Mol. Med. 2012, 4, 93-108. [CrossRef] [PubMed]

Kalluri, R.; Weinberg, R.A. The basics of epithelial-mesenchymal transition. J. Clin. Investig. 2009, 119, 1420-1428. [CrossRef]
Chen, Z.; Zhang, D.; Yue, E; Zheng, M.; Kovacevic, Z.; Richardson, D.R. The Iron Chelators Dp44mT and DFO Inhibit TGF-f3
induced Epithelial-Mesenchymal Transition via Up-Regulation of N-Myc Downstream-regulated Gene 1 (NDRG1). J. Biol. Chem.
2012, 287,17016-17028. [CrossRef] [PubMed]

Oft, M.; Heider, K.-H.; Beug, H. TGF} signaling is necessary for carcinoma cell invasiveness and metastasis. Curr. Biol. 1998, 8,
1243-1252. [CrossRef]

Heldin, C.-H.; Miyazono, K.; Ten Dijke, P. TGF-f signalling from cell membrane to nucleus through SMAD proteins. Nature 1997,
390, 465-471. [CrossRef]

Sterneck, E.; Poria, D.K,; Balamurugan, K. Slug and E-Cadherin: Stealth Accomplices? Front. Mol. Biosci. 2020, 7, 138. [CrossRef]
Jin, R; Liu, W.; Menezes, S.; Yue, F.; Zheng, M.; Kovacevic, Z.; Richardson, D.R. The metastasis suppressor NDRG1 modulates the
phosphorylation and nuclear translocation of 3-catenin through mechanisms involving FRAT1 and PAK4. |. Cell Sci. 2014, 127,
3116-3130. [CrossRef] [PubMed]

Bandyopadhyay, S.; Pai, S.K.; Hirota, S.; Hosobe, S.; Tsukada, T.; Miura, K.; Takano, Y.; Saito, K.; Commes, T.; Piquemal, D.
PTEN up-regulates the tumor metastasis suppressor gene Drg-1 in prostate and breast cancer. Cancer Res. 2004, 64, 7655-7660.
[CrossRef] [PubMed]

Kovacevic, Z.; Chikhani, S.; Lui, G.Y.; Sivagurunathan, S.; Richardson, D.R. The iron-regulated metastasis suppressor NDRG1
targets NEDD4L, PTEN, and SMAD4 and inhibits the PI3K and Ras signaling pathways. Antioxid. Redox Signal. 2013, 18, 874-887.
[CrossRef] [PubMed]

Carracedo, A.; Pandolfi, PP. The PTEN-PI3K pathway: Of feedbacks and cross-talks. Oncogene 2008, 27, 5527-5541. [CrossRef]
Chen, ].S.; Wang, Q.; Fu, XH.; Huang, X.H.; Chen, X.L.; Cao, L.Q.; Chen, L.Z.; Tan, HX,; Li, W,; Bi, ].; et al. Involvement
of PI3K/PTEN/AKT/mTOR pathway in invasion and metastasis in hepatocellular carcinoma: Association with MMP-9.
Hepatol. Res. 2009, 39, 177-186. [CrossRef] [PubMed]


http://doi.org/10.1016/j.jbc.2021.101414
http://doi.org/10.1158/0008-5472.CAN-06-0183
http://www.ncbi.nlm.nih.gov/pubmed/16778198
http://doi.org/10.1111/pin.12476
http://www.ncbi.nlm.nih.gov/pubmed/27862693
http://doi.org/10.1158/0008-5472.CAN-09-1500
http://doi.org/10.1096/fj.202002279R
http://www.ncbi.nlm.nih.gov/pubmed/33484481
http://doi.org/10.1016/j.surg.2010.11.002
http://doi.org/10.1016/j.canlet.2007.12.010
http://doi.org/10.1007/s13277-011-0203-4
http://doi.org/10.1002/emmm.201202343
http://doi.org/10.1016/j.bbadis.2018.03.008
http://doi.org/10.1186/s13018-021-02503-5
http://doi.org/10.1038/cddis.2017.438
http://www.ncbi.nlm.nih.gov/pubmed/28906492
http://doi.org/10.1016/j.bbcan.2009.07.006
http://www.ncbi.nlm.nih.gov/pubmed/19683560
http://doi.org/10.1002/emmm.201100190
http://www.ncbi.nlm.nih.gov/pubmed/22246988
http://doi.org/10.1172/JCI39104
http://doi.org/10.1074/jbc.M112.350470
http://www.ncbi.nlm.nih.gov/pubmed/22453918
http://doi.org/10.1016/S0960-9822(07)00533-7
http://doi.org/10.1038/37284
http://doi.org/10.3389/fmolb.2020.00138
http://doi.org/10.1242/jcs.147835
http://www.ncbi.nlm.nih.gov/pubmed/24829151
http://doi.org/10.1158/0008-5472.CAN-04-1623
http://www.ncbi.nlm.nih.gov/pubmed/15520163
http://doi.org/10.1089/ars.2011.4273
http://www.ncbi.nlm.nih.gov/pubmed/22462691
http://doi.org/10.1038/onc.2008.247
http://doi.org/10.1111/j.1872-034X.2008.00449.x
http://www.ncbi.nlm.nih.gov/pubmed/19208038

Cancers 2022, 14, 5739 14 of 15

75.

76.

77.

78.

79.

80.

81.

82.

83.

84.

85.

86.

87.

88.

89.

90.

91.

92.

93.
94.
95.
96.

97.

Li, B.; Xu, WW.,; Lam, A K.Y,; Wang, Y.; Hu, HE; Guan, X.Y.; Qin, Y.R.; Saremi, N.; Tsao, SW.; He, Q.Y.; et al. Significance of
PI3K/AKT signaling pathway in metastasis of esophageal squamous cell carcinoma and its potential as a target for anti-metastasis
therapy. Oncotarget 2017, 8, 38755-38766. [CrossRef]

Tehranian, C.; Fankhauser, L.; Harter, PN.; Ratcliffe, C.D.H.; Zeiner, P.S.; Messmer, ].M.; Hoffmann, D.C.; Frey, K.; Westphal, D;
Ronellenfitsch, M.W.; et al. The PI3K/Akt/mTOR pathway as a preventive target in melanoma brain metastasis. Neuro-Oncology
2021, 24, 213-225. [CrossRef] [PubMed]

Huang, H. Matrix Metalloproteinase-9 (MMP-9) as a Cancer Biomarker and MMP-9 Biosensors: Recent Advances. Sensors 2018,
18, 3249. [CrossRef]

Stein, S.; Thomas, E.K.; Herzog, B.; Westfall, M.D.; Rocheleau, J.V.; Jackson, R.S., II; Wang, M.; Liang, P. NDRGI Is Necessary for
p53-dependent Apoptosis. J. Biol. Chem. 2004, 279, 48930-48940. [CrossRef]

Ureshino, H.; Murakami, Y.; Watari, K.; Izumi, H.; Kawahara, A.; Kage, M.; Arao, T.; Nishio, K.; Yanagihara, K.; Kinoshita,
H.; et al. N-myc Downstream Regulated Gene 1 (NDRG1) Promotes Metastasis of Human Scirrhous Gastric Cancer Cells through
Epithelial Mesenchymal Transition. PLoS ONE 2012, 7, e41312. [CrossRef]

Akiba, J.; Ogasawara, S.; Kawahara, A.; Nishida, N.; Sanada, S.; Moriya, F.; Kuwano, M.; Nakashima, O.; Yano, H. N-myc
downstream regulated gene 1 (NDRG1)/Cap43 enhances portal vein invasion and intrahepatic metastasis in human hepatocellular
carcinoma. Oncol. Rep. 2008, 20, 1329-1335. [CrossRef]

Sohda, M.; Mochida, Y.; Kato, H.; Miyazaki, T.; Nakajima, M.; Fukuchi, M.; Manda, R.; Fukai, Y.; Masuda, N.; Ono, M.; et al.
Overexpression of Cap43 is associated with malignant status of esophageal cancer. Anticancer Res. 2009, 29, 965. [PubMed]

Ai, R; Sun, Y.; Guo, Z.; Wei, W.; Zhou, L.; Liu, F; Hendricks, D.T;; Xu, Y.; Zhao, X. NDRGI1 overexpression promotes the
progression of esophageal squamous cell carcinoma through modulating Wnt signaling pathway. Cancer Biol. Ther. 2016, 17,
943-954. [CrossRef] [PubMed]

Kawahara, A.; Akiba, J.; Hattori, S.; Yamaguchi, T.; Abe, H.; Taira, T.; Ureshino, H.; Murakami, Y.; Watari, K.; Koufuji, K.; et al.
Nuclear expression of N-myc downstream regulated gene 1/Ca2+-associated protein 43 is closely correlated with tumor
angiogenesis and poor survival in patients with gastric cancer. Exp. Ther. Med. 2011, 2, 471-479. [CrossRef]

Villodre, E.S.; Hu, X.; Eckhardt, B.L.; Larson, R.; Huo, L.; Yoon, E.C.; Gong, Y.; Song, J.; Liu, S.; Ueno, N.T.; et al. NDRG1 in
Aggressive Breast Cancer Progression and Brain Metastasis. [NCI J. Natl. Cancer Inst. 2021, 114, 579-591. [CrossRef]

Berghoff, A.S.; Liao, Y.; Karreman, M.A.; Ilhan-Mutlu, A.; Gunkel, K.; Sprick, M.R,; Eisen, C.; Kessler, T.; Osswald, M.; Wiinsche,
S.; et al. Identification and Characterization of Cancer Cells That Initiate Metastases to the Brain and Other Organs. Mol. Cancer
Res. 2021, 19, 688-701. [CrossRef] [PubMed]

zhang, D.; Jia, J.; Zhao, G.; Yue, M,; Yang, H.; Wang, ]. NDRG1 promotes the multidrug resistance of neuroblastoma cells with
upregulated expression of drug resistant proteins. Biomed. Pharmacother. 2015, 76, 46-51. [CrossRef]

Kim, S.-C.; Shin, Y.-K,; Kim, Y.-A,; Jang, S.-G.; Ku, ] .-L. Identification of genes inducing resistance to ionizing radiation in human
rectal cancer cell lines: Re-sensitization of radio-resistant rectal cancer cells through down regulating NDRG1. BMC Cancer 2018,
18, 594. [CrossRef]

He, L.; Liu, K.; Wang, X.; Chen, H.; Zhou, J.; Wu, X; Liu, T,; Yang, Y.; Yang, X.; Cui, D.; et al. NDRG1 disruption alleviates
cisplatin/sodium glycididazole-induced DNA damage response and apoptosis in ERCC1-defective lung cancer cells. Int. ].
Biochem. Cell Biol. 2018, 100, 54-60. [CrossRef]

Kovacevic, Z.; Fu, D.; Richardson, D.R. The iron-regulated metastasis suppressor, Ndrg-1: Identification of novel molecular
targets. Biochim. Biophys. Acta (BBA)-Mol. Cell Res. 2008, 1783, 1981-1992. [CrossRef]

Le, N.T.V,; Richardson, D.R. Iron chelators with high antiproliferative activity up-regulate the expression of a growth inhibitory
and metastasis suppressor gene: A link between iron metabolism and proliferation. Blood 2004, 104, 2967-2975. [CrossRef]
Whitnall, M.; Howard, ].; Ponka, P; Richardson, D.R. A class of iron chelators with a wide spectrum of potent antitumor activity
that overcomes resistance to chemotherapeutics. Proc. Natl. Acad. Sci. USA 2006, 103, 14901-14906. [CrossRef]

Lovejoy, D.B.; Sharp, D.M.; Seebacher, N.; Obeidy, P; Prichard, T.; Stefani, C.; Basha, M.T.; Sharpe, P.C.; Jansson, P.J.; Kalinowski,
D.S. Novel second-generation di-2-pyridylketone thiosemicarbazones show synergism with standard chemotherapeutics and
demonstrate potent activity against lung cancer xenografts after oral and intravenous administration in vivo. J. Med. Chem. 2012,
55, 7230-7244. [CrossRef] [PubMed]

Yu, Y.; Rahmanto, Y.S.; Richardson, D. Bp44mT: An orally active iron chelator of the thiosemicarbazone class with potent
anti-tumour efficacy. Br. J. Pharmacol. 2012, 165, 148-166. [CrossRef]

Ivan, M.; Kondo, K.; Yang, H.; Kim, W.; Valiando, J.; Ohh, M.; Salic, A.; Asara, ].M.; Lane, W.S.; Kaelin, W.G., Jr. HIFx Targeted for
VHL-Mediated Destruction by Proline Hydroxylation: Implications for O, Sensing. Science 2001, 292, 464-468. [CrossRef]

Caro, J. Hypoxia regulation of gene transcription. High Alt. Med. Biol. 2001, 2, 145-154. [CrossRef] [PubMed]

Menezes, S.V.; Fouani, L.; Huang, M.L.H.; Geleta, B.; Maleki, S.; Richardson, A.; Richardson, D.R.; Kovacevic, Z. The metastasis
suppressor, NDRGI, attenuates oncogenic TGF-f3 and NF-kB signaling to enhance membrane E-cadherin expression in pancreatic
cancer cells. Carcinogenesis 2019, 40, 805-818. [CrossRef]

Sahni, S.; Bae, D.-H.; Lane, D.J.R.; Kovacevic, Z.; Kalinowski, D.S.; Jansson, P.J.; Richardson, D.R. The Metastasis Suppressor,
N-myc Downstream-regulated Gene 1 (NDRG1), Inhibits Stress-induced Autophagy in Cancer Cells. J. Biol. Chem. 2014, 289,
9692-9709. [CrossRef] [PubMed]


http://doi.org/10.18632/oncotarget.16333
http://doi.org/10.1093/neuonc/noab159
http://www.ncbi.nlm.nih.gov/pubmed/34216217
http://doi.org/10.3390/s18103249
http://doi.org/10.1074/jbc.M400386200
http://doi.org/10.1371/journal.pone.0041312
http://doi.org/10.3892/or_00000148
http://www.ncbi.nlm.nih.gov/pubmed/19414333
http://doi.org/10.1080/15384047.2016.1210734
http://www.ncbi.nlm.nih.gov/pubmed/27414086
http://doi.org/10.3892/etm.2011.222
http://doi.org/10.1093/jnci/djab222
http://doi.org/10.1158/1541-7786.MCR-20-0863
http://www.ncbi.nlm.nih.gov/pubmed/33443114
http://doi.org/10.1016/j.biopha.2015.10.015
http://doi.org/10.1186/s12885-018-4514-3
http://doi.org/10.1016/j.biocel.2018.05.003
http://doi.org/10.1016/j.bbamcr.2008.05.016
http://doi.org/10.1182/blood-2004-05-1866
http://doi.org/10.1073/pnas.0604979103
http://doi.org/10.1021/jm300768u
http://www.ncbi.nlm.nih.gov/pubmed/22861499
http://doi.org/10.1111/j.1476-5381.2011.01526.x
http://doi.org/10.1126/science.1059817
http://doi.org/10.1089/152702901750265251
http://www.ncbi.nlm.nih.gov/pubmed/11442996
http://doi.org/10.1093/carcin/bgy178
http://doi.org/10.1074/jbc.M113.529511
http://www.ncbi.nlm.nih.gov/pubmed/24532803

Cancers 2022, 14, 5739 15 of 15

98.

99.

100.

101.

102.

103.

104.

105.

106.

107.

108.

109.

110.

111.

112.

113.

114.

Tsuchihara, K.; Fujii, S.; Esumi, H. Autophagy and cancer: Dynamism of the metabolism of tumor cells and tissues. Cancer Lett.
2009, 278, 130-138. [CrossRef]

Sahni, S.; Gillson, J.; Park, K.C.; Chiang, S.; Leck, L.Y.W.; Jansson, PJ.; Richardson, D.R. NDRG1 suppresses basal and hypoxia-
induced autophagy at both the initiation and degradation stages and sensitizes pancreatic cancer cells to lysosomal membrane
permeabilization. Biochim. Biophys. Acta (BBA)-Gen. Subj. 2020, 1864, 129625. [CrossRef]

Fotovati, A.; Abu-Alj, S.; Kage, M.; Shirouzu, K.; Yamana, H.; Kuwano, M. N-myc Downstream-regulated Gene 1 (NDRG1) a
Differentiation Marker of Human Breast Cancer. Pathol. Oncol. Res. 2011, 17, 525-533. [CrossRef]

Wang, B,; Li, J.; Ye, Z.; Li, Z.; Wu, X. N-myc downstream regulated gene 1 acts as a tumor suppressor in ovarian cancer. Oncol.
Rep. 2014, 31, 2279-2285. [CrossRef]

Zhao, G.; Chen, J.; Deng, Y.; Gao, F; Zhu, ].; Feng, Z.; Lv, X.; Zhao, Z. Identification of NDRG1-regulated genes associated with
invasive potential in cervical and ovarian cancer cells. Biochem. Biophys. Res. Commun. 2011, 408, 154-159. [CrossRef] [PubMed]
Lanczky, A.; Gyo6rffy, B. Web-Based Survival Analysis Tool Tailored for Medical Research (KMplot): Development and Implemen-
tation. J. Med. Internet Res. 2021, 23, €27633. [CrossRef] [PubMed]

Lu, W.-J.; Chua, M.-S; So, S.K. Suppressing N-Myc downstream regulated gene 1 reactivates senescence signaling and inhibits
tumor growth in hepatocellular carcinoma. Carcinogenesis 2013, 35, 915-922. [CrossRef] [PubMed]

Cheng, J.; Xie, H.-Y.; Xu, X.,; Wu, J.; Wei, X,; Su, R.; Zhang, W.; Lv, Z.; Zheng, S.; Zhou, L. NDRG1 as a biomarker for metastasis,
recurrence and of poor prognosis in hepatocellular carcinoma. Cancer Lett. 2011, 310, 35-45. [CrossRef]

Hosoya, N.; Sakumoto, M.; Nakamura, Y.; Narisawa, T.; Bilim, V.; Motoyama, T.; Tomita, Y.; Kondo, T. Proteomics identified
nuclear N-myc downstream-regulated gene 1 as a prognostic tissue biomarker candidate in renal cell carcinoma. Biochim. Biophys.
Acta (BBA)-Proteins Proteom. 2013, 1834, 2630-2639. [CrossRef]

Uhlen, M.; Zhang, C.; Lee, S.; Sjostedt, E.; Fagerberg, L.; Bidkhori, G.; Benfeitas, R.; Arif, M.; Liu, Z.; Edfors, E; et al. A pathology
atlas of the human cancer transcriptome. Science 2017, 357, eaan2507. [CrossRef]

Zhang, Z.-Y.; Zhang, S.-L.; Chen, H.-L.; Mao, Y.-Q,; Li, Z.-M.; Kong, C.-Y,; Han, B.; Zhang, J.; Chen, Y.-H.; Xue, W.; et al. The
up-regulation of NDRG1 by HIF counteracts the cancer-promoting effect of HIF in VHL-deficient clear cell renal cell carcinoma.
Cell Prolif. 2020, 53, €12853. [CrossRef]

Du, A, Jiang, Y.; Fan, C. NDRG1 Downregulates ATF3 and Inhibits Cisplatin-Induced Cytotoxicity in Lung Cancer A549 Cells.
Int. ]. Med. Sci. 2018, 15, 1502-1507. [CrossRef]

Azuma, K.; Kawahara, A.; Hattori, S.; Taira, T.; Tsurutani, J.; Watari, K.; Shibata, T.; Murakami, Y.; Takamori, S.; Ono, M.; et al.
NDRG1/Cap43/Drg-1 may Predict Tumor Angiogenesis and Poor Outcome in Patients with Lung Cancer. . Thorac. Oncol. 2012,
7,779-789. [CrossRef]

Wang, Y.; Zhou, Y.; Tao, F,; Chai, S.; Xu, X.; Yang, Y.; Yang, Y.; Xu, H.; Wang, K. N-myc downstream regulated gene 1(NDRG1)
promotes the stem-like properties of lung cancer cells through stabilized c-Myc. Cancer Lett. 2017, 401, 53—62. [CrossRef]
[PubMed]

Lee, J.E.; Kim, J.H. Valproic acid inhibits the invasion of PC3 prostate cancer cells by upregulating the metastasis suppressor
protein NDRGL1. Genet. Mol. Biol. 2015, 38, 527-533. [CrossRef] [PubMed]

Matsugaki, T.; Zenmyo, M.; Hiraoka, K.; Fukushima, N.; Shoda, T.; Komiya, S.; Ono, M.; Kuwano, M.; Nagata, K. N-myc
downstream-regulated gene 1/Cap43 expression promotes cell differentiation of human osteosarcoma cells. Oncol. Rep. 2010, 24,
721-725. [PubMed]

Song, J.; Lee, J.; Lee, N.; Jung, H.; Kim, S.; Lee, K. Microarray analysis of normal cervix, carcinoma in situ, and invasive cervical
cancer: Identification of candidate genes in pathogenesis of invasion in cervical cancer. Int. ]. Gynecol. Cancer 2008, 18, 1051-1059.
[CrossRef] [PubMed]


http://doi.org/10.1016/j.canlet.2008.09.040
http://doi.org/10.1016/j.bbagen.2020.129625
http://doi.org/10.1007/s12253-010-9342-y
http://doi.org/10.3892/or.2014.3072
http://doi.org/10.1016/j.bbrc.2011.03.140
http://www.ncbi.nlm.nih.gov/pubmed/21463610
http://doi.org/10.2196/27633
http://www.ncbi.nlm.nih.gov/pubmed/34309564
http://doi.org/10.1093/carcin/bgt401
http://www.ncbi.nlm.nih.gov/pubmed/24302615
http://doi.org/10.1016/j.canlet.2011.06.001
http://doi.org/10.1016/j.bbapap.2013.08.009
http://doi.org/10.1126/science.aan2507
http://doi.org/10.1111/cpr.12853
http://doi.org/10.7150/ijms.28055
http://doi.org/10.1097/JTO.0b013e31824c92b4
http://doi.org/10.1016/j.canlet.2017.04.031
http://www.ncbi.nlm.nih.gov/pubmed/28456659
http://doi.org/10.1590/S1415-475738420150028
http://www.ncbi.nlm.nih.gov/pubmed/26692161
http://www.ncbi.nlm.nih.gov/pubmed/20664979
http://doi.org/10.1111/j.1525-1438.2007.01164.x
http://www.ncbi.nlm.nih.gov/pubmed/18217980

	Introduction 
	NDRG1: History and Structure 
	NDRG1 Expression and Localization 
	Hypoxia and NDRG1 
	NDRG1 and Cancer 
	Breast Cancer 
	Prostate Cancer 
	Pancreatic Cancer 
	Osteosarcoma 

	Metastasis 
	NDRG1: Metastasis Suppressor 
	NDRG1: Pro-Metastatic Functions 

	NDRG1 and Drug Resistance 
	Therapeutic Targetability of NDRG1 in Cancer 
	Conclusions/Summary 
	References

