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The iron-regulated metastasis suppressor N-myc downstream-regulated gene 1 (NDRG1) has been shown to inhibit
numerous oncogenic signaling pathways in cancer cells. Recent
findings have demonstrated that NDRG1 inhibits the ErbB family of receptors, which function as key inducers of carcinogenesis. NDRG1 attenuates ErbB signaling by inhibiting formation of
epidermal growth factor receptor (EGFR)/human epidermal
growth factor receptor 2 (HER2) and HER2/HER3 heterodimers
and by down-regulating EGFR via a mechanism involving its
degradation. Understanding the complex interplay between
NDRG1, iron, and ErbB signaling is vital for identifying novel,
more effective targets for cancer therapy.

Metastasis
Metastasis is a multistep process that remains the leading cause
of cancer-related deaths worldwide (1). Beginning at the primary
tumor site, cancer cells disseminate into the bloodstream and
migrate to distant organs where they form secondary tumors (1).
Metastasis of these cells can be triggered by a plethora of biochemical factors and molecules as well as the extracellular environment
(1). Considering its key role in patient mortality, it is pertinent to
understand how metastasis is regulated so as to design therapeutic
modalities to inhibit cancer progression.
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This review specifically addresses the regulation of the metastasis suppressor N-myc downstream-regulated gene 1 (NDRG1) by
iron and its associated downstream signaling pathways that have
also been linked to iron homeostasis. This is important, as iron is
crucial for tumor cell proliferation and metastasis (2), and thus, it is
vital to understand its role in oncogenic signaling.

Iron-regulated metastasis suppressor, NDRG1
The molecule NDRG1 is a well-known metastasis suppressor
that results in decreased metastases and improved patient prognosis in several cancer types, including those of the breast, prostate,
pancreas, and colon (3–5). Paradoxically, NDRG1 expression is
demonstrated to be increased in tumors of the liver, esophagus and
cervix, where it stimulates oncogenesis (6 – 8), although in the
majority of studies, it is associated with metastasis suppression (3,
5). In fact, NDRG1 has been recognized for its involvement in
cellular signaling, growth, differentiation, lipid biosynthesis, and
the stress response (3, 5). Most importantly, in its role as a potent
metastasis suppressor, NDRG1 has been of great interest due to its
ability to inhibit tumor growth and to decrease cell proliferation,
migration, invasion, and angiogenesis (9 –19).
Recently, the roles of LSD1 and N-myc in the regulation of
NDRG1 expression were investigated, and it was shown that LSD1
co-localizes with N-myc at the promoter region of the NDRG1
gene to inhibit its expression (20). Furthermore, it is well known
that NDRG1 is a hypoxia-regulated gene and can be induced by
hypoxic conditions via an HIF-1␣ (hypoxia-inducible factor-1␣)dependent mechanism (21). It has also been demonstrated that
NDRG1 expression is regulated by intracellular iron in a wide variety of studies in vitro and in vivo (9, 13, 15, 16, 21–31). In fact, a
decrease in cellular iron results in robust up-regulation of NDRG1
at the mRNA and protein level, whereas supplementation of iron
leads to decreased NDRG1 expression (21, 22, 27). As an appropriate positive control, the same regulation was also reported for
other classical iron-regulated molecules, e.g. the TfR14 (transferrin
receptor 1), VEGF1 (vascular endothelial growth factor 1), etc.,
4

The abbreviations used are: TfR1, transferrin receptor 1; 311, 2-hydroxyl-1naphthaldehyde isonicotinoyl hydrazone; BTC, betacellulin; DFO, desferrioxamine; Dp44mT, 2-pyridylketone 4,4-dimethyl-3-thiosemicarbazone;
DpC, di-2-pyridylketone 4-cyclohexyl-4-methyl-3-thiosemicarbazone;
EGFR, epidermal growth factor receptor; EMT, epithelial to mesenchymal
transition; NRG, neuregulin; p130Cas, Crk-associated substrate; PTEN, phosphatase and tensin homologue; Raf, rapidly accelerated fibrosarcoma; Tf,
transferrin; FAK, focal adhesion kinase.
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confirming the physiological nature of the iron depletion reported
(21, 22, 27).
Critically, the up-regulation of NDRG1 occurs also in vivo
in tumors after treatment of mice (intravenous) with the
iron chelator, di-2-pyridylketone 4,4-dimethyl-3-thiosemicarbazone (Dp44mT) (26). This occurred concurrently in tumors
with up-regulation of the TfR1 and also VEGF1 (26), both of
which are classically known to be up-regulated by iron depletion (32). Dp44mT is a known iron chelator and results in cellular iron efflux and inhibits iron uptake from transferrin, leading to cellular iron depletion in vitro (33). Its in vivo effects were
consistent with it binding iron in the tumor and forming an
intracellular iron complex that sequestered or redistributed
iron away from the cellular iron-sensing mechanisms, resulting
in up-regulation of genes classically increased during iron
depletion i.e. TfR1 and VEGF1 (25).
Furthermore, because of the treatment of mice with this
novel chelator, there were higher iron levels in the liver, which
corresponded with down-regulation of NDRG1 and also TfR1
and VEGF1 (26). This effect of increasing liver iron levels was a
specific property of Dp44mT and also a related thiosemicarbazone, Triapine威 (25), and it proved useful in demonstrating that
NDRG1 was regulated by iron levels in vivo. Hence, the regulation of NDRG1 in vivo mirrors the regulation by iron observed
in vitro in multiple studies performed by various independent
investigators using many different protocols of iron depletion
(9, 13, 15, 16, 21–31). Also consistent with this regulation are
studies examining patients infected with hepatitis C virus, in
which liver iron loading occurs, and NDRG1 is down-regulated
(34). In summary, studies in vitro and in vivo clearly demonstrate that NDRG1 is regulated by cellular iron depletion (32). It
is noteworthy that whereas iron has been shown to regulate the
expression of NDRG1, further studies are required to confirm
whether this regulation of NDRG1 levels occur due to a direct
response to changes in physiological iron availability.
In terms of the iron-mediated regulation of NDRG1, studies
by the authors first demonstrated that this occurred via both
HIF-1␣-independent and -dependent mechanisms (21). This is
important to consider because iron plays an important role in
oncogenesis, due to its role in cell cycle progression, DNA synthesis, and proliferation (35, 36). Of note, the iron chelators,
desferrioxamine (DFO) and 2-hydroxyl-1-naphthaldehyde
isonicotinoyl hydrazone (311), which cause cellular iron depletion and up-regulate HIF-1␣, can then transactivate NDRG1
(21). Additionally, the eukaryotic initiation factor, eIF3a, was
also shown to positively regulate NDRG1 expression during
iron depletion (22). This occurs through the induction and
recruitment of eIF3a-positive stress granules that, during
stressful conditions, cause NDRG1 mRNA and protein levels to
increase (22). This was demonstrated to occur in the absence of
HIF-1␣ expression and may constitute the HIF-1␣-independent pathway of NDRG1 up-regulation after iron depletion
(22). An additional HIF-1␣-independent pathway has also been
reported by Zhang et al. (31) who, by using a series of NDRG1
promoter deletion constructs, identified a minimal cis-acting
element conferring up-regulation by hypoxia and iron depletion that was localized to an Egr-1 (early growth response 1) and
Sp1-overlapping binding site. This is of further interest espe-

cially as Egr-1 has been also demonstrated to be regulated
by cellular iron levels in vitro (27). Further deletion studies
examining the putative hypoxia-response element sites (i.e.
upstream of the promoter at ⫺1376 bp and ⫺7503 bp) will be
required to assess the importance of the HRE in the direct regulation of NDRG1 by iron (21).

Role of NDRG1 in oncogenic signaling
The role of NDRG1 as a metastasis suppressor has been of
great interest over the past decade, with its ability to affect key
molecules implicated in carcinogenesis (9, 13–17). It has been
reported that NDRG1 can influence multiple signaling pathways responsible for cancer cell migration, proliferation, the
epithelial to mesenchymal transition (EMT), and angiogenesis,
all of which are hallmarks of metastasis (11, 15, 16, 23, 24), and
will be further discussed below.
An important oncogene that is regulated by NDRG1 is cellular Src (c-Src (15)). In fact, c-Src is known to be involved in
promoting tumorigenesis by facilitating cellular migration and
invasion and has been linked to the EMT (37). This process
occurs when cells lose their tight junctions and epithelial phenotype, instead adopting a mesenchymal appearance with associated aggressive characteristics leading to metastasis (37).
Although it has been suggested that non-mutated c-Src may
not be oncogenic by itself, studies have indicated that c-Src can
interact and activate receptor tyrosine kinases and other
growth factor receptors (38, 39). These proteins include epidermal growth factor receptor (EGFR), vascular endothelial
growth factor receptor, and platelet-derived growth factor
receptor (PDGFR) (38, 39).
In light of this, it was recently discovered that c-Src signaling
can be suppressed via up-regulation of NDRG1 (Fig. 1) (15).
This mechanism occurred via inhibition of c-Src activation,
with NDRG1 preventing the phosphorylation of Src at its activating site, Tyr-416 (15). This led to inhibition of its downstream targets, Crk-associated substrate (p130Cas) and Abelson
murine leukemia viral oncogene homolog 1 (ABL1, also known
as c-Abl), both of which participate in modulating Ras-related
C3 botulinum toxin substrate 1 (Rac1), a key regulator of cell
migration (15). Additionally, NDRG1 was able to inhibit the
binding of EGFR to c-Src (15), which is known to be an important means by which c-Src activity is increased (40).
Another oncogenic signaling mechanism that is inhibited by
NDRG1 is the phosphatidylinositol 3-kinase/protein kinase B
(PI3K/Akt) pathway, which is involved in solid tumor growth
and is able to further cancer progression and angiogenesis (13,
25). PI3K signaling is commonly activated in cancer, particularly in prostate tumors, where the PI3K/Akt pathway is known
to be the most predominant growth factor-activated pathway
(41).
The PI3K enzymes are divided into three main classes based
on their structure, distribution, and function (42). Class I PI3Ks
are of greatest interest, as they result in the biosynthesis of
phosphatidylinositol 3,4,5-trisphosphate, resulting in the phosphorylation of Akt by its upstream activator, phosphoinositidedependent kinase 1 (PDK1) (43). When active, Akt has been
correlated with poor patient prognosis due to malignant transformation (44). Interestingly, the tumor suppressor gene, phosJ. Biol. Chem. (2017) 292(31) 12772–12782
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Figure 1. NDRG1 inhibits oncogenic signaling pathways by down-regulating the ErbB family of receptors. Located on the cell membrane, the ErbB
family of receptor tyrosine kinases consists of EGFR, HER2, HER3, and HER4. These receptors are stimulated by various ligands, including the epidermal growth
factor (EGF), betacellulin (BTC), transforming growth factor ␣ (TGF␣), and neuregulin (NRG). Unlike its other family members, HER2 does not possess a
ligand-binding site. The phosphorylation of the ErbB receptors leads to the activation of numerous signaling cascades, including c-Src, PI3K/Akt, and MAPK
pathways. As shown, activated EGFR can stimulate Ras to recruit rapidly accelerated fibrosarcoma (Raf), which then activates mitogen-activated protein kinase
kinase 1 (MEK1) and subsequently activates the extracellular signal-regulated kinase (ERK), leading to the promotion of cell migration. Interestingly, NDRG1 is
able to halt this process by blocking MEK1 activation. Also contributing to the migratory capabilities of tumor cells is the c-Src pathway, which promotes Rac1
and PAK1 expression, contributing to cell migration. NDRG1 can inhibit this pathway by reducing c-Src levels and inhibit its activation. Additionally, NDRG1 is
able to inhibit the PI3K/Akt pathway. These latter pathways can promote STAT3, leading to the transcription of c-Myc and cyclin D1, both of which promote cell
growth and proliferation. In addition to acting on these key molecules in the above-mentioned oncogenic pathways, NDRG1 is able to inhibit EGFR, HER2, and
HER3 levels and negatively regulate their activation and dimerization.

phatase and tensin homologue deleted on chromosome 10
(PTEN), can inhibit the PI3K/Akt pathway by dephosphorylating phosphatidylinositol 3,4,5-trisphosphate to phosphatidylinositol 4,5-bisphosphate (41). Acting through this pathway,
PTEN can promote cell apoptosis and induce cell cycle arrest
(45).
Of note, NDRG1 has been demonstrated to up-regulate
PTEN expression leading to suppression of the Akt pathway
(13, 46). This is important, as PTEN loses function when PI3K
signaling is activated during oncogenesis (41). Interestingly,
PTEN is also able to up-regulate NDRG1 expression (46). The
role of NDRG1 in affecting the PI3K/Akt signaling cascade can
also be mediated by its ability to decrease expression of the
PI3K subunits, p-p85␣ and p-p55␥, as well as the levels of phosphorylated Akt (pAkt) (13). Notably, in glioma cells where
PI3K/Akt signaling is linked to a poor prognosis, NDRG1
silencing increases pAkt levels (47). These findings are of significance, as the PI3K/Akt pathway has been implicated in
many cancers by inducing the progression of the cell cycle and
increasing the expression of pro-proliferative proteins such as
cyclin D1 (48). These studies therefore further support the crucial role of NDRG1 in regulating molecules that are known to be
major players in cancer metastasis.
The Ras/Raf/MEK/ERK signaling cascade is responsible for
regulating the activity of various pro-oncogenic transcription
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factors (49) and is also targeted by NDRG1 (13, 25). Ras can
become activated by growth factors leading to the recruitment
of rapidly accelerated fibrosarcoma (Raf) to the cell membrane,
where it becomes phosphorylated, activating mitogen-activated protein kinase kinase 1 (MAPKK1, also known as MEK1)
and which subsequently activates extracellular signal-regulated
kinase (ERK) (Fig. 1) (49). These kinases are then able to translocate to the nucleus to initiate the transcription of genes
involved in proliferation and to further promote cell migration
(49). A recent study demonstrated that NDRG1 plays a role in
halting this cascade of signaling by inhibiting the phosphorylation of MEK1/2 at its activating sites (Ser-217/221) in pancreatic and colon cancer cells (17). Furthermore, NDRG1 was also
found to inhibit ERK1/2 activation in prostate cancer cells (25).

ErbB family of receptor tyrosine kinases
The ability of NDRG1 to attenuate the plethora of oncogenic
signaling pathways described above could be mediated by the
ErbB family of receptors, which function as master regulators of
cellular signaling (17, 50), and they were found to be inhibited
by NDRG1 (17).
The ErbB family of receptors, which include EGFR, HER2
(human epidermal growth factor receptor 2), HER3 (human
epidermal growth factor receptor 3), and HER4 (human epidermal growth factor receptor 4), are all receptor tyrosine kinases
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that are localized on the cell membrane (51). These receptors
are known to be stimulated by numerous ligands, including the
epidermal growth factor (EGF), betacellulin (BTC), transforming growth factor ␣ (TGF␣), and also several neuregulins
(NRGs) (51, 52). Specifically, EGF has the ability to activate
EGFR, HER2, and HER3; TGF␣ specifically activates HER3;
NRG1– 4 can bind HER3 and HER4; and BTC activates EGFR
and HER4 (Fig. 1) (17, 51, 52). This binding of ligand to receptor
occurs with high affinity and is rapidly followed by receptor
homo- or heterodimerization (51). This event results in the
activation of protein kinase activity, leading to phosphorylation
of tyrosine residues (53). Notably, unlike the other ErbB receptors, HER2 does not have a ligand-binding site and instead
relies on heterodimerization with other ErbB family members
for subsequent activation (53). In fact, HER2 is the most preferred interacting partner of the ErbB family members in terms
of heterodimerization (54).
The phosphorylation sites of the ErbB family serve as docking sites for different proteins that participate in the regulation
and subsequent activation of various intracellular signaling cascades, such as c-Src, PI3K/Akt, and MAPK pathways (55). Specifically,uponheterodimerformation,theEGFRkinasecanphosphorylate tyrosine sites of its dimerization partner (56). The site
at which the ErbB receptor is phosphorylated is believed to be
dependent on the dimerization partner, hence accounting for
differences in cellular signaling (57). Although autophosphorylation of EGFR occurs at the carboxyl terminus to maintain an
activated state, proteins such as Grb-2, Src, and Abl can directly
dock to tyrosine residues at 1068, 891, and 1086, respectively,
initiating various downstream signaling cascades (58). This is
important, as the interaction between EGFR and Grb-2, for
instance, is vital for the induction of the Ras/MAPK pathway
(59).
Each of the oncogenic signaling pathways that can be inhibited by NDRG1 are also activated by the receptor tyrosine
kinase, EGFR (38, 49, 60). Specifically, EGFR can interact with
the regulatory subunit p85 to activate PI3K, as well as directly
bind to c-Src to stimulate its activity (Fig. 1) (38, 60). Similarly,
the Ras/Raf/MEK/ERK pathway is initiated by EGFR (49).
These findings highlight the significance of EGFR as a crucial
modulator of signaling pathways in cancer and point to its
major role in the anti-oncogenic activity of NDRG1.
Of significance, NDRG1 was demonstrated to attenuate
EGF-mediated activation of EGFR and its subsequent phosphorylation at Tyr-1068, Tyr-1086, and Tyr-1148 (17) (all of
which participate in the activation of oncogenic pathways PI3K,
RAS, and c-Src (Fig. 1) (38)).
In terms of the precise molecular mechanism by which
NDRG1 can inhibit EGFR, it has been demonstrated that
NDRG1 could play a role in promoting EGFR degradation (17).
A recent study has explored the interaction of HER3 with the
ubiquitin ligase NEDD4 (neural precursor cell expressed developmentally down-regulated gene 4), which facilitated the receptor’s degradation and showed that this binding was greater in
the presence of NDRG1 (61). Interestingly, NDRG1 can up-regulate NEDD4 expression (13), which could promote the degradation of EGFR and would be consistent with the results of
recent studies (17).

EGFR and iron
As cellular iron levels can regulate NDRG1 expression (21,
22), it is important to consider the regulation of EGFR by this
metal ion. As discussed previously, it is well understood that
iron is an essential requirement for cancer cell DNA synthesis
and cell cycle progression (26). The TfR1 is responsible for the
transport and internalization of iron bound to transferrin from
the cell surface into the cell via receptor-mediated endocytosis
(Fig. 2) (62).
Although little is known regarding EGFR’s role in iron
metabolism, a recent study revealed that EGFR could regulate
iron homeostasis by directly binding and re-distributing the
TfR1 (Fig. 2) (63). In fact, in non-small cell lung carcinoma cells,
it was demonstrated that inactivation of EGFR reduced cell surface TfR1 expression, causing a decrease in iron import, and cell
cycle arrest (63).
The relationship between EGFR and iron metabolism is also
further substantiated by recent studies examining PGRMC1
(progesterone-receptor membrane component 1) (64).
PGRMC1 is highly expressed in a variety of tumor types where
it can promote proliferation and survival (65).
Until recently, the crucial role of iron in the heme prosthetic
groups of PGMRC1 in terms of its structure and function were
unknown (66). A recent study has revealed that in the presence
of heme, PGRMC1 is able to form a unique dimeric structure
between the heme moieties (66). Study of its crystal structure demonstrated that PGRMC1 is able to undergo dimerization through stacking interactions of heme prosthetic groups
from each monomer (Fig. 2) (66).
In addition to this, it is understood that PGRMC1 is able to
associate with EGFR and cytochrome P450, to regulate proliferation, chemo-resistance, and also sensitivity to EGFR inhibitors such as Erlotinib (64, 66). In fact, silencing of PGRMC1 led
to a reduction of EGFR phosphorylation after binding to the
EGF ligand (66). Downstream targets of EGFR were also negatively correlated with PGRMC1 silencing, resulting in a downregulation of phosphorylated Akt and ERK (66).
Ahmed et al. (64) demonstrated that PGRMC1 may directly
bind to EGFR and co-localize in endosomes, where PGRMC1
promotes the endosomal recycling of EGFR back to the cell
membrane, in preference to its lysosomal degradation. It has
been proposed that the heme-mediated dimerization of
PGRMC1 enables its interaction with EGFR (Fig. 2) (66). This
was validated through studies with succinylacetone, a known
inhibitor of ␦-aminolevulinic acid dehydratase, which is an
essential enzyme in the heme synthesis pathway (66). This
study demonstrated that incubation with succinylacetone significantly decreased both PGRMC1 dimerization and its binding to EGFR (66).
The association of PGRMC1 with EGFR can also be further
explained by a recent study that showed inactivation of EGFR
signaling when PGRMC1 was not maintained on the cell membrane (67). It was suggested that PGRMC1 acts as an adaptor
protein to regulate EGFR membrane expression (67). Additionally, PGRMC1 can also be regulated by phosphorylation at Tyr113, whereby membrane trafficking by PGRMC1 is required for
co-localization with EGFR (66). Interestingly, Kabe et al. (66)
J. Biol. Chem. (2017) 292(31) 12772–12782
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Figure 2. Relationship between EGFR and iron. Transferrin receptor 1 (TfR1) is responsible for the transport and internalization of iron bound to transferrin
(Tf) and is brought into the cell via receptor-mediated endocytosis. After being transported to the endosome, iron is released from Tf and either utilized, stored,
or exported out by the cell. Although the relationship between iron-bound transferrin receptor and EGFR is still not fully understood, it has been shown that
EGFR may play a role in regulating iron homeostasis by redistributing TfR1 to the membrane to increase iron import for use by the cancer cell. In addition, it is
believed that EGFR may play a role in iron metabolism through its association with the progesterone-receptor membrane component 1 (PGRMC1). PGRMC1 is
able to form a dimeric structure with heme, and can bind directly to EGFR to promote tumor growth and proliferation.

demonstrated that phosphorylation at this site could cause
steric interference, thus discouraging heme binding. It was
therefore suggested that heme binding and vesicular trafficking
are mutually exclusive processes for PGMRC1 (68).
Although there is still no definitive evidence to suggest a
direct link of iron regulation on EGFR, these findings are particularly pertinent considering the roles EGFR and PGRMC1
play in tumor and cancer progression (66).

Degradation mechanisms of EGFR
The link between the ErbB receptors and their signaling in
cancer pathogenesis has been widely studied for decades. Considering their role in promoting cancer development, it is
important to understand how ErbB family members may be
degraded.
Upon ligand binding, EGFR is rapidly internalized into endosomes where it can either be recycled back to the cell surface or
transported to lysosomes for degradation (Fig. 3) (69). Numerous studies have reported the role of c-Cbl (cellular casitas
B-lineage lymphoma), an E3 ubiquitin ligase, in facilitating the
endocytosis of EGFR (70). In fact, c-Cbl acts as a major
substrate of tyrosine kinase phosphorylation, undergoing
enhanced phosphorylation in response to ligand stimulation by
EGF (70, 71).
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In addition, c-Cbl was recently linked to the protein LRIG1
(leucine-rich repeat and immunoglobulin-like domain 1) in
terms of regulating EGFR and its other family members (72). It
was shown that following EGF stimulation, there is a recruitment of c-Cbl to simultaneously ubiquitinate EGFR and LRIG1,
sorting them for degradation (Fig. 3) (72, 73). Furthermore,
LRIG1 has also demonstrated the ability to suppress ErbB
receptor levels by associating with EGFR, HER2, HER3, and
HER4 to enhance ligand-stimulated ErbB receptor ubiquitination (73).
The MIG6 (mitogen-inducible factor 6) is also known as
ERBB receptor feedback inhibitor 1, or the receptor-associated
late transducer (74), and is involved in EGFR degradation (75).
MIG6 is an immediate early response gene, encoding a nonkinase scaffolding adaptor protein that is induced by various
stresses, hormones, and growth factors, such as EGF, NRG,
and TGF-␣ (74). MIG6 acts to inhibit EGFR by associating with
the activated receptor through a carboxyl-terminal binding
domain (75). Specifically, a 25-residue epitope from MIG6
binds to the carboxyl-terminal lobe and blocks the formation of
the activating dimer interface of EGFR that is required for its
signaling (75). Therefore, although MIG6 has been reported to
have several roles, including the regulation of stress responses
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Figure 3. Prospective mechanisms of degradation of EGFR. Once bound to the ligand EGF, EGFR is rapidly activated and subsequently internalized into
endosomes, from which it can either be recycled back to the surface or proceed to lysosomal degradation. A mechanism that explains the degradation process
is via E3 ubiquitin ligase (Ub⫺E3) that has been shown to facilitate the endocytosis of EGFR. The protein leucine-rich repeat and immunoglobulin-like domain
1 (LRIG1) may also be involved by simultaneously ubiquitinating itself and EGFR and recruiting c-Cbl to sort them into endosomes. There has also been
evidence of participation of the proteasome through the release of Ub⫺E3 to further facilitate the degradation process. Additionally, a known inhibitor of EGFR
is the mitogen-inducible gene 6 (MIG6) which binds to the carboxyl-terminal lobe of EGFR to deter its signaling. However, in tumor cells, this is unable to occur,
as phosphorylation of MIG6 by EGFR at Tyr-394 stops the binding of MIG6 to EGFR, inhibiting receptor degradation.

and homeostasis (74), it has an important function as a tumor
suppressor (76).
Interestingly, the ability of MIG6 to inhibit tumor growth has
also been linked to cellular iron depletion (27). Indeed, the high
affinity iron chelators DFO and 311 both induce cellular iron
depletion (77) and up-regulate MIG6 (27). Furthermore, it has
also been demonstrated that MIG6 is an HIF-1␣ target gene,
with this latter transcription factor directly binding to the
MIG6 promoter region, as confirmed by chromatin immunoprecipitation (ChIP) analysis (78, 79).

Considering its ability to promote EGFR degradation, MIG6
presents as a key anti-oncogenic molecule. In fact, MIG6 is able
to increase EGFR internalization and trafficking to the lysosome (80). It is believed that EGFR endocytosis is initiated with
the recruitment of c-Cbl by Grb-2 to further promote its lysosomal degradation (80). Furthermore, MIG6 can physically
obstruct EGFR dimerization and bind to the proteins, syntaxin-8 and intersectin1/2, to foster lysosomal degradation
(80). However, in tumor cells, the action of MIG6 to selectively
target these receptors is hindered when it becomes phosphorJ. Biol. Chem. (2017) 292(31) 12772–12782
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Figure 4. Metastasis suppressors KAI1, NDRG2, and the tumor suppressor, p53, are regulated by cellular iron levels. KAI1 is a tetraspanin that resides on
the cell membrane and has the ability to associate with c-Src to inhibit key molecules such as p130Cas, FAK, and paxillin that are involved in its regulation of cell
motility and migration in cancer cells. It is known that NDRG1 is also able to down-regulate p130Cas in an Src-dependent manner, and in turn, it could possibly
regulate KAI1. The established tumor suppressor p53 may also play a role in regulating KAI1, by increasing its transcription. The involvement of iron can be
understood by evidence demonstrating that iron depletion by chelators such as Dp44mT increases NDRG1 levels in the presence of p53. NDRG2 is also
up-regulated by cellular iron depletion and may inhibit cancer cell proliferation and survival by blocking STAT-3 activation in a p38 MAPK-dependent manner.

ylated at Tyr-394 (Fig. 3) (81). A recent study showed that
phosphorylation of MIG6 by EGFR at Tyr-394 and by Src at
Tyr-395 can inhibit MIG6 activity (82). Hence, the ability of
MIG6 to promote EGFR degradation is prevented under these
conditions.
In light of the evidence that EGFR is regulated by NDRG1
(17), it is important to consider whether this metastasis suppressor causes its inhibition of EGFR by promoting the aforementioned mechanisms of degradation. It was recently demonstrated that in the presence of NDRG1, levels of EGFR
monomer and dimer were both rapidly reduced in response to
the ligand, EGF, suggesting that internalization and subsequent
degradation of the receptor may occur (17).
We speculate here that NDRG1 may assist in the endosomal trafficking of EGFR to foster its degradation due to
evidence of its role in processing of the low-density lipoprotein (LDL) receptor to the endosome (83). This was identified by a clear reduction of the LDL receptor at the cell surface and decreased accumulation in early endosomes in the
absence of NDRG1 (83). Additionally, in NDRG1-depleted
cells it was found that LDL receptor degradation was slowed,
and this could be explained by NDRG1’s ability to interact
with known regulators of degradation such as Rab GTPases
(83). As such, the role of NDRG1 in LDL degradation could
analogously be applied to EGFR, in ushering it to the endosome for eventual degradation.
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Other metastasis suppressors
In addition to the metastasis suppressor, NDRG1, there are a
host of other proteins that have been identified to perturb cancer progression by down-regulating molecules commonly
implicated in metastasis (Fig. 4).
Although it is not as extensively studied as NDRG1, the Mycrepressed gene NDRG2, which also belongs to the NDRG family, has demonstrated tumor-suppressive functions in malignant carcinomas (84, 85). This was demonstrated by reduced
overall survival of prostate cancer patients with low NDRG2
expression (84). The anti-tumorigenic activity of NDRG2 is
mediated through its role in signal transduction pathways,
whereby expression of NDRG2 inhibited STAT3 activation in a
p38 MAPK-dependent manner, leading to decreased proliferation and survival of breast cancer cells (85). Similarly to
NDRG1, NDRG2 is also regulated by iron levels, being up-regulated in response to iron depletion (86). In fact, studies examining hepatocellular carcinoma demonstrated that the iron
chelator, Dp44mT (33), was able to up-regulate NDRG2, leading to reduced EMT and tumor metastasis via its effects on
this latter molecule (86). Specifically, NDRG2 and Dp44mT
reduced levels of the receptor gp130 and the activation of its
downstream targets STAT3 and ERK1/2 (86).
The tetraspanin, KAI1, is another protein that acts as a
metastasis suppressor through its ability to inhibit cancer cell
motility and invasiveness (87). This is mediated by the ability of
KAI1 to associate with proteins important for cell migration
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such as focal adhesion kinase (FAK) in its tetraspanin-enriched
micro-domain, leading to the down-regulation of FAK function
(87). This occurs by blocking the formation of the p130Cas–Crk
complex, which is often described as a “molecular switch” for
cell motility (88). In fact, as mentioned previously, NDRG1 is
able to down-regulate p130Cas in a c-Src-dependent manner
(15) and could therefore regulate KAI1. Notably, it has been
demonstrated that KAI1 is a downstream target of NDRG1
(89). Specifically, NDRG1 targets the ATF3 (activating transcription factor 3) (89), which can directly bind to the KAI1
promoter. Therefore, these results establish a functional connection between these two metastasis suppressors (89). Furthermore, loss of KAI1 expression is common in metastatic
cancers (87), further supporting its significant role as a suppressor of metastasis.
Interestingly, KAI1 has been reported to modulate the activity of several receptor tyrosine kinases, including EGFR (90).
The molecular mechanism involved was demonstrated to
involve association of KAI1 with the EGFR membrane complex,
resulting in more rapid clearance of the ligand-bound receptor
from the cell’s surface (90). This event also led to a desensitization of the EGFR receptor, which is linked to an increased rate
of receptor endocytosis (90).
Significantly, the classical tumor suppressor, p53, is able to
increase the transcription of KAI1 (91). This occurs through a
p53-responsive element and is of particular interest due to the
known regulation of p53 by cellular iron depletion (91). In fact,
HIF-1␣, which is up-regulated upon iron depletion, leads to
stabilization of transcriptionally active wild-type p53 (92). A
link between p53, iron, and NDRG1 was also identified through
the use of iron chelators (27). This latter study identified that
p53 was necessary for the iron chelator-mediated up-regulation
of NDRG1, with these agents failing to induce NDRG1 in p53null H1299 cells (27). However, a more recent investigation has
demonstrated that iron depletion markedly up-regulates
NDRG1 irrespective of p53 status (93). This observation suggests that p53 may play some role in up-regulating NDRG1
under conditions of iron depletion depending on the cell type.

Iron-binding thiosemicarbazones that up-regulate
NDRG1
Considering the aggressive nature of cancer, it is important
to explore unique strategies for targeting molecules that function to inhibit key drivers of cancer progression and metastasis,
such as the ErbB family of receptors. This can be achieved by
agents such as the novel di-2-pyridylketone thiosemicarbazone (DpT) series, which bind cellular iron pools and
potently up-regulate NDRG1 via HIF-1␣-dependent and
-independent mechanisms (21, 22).
These agents possess pronounced and selective anti-proliferative and anti-metastatic activity in vitro and in vivo (17, 18,
26, 28, 33, 86, 94, 95). The most active compounds of this series
are Dp44mT and di-2-pyridylketone 4-cyclohexyl-4-methyl-3thiosemicarbazone (DpC), both of which have shown potency
and selectivity in vitro and in vivo against a broad spectrum of
cancer types (26, 94 –96). Although Dp44mT showed evidence
of cardiotoxicity at high, non-optimal doses in mice (26), the
recently developed DpC analog demonstrated potent anti-tu-

mor activity in vivo, with no evidence of toxicity even at much
higher doses (28, 94, 95). DpC was also demonstrated to be
highly potent against the aggressive pancreatic cancer in vivo,
almost completely inhibiting tumor growth and being more
effective than both Dp44mT and the current gold standard for
pancreatic cancer treatment, gemcitabine (17, 28).
These compounds elicit their anti-cancer activity by binding
intracellular metal ions such iron and copper, leading to the
generation of cytotoxic reactive oxygen species (97–99). These
agents also markedly up-regulate the metastasis suppressor,
NDRG1 (21, 26, 28), which has been shown to play a major role
in their anti-cancer activity (15, 16, 18, 23, 24).
Because of their ability to up-regulate NDRG1, these agents
can also potently inhibit the EGFR, Src, WNT, FAK, and PI3K/
Akt pathways (14 –17, 25). In particular, regarding the ErbB
family of receptors, it was recently shown that Dp44mT and
DpC significantly reduced EGFR levels and inhibited its activation in response to EGF (17). Additionally, DpC decreased the
levels and activation of the oncogenes, HER2 and HER3 (17).
This further supports the potential of these thiosemicarbazones as a novel strategy for the treatment of cancer.

Conclusions
It is clear that the iron-regulated metastasis suppressor
NDRG1 plays a vital role in regulating oncogenic signaling. This
was shown by NDRG1’s inhibition of the ErbB family of receptor tyrosine kinases, especially considering that they promote
metastasis, a major factor in the death of cancer patients (17). In
elucidating the link between NDRG1 and EGFR with iron, a
scaffold for controlling and inevitably deterring EGFR-dependent cancers can be identified. Through examination of this
intricate and complex relationship, we have prompted further
investigation into understanding the mechanisms by which
NDRG1 exerts its potent anti-cancer activity.
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