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Abstract: The protein, N-myc downstream-regulated gene 2
(NDRG2), a tumor suppressor, is significantly decreased or
absent in many types of cancer. There is a significant nega-
tive correlation between the levels of NDRG2 and the
development and progression of cancer tumor recurrence
and tumor invasion, in different cancers. In contrast,
the in vitro and in vivo overexpression of the NDRG2 protein
decreases the proliferation, growth, adhesion andmigration
of many types of cancer cells. The in vitro overexpression of
NDRG2 increases the efficacy of certain anticancer drugs
in specific types of cancer cells. We hypothesize that the
delivery of the mRNA of the NDRG2 protein, encapsulated
by lipid nanoparticles, could represent a potential treatment
of metastatic and drug-resistant cancers. This would be
accomplished using a self-amplifying mRNA that encodes
the NDRG2 protein and an RNA-dependent-RNA polymerase,
obtained from an in vitrotranscribed (IVT) mRNA. The IVT
mRNA would be encapsulated in a lipid nanoformulation.
The efficacy of the nanoformulation would be determined in
cultured cancer cells and if the results are positive, nude
mice transplanted with either drug-resistant or metastatic

drug-resistant cancer cells, would be treated with the nano-
formulation and monitored for efficacy and adverse effects.
If the appropriate preclinical studies indicate this formula-
tion is efficacious and safe, it is possible it could be evaluated
in clinical trials.
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The protein, N-myc downstream-regulated gene 2 (NDRG2),
is a 41 kDa protein encoded on human chromosome
14q11.2 [1]. The ndrg2 gene is a member of the ndrg family,
which includes ndrg1, ndrg3 and ndrg4 and the ndrg2 gene
was cloned from glioblastoma, using polymerase chain
reaction-based subtractive hybridization [1]. ndrg2mRNA is
present in the brain, heart, muscle, cartilage, liver and kid-
ney, albeit at lower levels [2]. The NDRG2 protein belongs to
the alpha/beta-hydrolase (ABH) superfamily but it lacks
enzymatic activity [3]. The NDRG2 protein has two domains:
a large canonical ABH fold and a small, cap-like domain [3].
The NDRG2 protein is present predominantly in the cyto-
plasm but it can also be present in the cell nucleus [2]. Based
on structural data, NDRG2’s alpha-6 helix of NDRG2 extends
from its main body, interacting with certain cellular mole-
cules that contribute to its biological effects [3].

Studies indicate that nrdg2 is a tumor suppressor gene,
is involved in the cell stress response and is expressed at a
relatively low level in many types of cancer [4]. Indeed,
clinical studies have shown a significant decrease in the
levels of NDRG2 protein and/or mRNA in patients diagnosed
with gastrointestinal, genitourinary, neurologic, breast,
lung, and oral squamous cell carcinoma, fibrosarcoma,
thyroid cancer and myeloid leukemia [4]. A downregulation
of NDRG2 levels is significantly correlated with the devel-
opment and progression of cancer, tumor lymph node
metastasis and tumor-node-metastasis stages, tumor recur-
rence and tumor invasion, in different types of cancer [4]. In
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NDRG2-deficient mice, lymphoma, hepatocellular carci-
noma, bronchoalveolar carcinoma and malignant lym-
phomas develop twice as frequently as in wild-type mice [5].

Numerous in vitro and in vivo studies have reported that
the overexpression of the NDRG2 protein significantly de-
creases the growth, proliferation, adhesion, migration and
metastasis of various types of cancer. NDRG2 overexpression
produces its anticancer efficacy by (1) decreasing cellular pro-
liferation (decreasing cyclin D1 levels and suppressor of

cytokine signaling 1 (SOC1), decreasing the phosphorylation of
p38 MAPK, decreasing the levels of activated AKT (p-AKT)); (2)
reprogramming or altering cellular biometabolism and bio-
energetics (decreasing the levels of proteins involved in
glycolysis, including glucose transporter 1, hexokinase 2, py-
ruvate kinase isomer M2, lactate dehydrogenase A – this de-
creases glucose availability) and glutamine biosynthesis
(decreasing levels of the glutamine transporter, ASCaminoacid
transporter 2 (ASCT2) and the enzyme, glutaminase 1 (GLS1) –

2

Figure 1: The delivery of N-myc downstream-regulated gene 2 (NDRG2) self-amplifying mRNA via modified lipid nanoparticles: On its surface, the lipid
nanoparticle consists of cationic lipid, structural helper lipid, PRG-based lipid, and cholesterol. Once the formulation has entered into the cell, themRNA is
released and translated into the NDRG2 protein. Data suggest that the NDRG2 protein could produce anticancer efficacy by (1) decreasing the expression
of proteins involved in bioenergetic and biometabolism of cancer cells, including GLUT1, hexokinase 2 (HK2), pyruvate kinase isomer M2 (PKM2),
glutaminase 1 (GLS1), lactate dehydrogenase A (LDHA) and ASC amino acid transporter 2 (ASCT2); (2) interacting with protein phosphatase 2a (PP2a),
which maintains PTEN and glycogen synthase kinase – 3β (GSK-3β) in an active state, decreasing cancer cell proliferation and growth; (3) decreasing the
expression of STAT3, cyclin D1, NF-kB and ERK1/2, decreasing cancer cell growth (4) decreasingmetastasis by decreasing the EMT andmigration of cancer
cells by decreasing the expresison of certain MMPs, TGF-β, β-catenin, NF-kB, Mcl-1 and ERK1/2 and (5) decreasing the expression of Mcl. ERK1/2,
extracellular signal-regulated protein kinases 1 and 2; GLUT-1, glucose transporter 1; Mcl-1, myeloid leukemia cell sequence-1; MMPs, matrix metal-
loproteinases; mRNA, messenger RNA; NF-κB, nuclear factor kappa B; PTEN, phosphatase and tensin homolog; STAT3, signal transducer and activator of
transcription 3; TGF-β, transforming growth factor-beta
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this decreases glutamine, which cancer cells use as a bio-
metabolic source) and (3) decreasing the levels of proteins
involved in the epithelial-to-mesenchymal transition and
metastasis – beta-catenin, signal transducer and activator of
transcription 3 (STAT3), E-cadherin, extracellular signal-related
kinases 1 and 2 (ERK-1/2), nuclear factor kappaB (NF-κB), tumor
growth factor – beta, certain metallomatrix proteinases,
myeloid cell leukemia sequence 1 (Mcl-1) (Figure 1) [4–6].

Based on in vitro and in vivo experiments, it has been
postulated that the anticancer efficacy of NDRG2 is due to its
modulating the expression and phosphorylation of specific
proteins. In cancer cells expressing low or undetectable
levels of NDRG2, the activity of phosphorylated phosphatase
and tensin homolog deleted on chromosome 10 (PTEN) [5]
and the glycogen synthase kinase 3β (GSK-3β) [7], which are
inactive states of these enzymes, are significantly increased,
which increases the likelihood of the development of cancer.
In contrast, in cancer cells overexpressing NDRG2 via forced
induction, the interaction of NDRG2 with the enzyme, pro-
tein phosphatase 2a (PP2a), dephosphorylates PTEN[5] and
GSK-3β[7], converting them to an active state, producing
anticancer efficacy.

The expression of the nrdg2 gene can be repressed or
decreased by the (1) protein and transcription factor, mye-
locytomatosis (Myc, an oncogene), in combination with the
protein, c-Myc-interacting zinc finger protein-1 (Miz-1) and
possibly other proteins[8]; (2) hypermethylation of the pro-
moter region of the ndrg2 gene [9] and (3) mutations in the
ndrg2 promoter or coding regions [9].

The overexpression of NDRG2 has been reported to in-
crease the efficacy of pazopanib (in SKOV-3 cancer cells)[10],
adriamycin (adriamycin-resistant MCF-7 breast cancer cells)
[11] and cisplatin (U937 histiocytic lymphoma cells) [12].
NDRG2 overexpression significantly decreased the in vitro
growth of castration-resistant prostate cancer (CRPC)
cells [13]. Furthermore, the overexpression of NDRG2
decreased the growth of CRPC tumors in a nude mouse
xenograft model [13].

Based on the known studies with NRDG2 and cancer, we
hypothesize that a therapeutic approach to treating meta-
static and drug-resistant cancers could be the delivery of the
mRNA of NRDG2 encapsulated by lipid nanoparticles, a
technology that was used to develop mRNA vaccines for
COVID-19 [14]. A self-amplifying mRNA, which encodes for
NDRG2 and an RNA-dependent RNA polymerase, derived
from an in vitro-transcribed (IVT) mRNA [15], would be used.
The mRNA construct for NDRG2 would contain: (1) a
7-methylguanosine (m7G-ppp-N-p) cap at the 5′-end; (2)
optimized 5′-UTR; (3) an open reading frame and the a)
mRNA sequence that encodes the amino acids for the NDRG2

protein and b) an alphavirus nsP1-4 RNA-dependent RNA
polymerase located downstream of the 5′-UTR, allowing for
use of low doses and a longer duration of action; (4) opti-
mized 3′-UTR and (5) a polyadenylate 3′-tail containing at
least 200 units in length. The uridine nucleosides in the
mRNA would be replaced post-translationally with N1-
-methylpseudouridine, which avoids mRNA detection by
the innate immune system [14]. The IVT mRNA preparation
would be purified using high-pressure liquid chromatog-
raphy or fast protein liquid chromatography. It is important
to note that the use of NDRG2 mRNA avoids the hyper-
methylation and genomic alterations that would decrease
the transcription of ndrg2. However, NDRG2 mRNA trans-
lation could be decreased or repressed by certainmicroRNAs
(miRNAs), most likely by binding primarily to a comple-
mentary sequence in the NDRG2 mRNA 5-UTR, producing
translational repression.

The resulting purified IVT mRNA would be encapsu-
lated in a lipid nanoformulation, protecting the mRNA
from biodegradation and significantly increasing the
cellular uptake and expression of the mRNA [14]. The four
lipid constituents that will be used to encapsulate the
mRNA, yielding the nanoparticles, are: (1) cationic/ioniz-
able lipid (SM102 – used in the production of the COVID-19
vaccines, mRNA-1273 and BNT162b2); (2) structural helper
lipid (1,2-distearoyl-sn-glycero-3-phosphochline (DSPC)); (3)
cholesterol and (4) PEG-based lipid (PEG2000-DMG) [14]. At
least three different cancer cell lines would be incubated with
the lipid nanoparticles to determine if they penetrate into the
cells and that the mRNA is transcribed to NDRG2. If these re-
sults are positive, the in vivo experiments would use male and
female nude mice that have been subcutaneously (under a
shoulder pad) transplanted with either non-metastatic drug-
resistant cancer cells or metastatic drug resistant cells. The
mice would be given low doses (1, 3 or 10 μg) of the NDRG2
mRNA lipid nanoparticles or a non-mRNA lipid nanoparticle
formulation (control group) intramuscularly and the levels of
NDRG2 and the weight and volume of the tumors would be
determined. The effects of multiple NDRG2 mRNA adminis-
trations would also be determined but self-amplifying mRNA
would minimize the number of administrations needed for
efficacy. All mice would be monitored for adverse and/or toxic
effects during and after treatment. If the NDRG2 mRNA nano-
formulation is safe and effective after appropriate preclinical
testing, it is possible that it could undergo the appropriate
evaluation in clinical trials.

In conclusion, we hypothesize that a self-amplifying
mRNANDRG2 nanoformulation could be used as a treatment
for drug-resistant and metastatic cancers, alone or in com-
bination with other therapies.
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