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Abstract

N-Myristoyltransferase (NMT) is a well conserved monomeric protein that catalyzes myristoyl group transfer to various target
proteins carrying consensus amino acid sequence motif GXXXS/T (where ‘X’ is any amino acid). NMT mediated myristoylation
promotes protein-protein and protein-membrane interactions, leading to diverse signaling including cell proliferation,
carcinogenesis, inflammation and immune responses. However, inter-networking linkage between NMT over-expression and
protein myristoylation under oxidative stress coupled with inflammation and carcinogenesis is completely missing and needs
further investigation. Various types of tumor and cancer tissue showed significant increase in NMT expression. Therefore,
inhibition of NMT expression either by using chemical NMT inhibitors or gene silencing could be a promising approach in
controlling carcinogenesis. Various scientific evidence suggests that NMT mediated myristoylation promotes membrane
association of some cell cycle and cell proliferation regulatory proteins and thus may contribute to cell cycle regulation and
cell survival homeostasis. Several NMT inhibitors have been evaluated and tested for their probable anticancer potential.
Molecular linkage between oxidative stress and carcinogenesis has been established in several studies. In this review, the
authors cover the role and therapeutic potential of NMT in cancer, inflammatory disease and radiation response modulation.
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Abbreviations: NMT: N-Myristoyltransferase; MARCKS: protein that catalyzes myristoylation at N- terminal glycine of
Myristoylated Alanine Rich Protein Kinase C Substrate; consensus motif GXXXS/T (where X is any amino acid) residue
MARCKS: Myristoylated Alanine Rich Protein Kinase C of various proteins [1- 3]. As the result of myristoylation,
Substrate; OSCC: Over Expression and Oral Squamous Cell NMT regulates molecular signaling associated with cell cycle
Carcinoma. regulation, cell survival and apoptosis in non-cancerous cells.
Interestingly, over-expression of NMT leads to higher degree

Introduction of myristoylation, which further promotes uncontrolled
cell proliferation and thus, contributes to carcinogenesis

N-Myristoyltransferase (NMT; EC 2.3.1.97) is a functional Aronheim A, et al. [4,5]. NMT appears to be ubiquitous
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throughout from eukaryotes, i.e., Candida albicans Devadas
B, et al. [6], Saccharomyces cerevisiae Duronio R], et al. [7]
and parasitic protozoa (plasmodium species, Leishmania
major and Trypanosoma brucei) Olaleye TO, et al. [8], insects
(Drosophila melanogaster) Ntwasa M, et al. [9], including
plants (Arabidopsis thaliana) and human [10,11].

NMT mediated transfer of myristate from myristoyl-
CoA to the N-terminal glycine of consensus Thinon E,
et al. [5,11] motif of target proteins occurs during both
co-translational and post-translational processes. NMT
ensures covalent amidic bond linkage between the myristate
group and glycine residue of the target protein [1]. Though
myristoylation is an irreversible process James G, et al. [12],
but exceptions to this modification have also been reported
[13]. Exposure of consensus motif followed by removal of
adjacent methionine residue due to proteolytic cleavage is
an essential prerequisite requirement for co-translational
myristoylation  [2,5,11,14]. During post-translational
myristoylation, proteolytic cleavage is necessary to expose
subsequent glycine residue for myristoylation [11].
Methionine excision is not mandatory to expose glycine
for myristoylation. Rather, random cleavage in the peptide
linkage to expose glycine is a prerequisite requirement for
post-translational myristoylation [11]. By transferring the
lipidic myristate group to the target proteins, myristoylation
enhances lipophilicity of modified proteins, leading to their
membrane localization, protein-protein interaction and
ligand-induced conformational [5,11]. Different endogenous
enzymes and regulatory proteins including protein kinase C
Verge'res G, et al. [15], protein kinase A, nitric oxide synthase
Cardena GG, et al. [16], NADH-cytochrome b5 reductase
Borgese N, et al. [17], recoverin Ames ]B, et al. [18], most
of the G protein a subunit Wedegaertner PB, et al. [19-22],
Fac, Jun, Fus and oncoprotein Src, Myc, etc., are potential
substrates for myristoylation [10,11].

Although myristoylation is a regulated reaction, it also
requires involvement of various other enzymes or proteins,
including N-methionylaminopeptidase, acyl-CoA-binding
proteins, fatty acid synthetase and long chain acyl-CoA
synthetase etc, during co-translational myristoylation
Felsted RL, et al. [23-26]. However, no report is available
indicating direct involvement of NMT with the protein
synthesis machinery. Two NMT isoforms, i.e., NMT-1and NMT-
2 have been reported in human, which represent significant
divergence (76-77%) from each other in terms of amino
acid sequences Giang DK, et al. [10,11], suggesting that they
evolve from two distinct families of enzymes. Inter-enzyme
comparison indicated a greater level of homology (~95%)
between mouse and human NMTs amino acid sequences and
thus, justified their interspecies conservation throughout the
evolution process [10]. NMT mediated myristoylation plays a
key role in several kinds of processes in the cells, including
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carcinogenesis and inflammation [27]. Myristoylation of the
oncoproteinsi.e. src, myc, MARCKS McLaughlin §, etal. [27,28]
Gip2 etc., promotes their membrane association. Membrane
anchoring further induced molecular signaling, resulting in
uncontrolled cell proliferation and carcinogenesis.

Recently, the role of NMT expression in inflammation has
also been reported in cattle lungs. Experimental evidence
demonstrated that NMT-/- gene knock-out netrophiles
showed short life span compared to the control neutrophils
carrying normal NMT+/+ gene alleles [29]. Further study
revealed that NMT expression is associated with the
neutrophils’ longer survival in the inflamed tissues to
combat infections for a longer time. However, the expression
pattern and role of NMT in infected tissue is not reported. A
correlation between NMT expression and increased life span,
cell survival and myelopoisis has been reported [29].

Although myristoylation is ubiquitous among the
eukaryotes, it ranges from yeast to humans. However, its
significance in diseases and non-diseases scenarios is still not
completely understood. The role of myristoylation in cancer
progression and the search for NMT inhibitors to combat
aggressive cancer promotion as well as to inhibit parasitic
infections is the prime focus of research [30]. However, very
limited information is available about the role and necessity
of myristoylation in inflammation and normal life processes
[29].

In view of the foregoing, this review is focused on the
molecular mechanism of myristoylation of target proteins
that lead to carcinogenic, apoptotic and inflammatory
responses. This review also highlighted some prominent
technical disconnects and undiscovered scientific facts
and gaps arise in the area of myristoylation leading to
carcinogenesis, apoptosis and inflammation. Further, novel
futuristic applications of myristoyl transferase inhibitors
and their negative regulators in normal and cancerous cells
are also critically discussed.

Myristoylation

The reaction of transfer of 14-carbon saturated fatty
acid, i.e, myristate from myristyl-CoA to N-terminal
glycine residue of target peptides/proteins catalyzed by
myristoyltransferase is referred as myristoylation reaction
[2,10,31,32]. Mpyristoylation occurs during both Co-
translational and post-translational periods in eukaryotic
organisms [11]. Co-translational transfer of the myristoyl
group is known to occur followed by cleavage of N-terminal
methionine residue of growing peptides/proteins [33].
Removal of N-terminal methionine provides an opportunity
for the next adjacent N-terminal glycine residue to interact
with myristyl-CoA and get myristoylated with the help of NMT
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(Figure 1). While post-translational myristoylation usually
occurs after caspase-3 and caspase- 8 mediated cleavage of
preceding amino acid moiety, not necessarily methionine,
resulting in glycine residue exposed with myristyl-CoA-
NMT complex [13,34]. Viruses and bacteria are deficient in
the NMT gene and thus, unable to perform myristoylations
[30]. Several proteins of different protein families including
cAMP-dependent serine/threonine kinases Carr SA, et
al. [35], retroviral poly-protein precursors HIV-1pr55,
v-Src, viral capsid Bryant M, et al. [36,37] components and
a-subunit of signal transducing G proteins, calcinurin Aitken,
etal. [38] etc. undergo myristoylation Aitken A, etal. [38-39],
as shown in Table 1. The addition of the myristoyl group to
the target site of the proteins is usually undergone through
a nucleophilic addition-elimination reaction. Briefly, in the
first step, myristoyl CoA is positioned itself within the active
binding site of NMT in such a way that phenylalanine170 and
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leucine171 residues of NMT are set on opposite sites of the
carbonyl group of mristoyl-CoA [31]. This type of molecular
arrangement polarizes the carbonyl group of mristoyl-CoA
(the carbon atom gets charged positively) and becomes labile
to nucleophilic attack by the glycine residue of the proteins
going to be myristoylated. Following myristoyl CoA binding,
NMT re-orients to allow peptide binding at its catalytic site.
Thereafter, NMT deprotinate its NH3+ group and attacks the
carbonyl group of Myristoyl CoA. As the result of various
chemical re-arrangements, a tetrahedral intermediate
is formed and stabilized by the interaction between a
positively charged oxy-anion and the negatively charged
alkoxide anion. Finally, free CoA is released and subsequent
conformational changes in the NMT provide a favorable
chemical environment to release modified myristoylated
peptide and thus, the myristoylation process is completed
Rajala RV, et al. [40-42] as shown in Figure 1 [43-75].

serine/cysteine/threonine.

Figure 1: Co (A) and post (B) translational myristoylation process of targeted proteins: During co-translational myristoylation
(A), MGXXX(S/C/T) motif undergoes methionyl amino-peptidase mediated cleavage specifically between the methionine
and glyciine site. The result of cleaved methionine is removed and N terminal Glycine residue remains exposed freely. In the
subsequent step, N-myristoyltransferase1l/2 transfers the myristoyl group at glycine residue of a consensus motif [GXXX(S/
C/T)]. During post-translational myristoylation (B), the target protein is specifically cleaved by capases in a manner where
glycine residue of consensus motif [GXXX(S/C/T)]is exposed. In the second step, N-myristoyltransferasel/2 transfers the
myristoyl group to the glycine and thus, myristoylation is completed. MGXXX(S/C/T); methionine-glycine-X (any amino acid)-
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S. No. Protein Physiological Role | Myristoylation Function | Biological outcome Reference
Actin (15kDa Cytoskeleton structural Post-translational Suppressed apoptosis,
1. fragment ) protein, mediator of myristoylation during |reduced caspase activity, [76]
g apoptosis apoptosis. higher NMT levels.
Post-translational . .
myristoylation of Bid Egy:;ifgiaesor;};e;g
. Apoptosis promoting | protein to mitochondrial P
2. Bid . o p15 fragments of [14]
protein. membrane, it, induced BID to mitochondrial
release of cytochrome C membrane
and cell death. '
Actin cross-linking Co-translational Help to recruit cells
3. MARCKS when phosphorylated 'myrlstoylatlon aids at lnﬂamm:fltory sites [27]
by protein kinase C in plasma membrane and thus increase
yP association. inflammation.
Signaling GTPase Myristoylation of G
N-terminal ' protein alpha subunits
myristoylation simply Co-translational fﬁ‘gg:tiifgrer::;lgrtlhzf
G-Protein (ail, aa2, |provides a hydrophobic myristoylation aids o
4. : g . localization of alpha to [43]
ai3, a0 and a) anchoring to in plasma membrane the plasma membrane
membrane attachment association. b
to the aaao. and az and induced molecular
ol ’ o t’i des signaling for cell survival
POypep lead to carcinogensis.
Post-translational N-myristoylation of
5. Gelsolin Actin fllamenF-severlng myrlstoyla_tlon up” Gelsolin is required for [76]
protein regulates anti-apoptotic e
signaling, the apoptosis inhibition.
Serine/threonine Post-translational
kinase participates in | myristoylation facilitate De-mvristovlation
6 p21-activated protein| cell growth, mobility, plasma membrane of CtP}IIXKZ iihibits [75]
' kinase (PAK2,) Cell survival stimulator, localization resulted ADODLOSIS
apoptosis inhibitor in | apoptosis up-regulation. pop '
non myristoylated state, signaling
ARF regulates traffic
across the membrane
anbtilti-reg;r;(ietlilrel;;licgtou_re Myristoylation of ARF
ADP-ribosylation | sorting coat proteins. |N-terminus myristoylation induces conformational
7. . e changes that support [39, 58]
factor (ARF) ARF also modulate [aids membrane association| , L :
membrane lipid its association with the
composition and membrane.
interaction with
regulators of G proteins.
Contains a Ca2+/myristoyl Myristoylation of
3 Hippocalcin Neuronal calcium switch that participate hippocalcin help in [44]
’ sensing protein in Ca2+ sensing in the its targeting to the
neuronal cells membrane.
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Inhibition of pp60src
myristoylation
signal transduction | o LB et | Tormation, cell.
9. v-Src associated with cellular| 7.~ . : L [40,45,61]
. in turn, myristoylate Src proliferation and
transformation. . : . .
protein tyrosine kinases targeting to the
membrane and thus
limits the tumorigenicity,
cAMP-dependent _ Both hNMT—l and hNMT- Myrlstoylatlc?n a_nd
. . Phosphorylation of 2 myristoylate cAMP- membrane binding
10. serine/threonine - . . o1 [15,46]
X specific protein dependent serine/ regulate c-Src stability
kinases . : . o
threonine kinases and kinase activity.
Retl.‘ovn'al poly Myristoylated onco- N-myristoylation of viral
protein precursors ) . . . . o o
11 such as HIV- Viral capsid proteins and viral proteins | proteins is prerequisite [30]
' . . components. essential for assembly/ for viral particle
1pr55, viral capsid . .
replication formation.
components
Heterotrimeric
guanine nucleotide-
blndlr?g regulatory G Myristoylation ensure Hydrophot.nc 1nter.act10n
. proteins transduces of myristate with
Subunit of many . covalent attachment of ; :
. : signals across cell . : the bilayer permits
signal transducing, . a lipid to a protein that . -
12. . ) membranes by coupling e continued association [43]
heterotrimeric G . can stabilize the Target .
. receptors for chemical o, ) . of the myristoylated
proteins ... |protein’s interaction with a L
and sensory stimuli protein with the plasma
the membrane.
to effectors such as membrane.
enzymes and ion
channels
These polypeptides
are translated on Myristoylation plays
Rous sarcoma virus, . . free polysomes and a positive role in
13 p60v-src protein Transforming protein myristoylated before being| regulating c-Src kinase [30]
transported to the plasma activity
membrane

Table 1: Myristoylation of Target Proteins and Modulation of their Biological Function.

Structure of N-Myristoyltransferase

Available reports demonstrated that 3-D structure of
NMTs has two separate domains: i) the N-terminal domain
that binds with the lipid chain and peptide recognition
and ii) the second C-terminal domain that participates in
myristoylation catalytic reaction. Structural comparative
analysis of Saccharomyces cerevisiae NMT with other NMTs,
suggested that the N-terminal domain of NMT binds with
both myristoyl-CoA (MYA) and peptide substrate. However,
it does not involve the subsequent steps, i.e., myristoylation
catalytic reaction Duronio R], et al. [42,47]. Probably, MYA
demonstrate a “question mark” conformation with the
NMT binding site. The 3-D crystal structure has four bends
in the pyrophosphate group, i.e., the C6-C7 positions of
pantatheine, the C1 position of myristate, and the C5-C6

Kumar R, et al. N-Myristoyltransferase: A Novel Therapeutic Target for Cancer, Inflammation and

Radiation Response Modifications. Adv Clin Toxicol 2024, 9(1): 000297.

positions of myristate, respectively Wu |, et al. [47,48]. Along
with various residues of the B’A’ loop, the N-terminal region
of NMT forms a part of the MYA-binding sites. Particularly, a)
GIn29 forms a hydrogen bond with the 2’ hydroxyl group of
the ADP-ribose moiety via its N-e side chain atom at 2.8A0
Haun RS, et al. [49] b); His38 forms a hydrogen bond with
one 3’-phosphate oxygen of ADP via its N-d side chain atom
(2.6 A0), and c); The side chain O-e atom of Glull forms a
hydrogen bond with the side chain of N-e atom of His38 (2.6
A0) d). The aromatic side chain of Phe27 makes pi-pibond
interaction with the adenine moiety of ADP. All these kinds
of interactions established the binding of MYA with the
N-terminal domain of NMT. Moreover, the BA’ loop of NMT
has several hydrophilic interactions with the Ab loop, that
may play a critical role in the binding of MYA [31,48].
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The reported structural information about the
interactions between a NMT and its peptide substrates
is unrevealed from the ternary structural complex with
bound Arf2p-derived GLYASKLA [44]. In this complex,
Gly1l was positioned 6.3 A from the thioester carbonyl of
myristoyl-CoA in the 2.5-A resolution structure. Structural
studies unveiled several elements in the active site of the
NMT enzyme that facilitate the myristoyl transfer reaction.
During NMT substrate binding, an oxyanion hole, formed by
the backbone amides of Phe170 and Leul71, polarizes the
reactive carbonyl group of bound myristoyl-CoA just before
the nucleophilic attack of N-terminal Gly-1 of a peptide
substrate. Further, C-terminal carboxylate of Leu455,
situated within 2.9 A from the N-terminal Gly nitrogen of
the acceptor peptide, acts as the catalytic base. Leu455
deprotonates the Gly ammonium to a nucleophilic amine.

Excision of the C-terminal Met454 and Leu455 from
NMT1p lead to a 300-400-fold reduction in the chemical
transformation rate NMTs are reported to be highly
selective towards their substrate i.e., myristoyl-CoA.
However, several in vitro studies revealed that NMT can
catalyze myristoylation reaction with synthetic peptides
that mimics the N-terminal region of target protein with
different fatty acids including tridecanoic, penta decanoic,
lauric and palmitic acid. Interestingly, myristoyl-CoA
concentration is very low (~5 nM) in animal cells. Palmitic
acid concentrations in the cells are significantly higher
than myristic acid, suggesting that interaction of cytosolic
NMTs to a particular pool of myristoyl-CoA is of critical
importance. The consensus amino acid sequence recognized
by NMTs is Gly-X3-X4-X5-(Ser/Thr/Cys), where X represents
any amino acids, except proline, aromatic or charged
residues at position X6. Amino-terminal glycine residue is
an absolute prerequisite requirement for myristoylation.

Any substitutions at N terminal glycine residue abrogate
myristoylation. Though Ser, Thr, Cys are preferred at position
X, other amino acids can also be accommodated [1,50].

The role of myristoylation is still not entirely understood
and not all myristoylated proteins have been experimentally
determined. However, in humans, protein myristoylation is
connected with several diseases, including cancer, genetic
disorders and infection [39,51,52]. In humans, NMT1
represents its four distinct splicing variant isoforms ranging
from 49 to 68 kDa in size [10]. The longer isoform of 496
amino acids represents the full-length protein, whereas
the shorter isoform represents a translation product of
416 amino acids that initiates with a methionine at amino
acid position 81 in the full-length ¢cDNA [10,31]. Some of
these isoforms are cytosolic, whilst most NMT variants are
associated with cellular membranes [42,53]. Followed by
myristoylation, the overall hydrophobicity of the proteins
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is enhanced and contributes to establish better association
with the target locations.

N-Myristoyltransferase Expression and its
Correlation with Carcinogenesis

Although, transcriptional regulation of NMT
expression in  different  pathological  conditions
However, has not been investigated. However, it's over
expression has been correlated with cancer progression.

Myristoylated proteins are known to associate with
molecular signaling processes like cell proliferation,
differentiation, myelpoiesis and cell growth [54].
Over expression of NMT has been reported in human
colorectal tumors and adenocarcinomas as well as in early
carcinogenesis like non-malignant colonic polyps [55]. A
co-linear relationship has been established between NMT
expression and gallbladder, oral squamous cell carcinomas,
breast carcinoma and brain tumours. Myristoylation of
diverse proteins have been reported in different kind of
cancers [40,56]. However, no direct relationship between
specific protein’s myristoylation with types of cancer has
been established.

N-Myristoyltransferase and Colorectal

Adenocarcinomas

Colorectal cancer is the second leading cause of
malignant death world-wide. In the European countries,
colorectal cancer accounts for the second most common
cause of mortality. While, in the USA alone, it is the fourth
most common cause of malignancy. Several studies have
shown that NMT expression patterns qualify NMT as a
clinical diagnosis biomarker as well as a therapeutic target
for colon cancer [54-59].

Myristoylated Alanine Rich protein Kinase C substrate
(MARCKS) has been implicated in the pathogenesis of various
highly metastatic epithelial malignancies [27]. In murine
colon carcinoma CT26 cells, MARCKS-depletion decreases
motility, penetration and induces an aberrant prolonged
mitotic process. Significant metastases were developed in a
syngeneic model of colon metastasis by MARCKS-depleted
CT26 in comparison to CT26-tumor challenged mice [28].

Therefore, MARCKS plays an important role in the
progression of colorectal cancer. Significantly higher
NMT activity in rat colonic tumors, (polyps and stage Bl
tumors) was reported compared to normal colonic mucosa,
suggesting that NMT could be used asa diagnostic/prognostic
biomarker candidate for colorectal cancer early detection
[57,59]. Further, altered expression of NMT in the peripheral
blood of colon cancer patients has offered an advantage to
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using it as a blood based colorectal detection biomarker
[59]. In addition, surprisingly, in colorectal patients, NMT
was found predominantly in the nuclei of the bone marrow
(BM) mononuclear cells. While in the control bone marrow
specimens, it remained cytoplasmic [59]. Therefore, a
striking difference in the NMT expression and its altered
localization in bone marrow cells of colon cancer patients
offer to establish NMT as a prominent screening or diagnosis
biomarker of colon cancer [60]. Increased expression of NMT
in colon cancer cell lines has been implicated with elevated
c-Src levels. Similarly, a significant increase in the levels of
myristoylated tyrosine kinases, pp60c-src and pp60c-yes,
was found in colonic pre-neoplastic lesions and neoplasms
as compared to normal non-cancerous colon cells. A
previous study has revealed that pp60c-src over expression
enhanced kinase activity in progressive and metastasis
stages of human colorectal cancer. The blockages of pp60c-
src N-myristoylation in colonic cell lines depression colony
formation leads to reduced cell proliferation and thus
limit cancer progression. Generally, tyrosine kinase p60src
is predominantly localized in the cytoplasm. Followed
by myristoylation, it moves towards the inner surface of
the membrane, localize there and transmits proliferative
signals to the nucleus via transducer proteins including Ras
[39,58,60,61].

NMT Over Expression and Oral Squamous Cell
Carcinoma (0SCC)

0SCC is the most frequent and prevalent type
of malignancy of the head and neck region. In OSCC,
N-myristoyltransferase catalyzes the myristoylation of
proteins associated with proliferative signal transduction,
transformation, differentiation which lead to oncogenesis
[23,59]. The increased NMT activity in OSCC has been
reported in previous studies [59]. A significant increase in
the immune staining for the N-myristoyltransferase inhibitor
protein 71 (NIP71) was reported in the OSCC Shrivastav, et
al. [59,62], suggesting a regulatory relationship between
NMT and NIP71 during tumorigenesis or progression of
OSCC. It may be possible that the elevated expression activity
of NIP71 is a cellular self-regulatory effort of the cells to
combat NMT mediated transformations. An earlier study
indicated that heat shock cognate protein 70 (hsc70), a
constitutively active form of hsp70, has significant homology
with N-myristoyltransferase inhibitor protein 71 [59,63].
Further, Hsp70 is one of the prime molecular markers of
0SCC, suggesting a role of NMT in oral cancer. Reports also
suggested that NIP71/hsc70 and NMT interact, resulting
in hsc 70 chaperon activities including protein-protein
interaction initiation. The role of hsc-70 has also been
explored in the nuclear localization of NMT. Therefore, it
could be concluded that NIP71/hsc70 over-expression is
the prime factor which control elevated NMT activity in
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tumor cells [59,64]. Subsequent reports provided additional
strength to the conclusion that NMT knock-down cells
demonstrated a high rate of apoptosis [7,9]. Thus, the novel
relationship between NIP71/hsc70 and NMT decides the
fate of the cells by taking decisions to promote or inhibit
carcinogensis or cellular transformation [63].

Role of N-Myristoylation in Gall Bladder Cancer

A correlation between N-myristoylation, p60src activity
and cellular transformation, has been established [40,59,64].
V-src has been implicated in increasing constitutive
activation of Jak-2 and Tyk-2 and resistance against cisplatin
in human gall bladder carcinomas [65]. It may be speculated
that an increase in p60c-src expression in gall bladder cancer
patients obviously requires increased N-myristoylation level
that further facilitates myristoylated pp60c-src targeting to
the cytoskeletion. Cellular transformation generally occurs
either through Src or Ras mediated pathway. However, in
gall bladder carcinoma, a moderate to high level increase
in NMT expression was reported, suggesting that these
cells selectively adopted Src mediated pathways for cellular
transformation [40]. A possible correlation between NMT
and p53 expression in gall bladder carcinoma cases has
been studied using immune histochemistry in both in situ
and in invasive tumor tissue [66]. These studies concluded
that increased NMT expression in gallbladder tumors is
associated with poor clinical outcomes as evidenced by
their mean survival times. Enhanced expression of NMT
was reported in the cells carrying the mutated p53 gene,
suggesting that wild-type p53 protein may act as a negative
regulator of NMT expression [40,65,66].

Role of N-Myristoylation in Breast Cancer and
Hepatocarcinoma

Breast cancer is the fifth most common cause of cancer
death and contributes approximately 10.4% of all cancer
incidences among women globally. Elevated NMT activity
has been reported in various human breast cancer cell
lines [52,67,68]. The breast cancer tissue array revealed
higher expression levels of NMT in malignant breast tissues
compared with normal breast cells. A clear gradation of
infiltrating ductal carcinoma breast tissues was performed
for grade 1, 11, and III, on the basis of NMT immune staining.
These studies demonstrated over-expression of Akt/PKB
resulted in NMT1 phosphorylation in breast cancer cells.
Elevated NMT activity was also observed in various cancers
showing reduced Akt/PKB expression [23,56]. Previous
studies demonstrated an approximately<50% reduction
in NMT expression in the HepG2 cells carrying active Akt/
PKB gene transcript as compared to parental normal HepG2
cells. Later on, reduced NMT activity in HepG2-CA-Akt/PKB
recombinant cells was found to be associated with NMT1
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phosphorylation. Likewise, carcinogenic or metastatic breast
cancer cell lines such as MDA-MB-231, MDA-MB-435, and Hs
578T indicated decreased myristoylation level probably due
to phosporylation of NMT [56,59].

Differential Molecular Signaling Induced
by Myristoylation of Cancer Promoter and
Suppressor Proteins

Myristoylation of proteins may contribute to differential
signaling output. Interestingly, myristoylation of some
oncoproteins like Src, Myc, p53, GPCR, Fac etc., modulates
their membrane localization, leading to carcinogensis
[5,11]. However, as the result of myristoylation of tumor
suppressor protein, i.e.,, Fus-1, lost its tumor suppression
activity [69-71]. Therefore, in view of recent evidence, it
could be concluded that myristoylation is an event which
can regulate cancer fate in both ways: i.e., it may enhance or
suppress carcinogenesis, depending upon the myristoylation
of specific target proteins. Cellular transformation of the
cells requires Src protein myristoylation. Myristoylation of
Src protein enhanced phosphorylation and increased kinase
activity, leading to cellular proliferation and subsequent
transformation [71]. Non-myristoylated Src is known to
decrease its phosphatase and kinases activities and thus
limit its membrane localization and cell proliferative activity
[45,71]. Therefore,increased myristoylation of c-Srcenhances
cell proliferation and thus, forces normal cells to undergo
transformation [61]. This alteration directs c-Src localization
on cellular membranes and thus accelerates its transforming
functional activity. Interestingly, various colorectal cancer and
gallbladder tumor exhibit induced N-myristoyltransferase
expression levels [45]. These findings suggest that targeting/
blocking N-myristoyltransferase expression, which mediates
myristoylation of several proteins leading to carcinogenesis,
may be a potential strategy to inhibit carcinogenesis.
Whereas, on the other hand, myristoylation of Fusl is a
prerequisite requirement for tumor suppression. Non
myristoylated Fus-1 protein was found to lose its tumor
suppressing activity [69]. Therefore, myristoylation acts as
a facilitating factor for tumor growth suppression. In normal
cells, only myristoylated Fusl protein is detected, while,
in cancer cells, non-myristoylated Fus 1 protein was also
present in significant amounts. However, non-myristoylated
Fus-1 protein is known to have reduced half-life as compared
to wild-type Fusl and lost its characteristic localization at
cellular membranes. The non-myristoylated Fus-1 protein
is also reported to be degraded by protease more efficiently
compared to myristoylated protein [69]. In view of the above,
due to the diverse nature of both myristoylation and cancer
progression, inhibition of NMT in cancer cells has a potential
negative or positive impact on proliferation and cell death.
Conclusively, anticancer therapies targeting NMT expression
inhibition being developed may be useful in a specific subset
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of cancers, but the possibility of provocation of other kind of
cancer cannot be ruled out.

Role of Myristoylation in Apoptosis and
Correlation with Carcinogenesis

Myristoylation is an established integral part of
programmed cell death regulation. Apoptosis can be
induced by either mitochondrial or death receptor mediated
activation [72-74]. Receptor mediated apoptosis is initiated
by the formation of the death-inducing protein signaling
complex, composed by numerous protein partners including
caspases-3. Caspase 3 cleaves a number of proteins that
subsequently undergo NMT mediated myristoylation.
Similarly, the pro-apoptotic BH3-interacting death domain
(Bid) agonist is one of the various proteins myristoylated
by NMT and translocates to the mitochondria where it
promopts the release of cytochrome C leading to apoptosis
[14]. In continuation, gelsolin Utsumi SN, et al. [21] and p21-
activated kinase 2 (PAK2) are three other proteins that are
myristoylated followed by caspase-3 mediated cleavage.
Myristoylation of these proteins modulates apoptosis. Both
isoforms of NMT (i.e. NMT 1 and NMT?2) are reported to be
cleaved during apoptosis [57]. PAK-2 (p21-activated protein
kinase 2) is the most prominent substrate of caspase-3 found
to be myristoylated in apoptotic cells at post translational
event. PAK-2 is a serine/threonine kinase, activated by small
GTPases and cleaved by caspases-3 during apoptosis [75].
Myristoylated PAK-2 passes molecular signals and promotes
apoptotic events, but it does not promote mitochondrial
dysfunction directly. Experimental evidence suggests
that isozymes [72] of NMT have different functions in
apoptosis induction and progression [14,21]. An increase
in apoptosis has been reported upon either NMT1 or NMT 2
inhibition. However, the effect is more prominent with NMT?2
inhibition compared to NMT1 [21]. Further, expression of
anti-apoptotic proteins such as Bcl-XL and Mcl-1[50] was
reported to be decreased in response to NMT2 knock down,
but the effects of losing NMT1 were not as significant [7,9].
Pro-apoptotic protein Bid has been reported to be cleaved
by caspase-8 [74]. The cleaved p1l5 fragment of Bid was
reported to be myristoylated post-translationally by NMT
during apoptosis. The p15 fragment is known to be re-
localized to the mitochondrial membrane as a non-covalent
complex, where it facilitates oligomerisation of another pro-
apoptotic protein, Bak. Thus, the myristoylated p15-Bid-Bak
complex initiates mitochondrial dysfunction and release
of cytochrome C into cytoplasm [5,14]. Similarly, post-
translational myristoylation is a mandatory requirement for
the translocation of Bid, caspase-cleaved actin and gelsolin
towards mitochondrial membrane [21]. However, biological
functions of these myristoylation modifications (Figure
2) processes are still not completely understood. Caspase
cleavage site is located on the N terminal side of both NMTs.
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NMT1 act as a substrate for caspase-3 and caspase-8, while during apoptosis. Most importantly, significant suppression
NMT2 acts as a substrate for caspase-3 only. Therefore, in capases expression levels was reported. This may support
caspases play an important role in the post-translational higher level NMT accumulation in cancer cells [1,21,57].
myristoylation of target proteins but also regulate the rate Thus, increased level of NMT accelerates myristoylation of
of NMT synthesis and its localization. Caspase 3/8-cleaved other proteins and thus, contributes to cancer progression
NMT1/ NMT2 and thus altered their subcellular localization (Figure 2).
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Figure 2: Concomitant relationship between myristoylation induced carcinogenic signaling and apoptosis: Oncogenic
transformation down regulates caspase 3 expression in the cells that contributes to higher NMT expression and thus,
increased myristoylation of target proteins such as Myc/Src. Myristoylated proteins that interact with membrane lipids and
activate G protein mediated signaling, leading to cell proliferation and carcinogenesis progression. Concomitantly, in normal
cells, during apoptosis, caspase 8 and subsequently caspase 3 are up-regulated. As caspase-3 utilizes NMT as its substrate.
Therefore, caspase-3 mediated NMT cleavage inhibits myristoylation of target proteins and thus, functional impairment of
NMT contributes to enhanced apoptosis in normal cells.

PAK2; p21-activated protein kinase, ctBid; C-terminal fragment of BH3 interacting domain death agonist, MAP Kinase;
Mitogen-activated protein kinase 1, GTP; Guanosine triphosphate, GDP; Guanosine di Phosphate, Pi; Inorganic Phosphate, BID;
BH3 interacting domain death agonist, Apaf-1; Apoptosis protease-activating factor-1, Cyt C; Cytochrome C, TRADD; Tumor
necrosis factor receptor type 1-associated DEATH domain, FADD; Fas-Associated protein with Death Domain, Raf: Rapidly
Accelerated Fibrosarcoma, ERK1/2; Extracellular Signal regulated kinases [76].

N-Myristoyltransferase Inhibitors of Indigenous NMT tomyristoylatetheirown proteinsthathelpthemnotonly
and Synthetic Origin to survive butto proliferate in the host environment. However,
NMTs exhibited a preference for myristoyl-CoA compared
Myristoylation of proteins is an epigenetically regulated to other acyl-CoA derivatives. However, it also represents
process. Several functional outcomes like carcinogenesis, diverse specificity towards divergent peptide substrates.
apoptosis, cell proliferation and survival etc., of myristoylated
proteins are dependent on NMT expression and activity Interestigly, ~siRNA  mediated interference in
[77,78]. Apart from that, several human pathogens such as NMT 1 gene expression leads to tumor growth
pathogenic fungi and parasites require NMT expression for inhibition [79]. Therefore, NMT is a potential target
their own survival. While some viruses and bacteria use host for the development of novel anti-cancer therapeutics.
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Quantitative RT-PCRanalysisofhuman NMT 1 gene expression
showed its up-regulation in breast, colon and lung cancer
by 1.8 to 3.7-fold respectively [80]. A variety of compounds
have been reported to inhibit NMT activity. Enolase is an
indigenous potent inhibitor of the N-myristoylation reaction
in vitro [81]. It is a glycolytic pathway enzyme that catalyzes
conversion of 2-phosphoglycerate to phosphoenol pyruvate.

Mpyristoylation reaction intermediate i.e., Myristoyl-
CoA:Protein-N-myristoyltransferase is a novel target for
anticancer, antiparasitic and antifungal agents [53,77,81].
N-myristoyltransferase inhibitors like benzofurans and
benzothiazole derivatives have been investigated for their
in vivo antifungal activity [62,77,81-83]. Though, various
leads have been implicated to develop NMT inhibitors in
vitro. However, no rational drug based on NMT inhibition
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has been developed for clinical use. However, bio-informatic
based homology modeling and/or molecular dynamic
computer simulation based studies can help in virtual
screening of some new lead compounds [84-86]. In a study
on bovine brain NMT, several synthetic substrates analogs
i.e., acyl-CoA and non-CoA myristoyl analogs were tested
in vitro for possible NMT inhibition [62]. The first class of
NMT inhibitors includes S-(2-ketopentadecyl)-CoA, S-(2-
bromotetradecanoyl)- CoA and S-(3-(epoxymethylene)
dodecanoyl)-CoA and the multi substrate derivative N-(2-S-
CoA-tetradecanoyl) glycinamide exhibited higher inhibitory
activity [86-88]. A variety of compounds carrying NMT
inhibitory activity have been evaluated in Leishmania major
and Trypanosoma brucei using bio-informatics tools [77].
Several NMT inhibitors are listed in Table 2.

NS(') NMT Inhibitors Targeted protein/Cells Functional outcome References
NMT inhibitor Protein 71 (NIP71), Oral Squamous cell Inhibition of
1. homologous to heat-shock cognate carcinoma (0SCC) UMOUrosenesis [52,56]
protein (HSC70) &
2. y- vy form of Enolase Saccharomyces cerevisiae A putative marke.r of [52]
small cell lung carcinoma
Inhibit growth of P.
3. Putative adenylate kinase 2 (PAK-2) P. falciparum falciparum upon NMT [75]
inhibition
Colon cancer HT-29 cells | |15y o10n cancer cells
4, Small interfering RNAs (siRNA) and ovarian carcinoma rowth [79]
SKOV-3 cells &
Neutrophils and Decrease NMT activity in
5. HSC70 and/or enolase macrophages in inflamed | inflammation responsive [52,56]
lung cells
6. An imidazole-substituted tripeptide Candida albicans Antifungal activity [23,62]
7. CP-030890-27 Trypa.nosoma. bFUC'EI and Anti-protozoan activity [77,107]
Leishmania major
CP-014553 Plasmodium falciparum Anti-malarial activity [107]
S-(2-ketopentadecyl)-CoA
10. S-(2-bromotetradecanoyl)-CoA Plasmodium falciparum;/
11. | S-(3-(epoxymethylene)dodecanoyl)-CoA sz[?c;InosorTza br1'1ce1/ Anti-parasitic activity [47,82]
12 The multisubstrate derivative N-(2-S- elshmania major. / )
' CoA-tetradecanoyl) glycinamide Saccharomyces cerevisiae
13. 1-bromo-2-pentadecanone
14. Compound 1 Hela Cells I.nhlbltlon ofhuman.l\.IMT [11]
in cell culture condition.
Pyrazole sulfonamide inhibitors of . . Inhibition of T. brucei,
15 TbNMT T.brucei, and T. cruzi and T. cruzi cell growth. [77]
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. Trypanocidal: Directly
16. Pyrazole sulfonamide DDD85646 Trypanosoma sp. inhibit cell proliferation [84]
17. | Pentamidine and melarsoprol in the T. b. T. brucei T b_r uce l.g.thh
inhibition
P falciparum. and L Parasitic NMT isozyme [77,82]
18. LELP-optimised NMT inhibitor ' parum, ’ inhibition leads to
donovani A
growth inhibition
Benzofuron, Benzothiazoles,
19. Benzothiophenes, Indoles, P. falciparum and P. vivax Anti-malarial activity
Benzothiophenes [111]
o C. albicans, and P. Anti-fungal and anti-
20. Quinolines : . o
falciparum malarial activities

Table 2: N-Myristoyltransferase (NMT) Inhibitors and Their Protein Targets.

N-Myristoylatransferase
Inflammation

(NMT) and

Inflammation occurs because of tissue injuries,
immune insults and infections. Cytotoxic neutrophiles and
macrophages respond to infection and moved towards the
infection site of the tissue to combat the infectious agents.
Expression and activity of NMT in phagocytic cells was
reported to be increased in lung inflammation caused by
bacterial infection [29]. NMT1 activities are also known
to be induced in neutrophils and macrophages upon lipo-
polysaccharide (LPS) treatment [29]. NMT1 induction
reported in inflamed tissue was not due to bacterial presence
in the inflamed tissue because bacteria do not have an NMT1
gene. NMT1 expression was reported to be increased in
inflamed lung along with decreased functional activity due
to induction of its indigenous inhibitor, i.e., a 48 kD protein
enolase [52,89].

Immuno-electron microscopy revealed that NMT1
is predominantly localized in the nucleus of leukocytes
within inflamed lungs [29]. Nuclear localization of
inflammation regulatory proteins like TLR-4 and
integrin avb3 in leukocytes and endothelial cells of
inflammed lungs are found consistent with NMTI1.

Although its exact functional outcome is not clearly
understood. However, its shuttling between cytoplasm
and nucleus perhaps depends upon the requirement of
myristoylation of cytoplasmic or nuclear proteins involved
in cell proliferation, inflammation and carcinogenesis [29].
Experiments demonstrated a ~30% reduction in the lifespan
of normal and activated neutrophils in which the NMT1
gene was knocked down [90]. Therefore, increased gene
expression and functional activity of NMT1 in activated
neutrophils and their decreased lifespan following NMT1
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inhibition provide novel insights in the role of NMT1 in the
regulation of neutrophil life span.

NFkB transcription factor plays a crucial role in cell
proliferation, differentiation, adaptive and innate immune
response, and inflammation [91]. Defects in NF-«kB cellular
and molecular signaling, such as continuous stimulation or
activation, may be associated with induced inflammation and
chronic neuro-inflammation that lead to neurodegenerative
diseases. Proteins like A20 (TNF-a-induced protein3) act as
NFkB inhibitors [91]. However, the regulatory function of
A20 depends on its interaction with RING finger protein11
(RNF11). RNF11 is known as an integral component of
the A20 ubiquitin-editing protein complex, that negatively
regulates NF-kB signaling in human monocytic cell lines [92].
Interestingly, it was reported that myristoylation of RNF11
functional motifs is an essential event for its interaction
with A20 ubiquitin-editing protein complex and NF-«xB
regulation [91]. Therefore, myristoylation of RNF11 proteins
is essentially required for negative control of NFkB signaling
in neuro-inflammation (Figure 3).

Forminsone proteins involved in polarized processes
contribute to inflammation. Formin like 1 (FMNL1) protein
is specifically expressed in hematopoietic lineage cells and
over-expressed in malignant cells of different origin [93].
This restricted expression suggested that FMNL1 to be an
attractive target for novel immune-therapies in malignant
and inflammatory diseases. A splice variant of FMNL1
induces polarized non-apoptotic membrane blebbing that
lead to inflammation. Membrane localization of FMNL1
essentially depends on its N-terminal myristoylation [94].
Thus, N-myristoylation is a regulatory mechanism for
FMNL1 membrane trafficking and potentially responsible
for diverse polarized processes including inflammation in
hematopoietic lineage-derived cells (Figure 3).
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Figure 3: Myristoylation Induced Inflammatory Signaling Pathways: Myristoylation of FMNL-1 protein induces its anchoring
with membrane and activation of BK1 mediated EP4 signaling lead to inflammation. Further, myristoylation of 68k protein in
neutrophiles and macrophages induces phospholipase and cyclooxygenase signaling. The metabolic product of cyclooxygenase
reaction i.e. archidonic acid, LTC and HETES induced inflammation. However, myristoylated RNF11 protein form a complex
with A20 ubiquitinin editing protein in the endosomes of neuronal cells which block NFkB mediated inflammatory responses.
Therefore, myristoylation diversely modulates inflammatory response in specific situations.

MARCKS; Myristoylated alanine-rich C-kinase substrate, BK1; Bradykinin-1, ROCK; Rho-associated protein kinase, FMNL-
1; Formin like protein, ROS; Reactive oxygen species, IFNg; interferon gamma, GM-CSF; granulocyte macrophages colony
stimulating factor, PGE2; Prostaglandin E2, RNF 11; RING finger protein 11, NFkB; Nuclear factor kuppa beta, TNFa; tumor
necrosis factor, LTC; Leukotriene, HETES; hydroxyeicosatetraenoic acids, EP 4; Prostaglandin E receptor 4.

Protein myristoylation is a main regulatory step
during signal transduction in macrophages [95]. The role
of myristoylation in arachidonic acid metabolism and in
interferon-y signaling leading to inflammation has been
deduced [96]. Macrophages predominantly produce
arachidonic acid (20:4) metabolites, which are prime
mediators of inflammation. At the time of macrophage
interactions with pathogens, phospholipases are activated
that result in the release of metabolites producing 20:4
metabolite from membrane phospholipids and induced
inflammation (Davies et al., 1984). The free 20:4 is further
oxygenated by cyclooxygenase and produces prostaglandin
E2 (PGE2) and prostacyclin (PGI2). It can also be converted

Kumar R, et al. N-Myristoyltransferase: A Novel Therapeutic Target for Cancer, Inflammation and

Radiation Response Modifications. Adv Clin Toxicol 2024, 9(1): 000297.

into leukotriene C (LTC) and hydroxyeicosatetranoic acids
(HETESs) with the help of a lipoxygenase pathway (Davies et
al,, 1984). The reaction end products like prostaglandins and
prostacyclin are known as pro-inflammatory agents (Figure
3).

Bacterial lipopolysaccharide (LPS) has been reported
to enhance 20:4 metabolism in macrophages. LPS has also
been reported to promote covalent attachment of myristic
acid to a set of macrophage proteins. The time of treatment
and concentration of LPS regulates myristoylation and
subsequently 20:4 cascading in macrophages. LPS-primed
macrophages show greatly increased phosphorylation of the
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68K protein upon protein kinase C activating phorbol esters
treatment [97]. It is proposed that the myristoylation of
the 68K protein promotes its attachment to the membrane.
Where, myristoylated 68K protein binds with activated
protein kinase C (PKC), and thus contributes to mobilization
and oxygenation of 20:4 metabolites from macrophages
[98]. Similarly, inflammatory response in the activated
macrophages induces lymphokine interferon (IFN-y)
expression and activity which promotes the myristoylation of
a 48 K protein. Membrane attachment of myristoylated 48K
protein accelerates microbicidal activity of macrophages and
inflammation in infected tissues. The Molecular signaling
pathway depicting association between myristoylation and
inflammation regulation is presented below Figure 3.

A Novel Strategy to Combat Carcinogenesis
and Radiation Toxicity in Normal Tissue Using
Differential Myristoylation Regulation:

e Though complete molecular signaling is not very clear,
but myristoylation undisputedly is an integral part of
cancer progression. Several proteins Table-1 undergo
myristoylation resulting in cell membrane attachment
leadingto down-streamsignalingand cancer progression.

Similarly, myristoylation of various target proteins (like
MARCKS, FMNL1, RNF11, 68K, 48K etc.) in neutrophils,
macrophages and neuronal cells contributes to inflammation.
More interestingly, inhibition of NMT either by using its
inhibitor or gene knock out strategy, cell proliferation
in cancerous cells and cell survival in normal cells were
compromised. This phenomenon suggests that, on one hand,
inhibition of NMT gene expression demonstrates a beneficial
effect by blocking cell proliferating molecular signaling
induced by myristoylated proteins (targeted protein
myristoylation inhibition contributes to cancer progression
inhibition), while,atthe sametime,itmaybe detrimental to the
fate of normal cells. Expression of NMT in normal cells seems
to be under the tight control of its negative regulators such as
NIP71, hsc-70/HSP-70, Fus1, A20 ubiquitious protein editing
complex and caspases etc. Therefore, strategically, inhibition
of NMT expression in cancer cells provides an opportunity to
limit their cell proliferation and cancer progression. But at
the same time, NMT stimulation in normal cells can enhance
their survival under environments like gamma radiation
stress during radiotherapy of cancer patients. In view of
the above, the strategy appears to be promising to protect
tissues against cancer progression, inflammation and gamma
radiation induced cytotoxicity: Though NMT antagonists/
inhibitors are established therapeutic targets to combat
cancer progression. However, by increasing NMT expression
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using NMT agonists, pro-survival signaling can be induced

in normal cells. Available literature suggests that NMT only

contributes to cancer progression and not its initiation.

Therefore, itshould notinitiate cancinogenesis in normal cells

Figure 4. Myristoylation of 68K, 48K proteins, MARCKs and

FMNL-1 proteins in neutrophiles and macrophages induces

inflammatory response. As the result of higher inflammation,

pro-inflammatory cytokines are released that may cause
tissue damage at the infection site. However, inhibition of

NMT in neutrophiles and macrophages compromises their

life span that may cause more severe infection. In view of

the above, optimized myristoylation of targeted proteins in
inflammatory responsive cells needs to be maintained.

e Furthermore, myristoylation of RNF11 protein is a
prerequisite requirement to make a complex with A20
ubiquitin editing protein in the endosome which blocks
NFkB mediated inflammation in neuronal tissues.
Therefore, upregulation of RNF11 myristoylation
specifically in endosome would be a prominent
therapeutic target to combat neuronal inflammation.

e NMT cellular level can be enhanced by down-regulation
of NMTs negative regulators like NIP71, hsc-70/HSP-
70, Fus1, A20 ubiquitious protein editing complex and
caspases etc., would result in improved cell survival
which may contribute to protection of cells against
ionizing radiation (Figure 4).

e NMT over-expression in the cells of hematopoietic
lineage like neutrophils and macrophages is known to
increase their life span and activate pro-inflammatory
response by increasing inflammatory cytokines. These
findings suggest that NMT up-regulation may induce
a TH2 type cellular immune response necessary for
immune system stimulation under gamma radiation
stress and thus, may provide radioprotection.

e NMT acts as a selective substrate for caspase-3 in normal
cells. Interestingly, caspase-3 expression in cancer cells
is suppressed, resulting in increased NMT levels and
thus over myristoylation and carcinogenesis. Thus, by
decreasing capase-3 expression in normal cells, NMT
expression can be enhanced, resulting in better survival
against radiation-induced cellular damage (Figure 4).

e Various proteins, including cytoskeletal actin and
gesolin, apoptosis regulating protein Bid, radiosenstizing
protein MARCKS and RGS5 and radioresponsive
protein Pak-2 are known as prominent targets of NMT
[14,21,27,76]. Expression level of these proteins was
reported to be altered under radiation stress [98-107].
However, information about whether myristoylation
of these proteins influence radioresponse influences
to radiosensitization or radioprotection is completely
missing and needs focused attention.
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Figure 4: Schematic Representation of Myristoylation Mediated Radio-Response Modification in Normal and Cancerous Cells
by NMT Negative Regulators: The present hypothesis comfortably explains the significant role of myristoylation in radio-
response modulation in normal and cancerous cells. Up-regulation of NMT negative regulators in cancerous cells lead to NMT
expression inhibition resulting in cell proliferation arrest. Thus, in this scenario, by applying radiotherapy in cancer patients,
more cell death can be achieved. However, at the same time, by down regulation of NMT negative regulators, NMT expression
can be enhanced, which may lead to higher cell growth and thus better protection against gamma radiation during radiotherapy
of cancer patient. Therefore, by differential modulation of NMT negative regulators, radio-senstization in cancerous cells and
radioprotection in normal calls can be achieved.

P53, Tumor protein 53; NIP71, NMT inhibitor protein-71; hsc-70, heat shock cognate protein-70; HSP 70, heat shock
protein-70; Akt/PKB, protein kinase B; Src, oncogene of Rous sarcoma virus; Myc, myelocytomatosis viral oncogene; GPCR,
G protein coupled receptor; mP53, Mutant P53 protein; Fac, Fanconi’s anemia complementation group C protein; MARCKS,
Myristoylated alanine-rich C-kinase substrate; ct-PAK-2, C terminal p21-activated protein kinase; PAK2, p21-activated protein

kinase.

Myristoylation and Prominent Technical Gaps

facilitates
interaction,

Mpyristoylation  of
membrane  anchoring,
protein phosphorylation leading to cell proliferation,
embryonic  differentiation, apoptosis, inflammation
and immune regulation in cells of different lineages.
N-myristoyltransferases (NMT1, NMT2) were found
to be conserved throughout the evolutionary path
and have been studied by several workers worldwide.
However, the following questions still have not been
answered and should be investigated.

e How is NMT’s transcriptional regulation maintained
under different kind of stimuli and stresses?

e What are the factors that control NMT gene splicing
and isoforms modification leading to myristoylation of

target  proteins
protein-protein
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specific protein targets?

e How is NMT specificity with its natural substrate, i.e.
myristic acid (present >5nM/cell) is maintained while
it represent cross-reactivity with abundantly available
palmitic acid and other cellular protein substrates?

e How myristoylation and membrane attachment of
the target proteins transmit downstream molecular
signaling to progress or initiate cellular transformation,
carcinogenesis, differentiation or inflammation?

e  Whether, myristoylation of specific protein contributes
to the specific type of cancer, or a diverse protein
myristoylation can be associated with a specific type of
cancer?

e Localization studies revealed NMT presence in the
nucleus, cytoplasm, cell membrane, endosomes and
ribosomes. However, how NMT translocation among
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different cellular compartments is regulated?

e Myristoylation is known to participate in tethering the
G protein to the inner surface of the plasma membrane,
and thus, facilitate G protein interaction with its receptor.
Various proteins include catalytic subunit of cAMP4-
dependent protein kinase, tyrosine kinases (pp60src,
pp60yes, pp56lck, pp59fyn/syn, and c-Abl), calcineurin,
myristoylated alanine-rich C kinase substrate (MARCK),
some guanine nucleotide binding proteins and ADP
ribosylation factors etc., undergo myristoylation. What
are the exact function and purposes of myristoylation of
all proteins in normal cells?

e As the NMT gene is conserved among all eukaryotic
organisms, it indicates that NMT expression is essential
for performing several important functions in normal
cells. Therefore, the effect of NMT inhibitors on normal
cell functioning needs to be further investigated.

e  Whether NMT inhibition is sufficient to block cancer
cells/tissue growth or not?

e Several negative regulators (like NIP-71, hsc-70, Akt/
PkB and wtp53 protein) of myristoylation have been
reported. Whether these proteins differentially regulate
NMT expression in normal and cancerous cells needs to
be investigated.

Conclusion

Myristoyltransferase (NMT1/2) enzymes are
thoroughly conserved throughout evolution in all eukaryotic
organisms ranging from yeast to humans [108-110]. The
exact function of NMTs in various stages of development
is under investigation at various laboratories. NMT
catalyzes myristoyl (C14 lipid chain compound) group
transfer to the glycine residue of consensus amino acid
sequences of target proteins. Myristoylated proteins
then transduce down-stream signals to induce either
continuous cell proliferation with carcinogenic outcome or
inflammation with a desired immune response/ apoptosis.

Though myristoylation of different proteins activates
diverse response in normal and cancerous cells, integral
intermediate molecular factors responsible for the
molecular cascade lead to the desired outcome are still
unknown. Further, whether myristoylation participates in
cancer progression only or it also involved in carcinogensis
inductionis notreally understood. Transcriptional regulation
of NMT gene expression against different stimuli and its
translocation mechanism in different cellular compartments
are a matter of concern for investigators. Caspase 3 was
reported as the main regulator of NMT activity in cancer cells
as NMT act as a substrate for caspase 3 in normal cells. Down
regulation of caspases contribute to NMT accumulation in
cancer cells leading to increased myristoylation. Therefore,
either induction of caspase 3 or inhibition of NMT in cancer
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cells could be the prominent therapeutic target to control
aggressive tumor growth. Several indigenous and chemical
NMT inhibitors have been evaluated for their possible
application as anticancer therapeutic agents. However, most
of them are still in preclinical stage. Myristoylation of several
proteins such as FMNL1, RFN11, 68K protein and 48K protein
and MARCKS etc., activate various inflammatory reactions
including NFkB activation, induced TNF-«, INF-y, GM-CSF
pro inflammatory cytokine expression in neutrophiles,
machrophages, and neuroblastoma cells. Myristoylation
of FMNL1 proteins enhances membrane blebbing and
inflammation in neuroblastoma cells. Therefore, NMT
mediated myristoylation modulates inflammatory response
in the infected cells or tissues. Despite significant work
done, several technical gaps still remained unfilled with
appropriate scientific evidence to resolve prominent
questions associated with myristoylation in normal and
cancer cells. If gaps are filled with relevant scientific
information, differential responses in normal and cancer
cells can be unraveled. By understanding the mechanism
of negative and positive regulators of NMT transcription
and myristoylation, it is possible to achieve radioprotection
in normal cells along with radio-sensitization in cancer
cells. Continuous, concentrated and focused attempts to
understand the molecular mechanism of myristoylation and
its contribution to differential cellular response in normal
and cancer cells will certainly enhance better understanding
of myristoylation and its application in anticancer, ant-
apoptosis and anti-inflammatory response targets discovery.
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