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Abstract

Neural cell adhesion molecule, an integrated molecule of immunoglobulin protein superfamily involved in cell-cell adhesion, under-
goes various structural modifications through numerous temporal-spatial regulations that generously alter their expressions on cell
surfaces. These varied expression patterns are mostly envisioned in the morphogenesis and innervations of different human organs
and systems. The considerable role of NCAM in neurite growth, brain development and etc. and its altered expression of NCAM in
proliferating tumour cells and metastasis of various human melanomas clearly substantiate its appropriateness as a cell surface marker
for diagnosis and potential target for several therapeutic moieties. This characteristic behaviour of NCAM is confined to its novel
biochemistry, structural properties, signalling interactions and polysialylation. In particular, the characteristic expressions of NCAM
are mainly attributed by its polysialylation, a post-translational modification that attaches polysialyl groups to the NCAM. The altered
expression of NCAM on cell surface develops curiosity amidst pharmaceutical scientists, which drives them to understand its role
of such expressions in various human melanomas and to elucidate the promising therapeutic strategies that are currently available to
target NCAM appositely. Therefore, this review article is articulated with an insight on the altered expressions of NCAM, the clinical
significances and the consequences of such atypical expression patterns in various human organs and systems.

Keywords NCAM expression - Cancer metastasis - Signalling interaction - Polysialylation - Cell surface marker -
Melanoma

Introduction molecule (NCAM), a member of the Ig family, finds clini-

cal significance as a stem cell marker to detect various

The cell adhesion molecule (CAM) belongs to either of
the two major families, viz., cadherin family or immu-
noglobulin (Ig) superfamily. The neural cell adhesion
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human melanomas [1]. NCAM or CD56 is recognized
either as a homophilic, Ca“-independent, or a hetero-
philic, Ca**-dependent membrane-bound glycoprotein
[2]. NCAM activates the G-protein in neural tissues and
opens the voltage-dependent calcium channel that even-
tuates in an increased intracellular calcium concentration
[3]. NCAM-mediated cellular interactions were either a
homophilic or heterophilic interaction, depending on the
intracellular calcium concentration. Homophilic interac-
tion is a divalent cation-dependent cellular interaction that
involves binding of NCAM with another NCAM present
on the opposing cell surface. Heterophilic interaction is a
divalent cation-dependent cellular interaction that involves
the binding of NCAM with other molecules such as fibro-
blasts present on the cell surface [4]. The adhesion of
cell-to-cell and cell-to-matrix components was regulated
through the polysialylation of NCAM, wherein the poly-
sialylation highly alters the binding ability of NCAM.
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Depending upon the alternate splicing in the C-terminal
domains, the NCAM isoforms were grouped under three
main classes: a glycosylphosphatidyl inositol linked M,
120,000 (NCAM 120), transmembrane M, 140,000 (NCAM
140) and transmembrane M, 180,000 (NCAM 180). Among
these isoforms, NCAM 140 and NCAM 180 are expressed
in neural and non-neural tissues, while NCAM 120 was
expressed by glial cells in various tissues of adults. Apart
from these three important isoforms, NCAM also exists
either as the soluble form or as the form cleaved by metal-
loproteinases [5]. Extracellularly, the NCAM isoforms com-
prise five N-terminal Ig-like domains and two fibronectins
type III (FN III) repetitive, followed by a transmembrane
domain in NCAM 140, NCAM 180 isoforms and a glycol-
phosphatidyl inositol (GPI)-linked cell membrane in NCAM
120. A unique post-translational modification of NCAM
is enabled through polysialylation that adds the polysialic
acid, an a-2,8-linked sialic acid homopolymer linearly at the
fifth Ig-like domain of NCAM, [6]. The first Ig-like CAM
isolated and characterized was NCAM, whose functional
significance yet remains unclear [7, 8]. In normal humans,
NCAM and its polysialylated form (PSA-NCAM) play a sig-
nificant role in the architect of the developing tissues, neurite
outgrowth, axon guidance, intracellular signal transductions,
cell migration and stabilization of synaptic contacts, and in
the contact-dependent inhibition of cell growth Guan and
etc. [8, 9]. In the adult human brain, the neuronal plasticity
associated with learning and memory was mainly attributed
by the downregulation of the elevated PSA-NCAM expres-
sion on the cell surfaces of the adult brain cells [4, 10].
Though NCAM is prominently expressed in the central nerv-
ous system of the mammalian, they are also expressed on
the epithelial cells of various organs, muscles, pancreatic
B cells and some non-neuronal cells [11]. These NCAM
and PSA-NCAM expressions were controlled by regulat-
ing the interaction of NCAM/PSA-NCAM with the fibro-
blast growth factor receptor (FGFR) Raf1 kinase; Src family
tyrosine kinases Fyn, FAK [12-14] and numerous neuro-
trophic receptors, viz., brain-derived, glial cell line-derived
and platelet-derived neurotrophic factors [15—17]. The levels
of NCAM and PSA-NCAM expression on the cell surface
should be strictly regulated so as to maintain them in a bal-
anced state. The balanced levels of NCAM and PSA-NCAM
expressions on the cell surface must be conserved, as they
usually function opposite [18]. In the remodelling of neu-
ronal circuits, NCAM functions to stabilize the intracellular
signal transduction and synaptic contacts, while the poly-
sialylated NCAM functions oppositely, i.e. destabilize the
intracellular signal transduction and synaptic contacts [10].

The NCAMI1 gene was localized in chromosome 11 of
humans, chromosome 9 of mice and chromosome 8 of rats.
The NCAMI1 gene in mice comprises 20 major exons and 6
small exons. In various carcinoma cells, NCAM expression

results in the transformation of M, 120,000 isoform to M,
140,000 and M, 180,000 isoforms [19]. Considering to this
perspective of NCAM expression in cancer cells, the NCAM
expression in colon cancer, pancreatic cancer and astrocy-
toma was downregulated, while they were upregulated in
neuroblastoma and in certain neuroendocrine tumours that
are characterized with an extensive polysialylated NCAM
[20]. The soluble form of NCAM is produced as a result
of the enzymatic processing of the extracellular domain at
the cell membrane and detachment of NCAM containing
membrane fragments. The progression or clinical state of
many diseases depends on the levels of soluble NCAM,
which highly varies in the brain tissue, cerebrospinal fluid
and serum of a diseased patient. Patients with haematopoi-
etic disorders were characterized with an elevated level of
soluble NCAM in their cerebrospinal fluid samples [21, 22].
NCAM undergoes an extensive altered expression in dif-
ferent regions of human system, and these atypical expres-
sions bring forth numerous significant biological events that
promote neurological development, tumorigenesis and other
related disorders [23]. A detailed review of NCAM expres-
sion with a thorough elucidation on the significance and con-
sequences of such varied expression pattern will definitely
throw limelight in the efforts of pharmaceutical scientists
in devising a successful pharmacological strategy to target
the NCAM effectively in the alleviation of cancer and many
other related diseases. The review further simplifies the drug
design and drug discovery process by providing the quite
essential knowledge required in the development of novel
therapeutic entities to target NCAM appropriately.

NCAM and PSA-NCAM'’s Normal
Physiological Role in the Human System

NCAM, a homophilic cell adhesion molecule, plays a
prominent role in neurogenesis and is widely expressed
in the developing myotubes, motor axons, Schwann cells
and both pre-synaptic and post-synaptic regions of a neuro-
muscular junction [24]. In foetal kidneys, the metanephro-
genic mesenchyme cell prominently expressed the NCAM
and in the adult kidneys, only the nerves and none of the
other cells expressed the NCAM. Immuno-fluorescent
staining technique substantiates the prominent expression
of NCAM in the undifferentiated mesenchyme cells of the
kidney during the tubule formation and a complete loss of
NCAM expression in the fully differentiated and polarized
cells [25]. In smooth muscles, the NCAM expressions were
transient and the monoclonal antibody 3F4-based staining
technique detected, an elevated level of NCAM expres-
sions on the entire surface of the cultured aortic smooth
muscle lines, compared to their expression in the cardiac
and skeletal muscle [26]. The expression of NCAM-140
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isoform on the embryonic lens tissue differentiating cells
marks to be an essential event in the development of eye
[27]. NCAM not only recognizes the appropriate interacting
cells based on their adhesive preferences but also regulates
the bio-communications between the cell membranes. The
level of expression of NCAM on the nerve and muscle cells
determines the nerve—nerve and nerve—muscle interactions.
NCAM-mediated myoblast interactions were envisioned as
a result of the adhesion of NCAM with other molecules such
as N-cadherin, in the muscles, during the formation of multi-
nucleated cells [28]. The varied expression patterns along
with the functional role of NCAM are given in Fig. 1.

The immunohistochemical localization of NCAM in the
pontine migratory stream located beneath the pia mater was
examined in the brain of foetal rats using the specific mono-
clonal antibody for the rat NCAM, MAb-AF11 [29]. NCAM
was expressed at a weak gradient mode in the pontine migra-
tory stream, as evinced by greater NCAM-immunoreactivity
in the anterior part where the neuron resides than in the pos-
terior part. This weak NCAM gradient favours the formation
of the pontine cell strand and the basal pontine grey matter.
In the normal human colon muscles, the NCAM expres-
sion pattern was observed in the inner border of the circular
muscle [30].

The surgical transection of the hypophyseal stalk revealed
the disappearance of PSA rather than the NCAM in the pitui-
cytes, the resident astrocytes of the neurohypophysis con-
firming the role of PSA—NCAM in the cell plasticity. The
polysialylated form of NCAM, PSA-NCAM, plays a sig-
nificant role in the hippocampus plasticity and the presence
of PSA, and protects the cells against kainite-induced cell
death due to heat shock. PSA-NCAM assists in heat shock

Nerve — nerve interactions

LENS CELL

Its expression and adhesion property
is found in embryonic lens tissue

Nerve — muscle interactions

preconditioning-induced neuroprotection, and hyperthermia
upregulates the polysialylation of NCAM which induces
complex molecular cascade that contributes neuroprotec-
tion [31].

NCAM widely involves in the development of brain, neu-
rocognitive functions of the brain and development of adult
inner ears. The peripheral fibres of the auditory epithelium
expressed the polysialylated form of NCAM more exten-
sively. The polysialylated form of NCAM plays a major role
in the processing of auditory information and in the mainte-
nance of neuronal plasticity [32].

NCAM plays a pivotal role in the axonal growth and
fasciculation of the hippocampus in the aged brains. The
neuronal plasticity of an adult human brain is significantly
conserved by the NCAM. Generally, the NCAM expression
was elevated in the developing brain of infants, whereas a
20-fold reduction in the expression of NCAM was ensued
in a well-developed adult brain. The muscle differentiation
and their repair mechanisms largely depend upon the level
of NCAM expression [33]. NCAM mechanistically controls
the p-opioid receptor of the embryonic carcinoma cells.
NCAM activates the genes involved in the development of
the mammalian nervous system and the activation occurs
via the pathway that involves phospholipase C-arachidonic
acid-calcium channel/calmodulin kinase II [34].

NCAM/PSA-NCAM play an active role in the pro-
cess of learning and memory during stress. NCAM and
PSA-NCAM expressions were critically involved in the
mechanism of learning and their expression patterns were
highly modulated during stress. The effects of stress were
facilitated at an elevated level and were impaired at reduced
levels of the NCAM/PSA-NCAM expressions [35].

LEARNING UNDER STRESS

-Increased expression causes
facilitation of stress action

Muscle — muscle interactions |

| -Decreased expression cause

| differentiation

BRAIN DEVELOPMENT
‘ (ABUNDANT EXPRESSION)
| -Axonal growth and fasciculation
-Plasticity maintenance

-Formation of olfactory bulb and mossy
{fiber system in hippocampus

[ INNER EARS
Increased polysialylated form of NCAM in
auditory epithelium for processing of auditory v
| information and neuronal plasticity y

KIDNEY DEVELOPMENT
-Increased expression during tubule formation
-Absent in fully differentiated cells ‘
N

Qmpairing effects of stress

HEAT SHOCK PRECONDITIONING
INDUCED NEUROPROTECTION

Increased upregulation of PSA - NCAM

INJURIOUS SITE

| -Overexpression of NCAM for spinal cord
| regeneration.

-Optic nerve regeneration.
-Upregulation in brain and sciatic nerves.

SMOOTH MUSCLES
(INCREASED EXPRESSION)
-Human GIT muscle cell differentiation

-Aortic smooth muscle line
-Increased rate of myoblast fusion

Fig. 1 Expression pattern and physiological role and of NCAM and PSA-NCAM in different parts of the human system
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In the adult brains, the expression of NCAM disappears
but an extensively polysialylated form of NCAM occurs in
the superficial laminae of the dorsal horn and in the lateral
spinal nucleus. In the adult brain, the extensively polysia-
lylated form of NCAM, PSA-NCAM, was deployed dur-
ing the processing of somatic and visceral information. The
pathology and other related consequences in the brain were
mainly associated with either the downregulation or the
upregulation of NCAM expression. In Alzheimer’s disease,
the olfactory bulb and mossy fibre system of the hippocam-
pus were formed, as a consequence of an enhanced synap-
tic remodelling and neuronal sprouting in the brain due to
the increased NCAM [36]. Cellular therapy targeting the
mesenchymal stem cells was facilitated via NCAM-medi-
ated migration and the mechanism leading such migrations
depended on the interplay between NCAM and FGFR that
induces activation of MAPK/ERK signalling pathway [37].

In the new-born mice, the polysialylated NCAM in the
rostral migratory stream facilitated the tangential cell migra-
tion of the sub-ependymal cells. The NCAM expression
favours an activity-induced plasticity with a simultaneous
regulation and maintenance of the mossy fibre system in the
hippocampus [38]. The corticosterone hormone involves in
the upregulation of the PSA-NCAM expression and as a
facilitator in the attachment of PSA with NCAM. During
the early stage of angiogenesis in the developing quail brain
embryo, the PSA-NCAM-expressed pericytes were found
around the capillaries in the parenchyma and these pericytes
were assumed to be derived from the middle and posterior
cerebral artery [39].

After a severe injury in the brain and spinal cord, an
upregulated NCAM expression was observed in the innerva-
tions of the brain and sciatic nerves. Post-injury, a decreas-
ing gradient of NCAM expression levels was ensued at the
transaction sites, with an increased level in the brain fol-
lowed by a decreased level in the spinal cord, substantiating
an over-expression of NCAM at the injured site that plays
crucial role in the endogenous process of spinal cord regen-
eration. The presence of PSA—-NCAM expressions in the
medial prefrontal cortex of the rat confirmed that the sites
exhibiting PSA-NCAM expressions in the central nervous
system were mainly involved in the structural remodelling
of the hypothalamus, regulation of the neurite outgrowth and
regulation of the synaptogenesis [40].

The atypical bio-physical properties of PSA regulate the
cell interactions in an unconstructive way. Throughout the
embryonic and adult neurogenesis, various events such as
axonal growth, neurite outgrowth and fasciculation, cell
migration, synaptic activity-induced plasticity and neuronal
glial-induced plasticity, facilitating the neuronal plasticity of
the developing nervous system, were all regulated through
the modified PSA-NCAM expressions. During the embry-
onic to adult neurogenesis, an altered structural plasticity

that benefits the developing nerve to accustom with the non-
permissive environment of the matured nervous tissue was
attained due to the diverse morphological and molecular
changes undergone at the neurogenic sites; and the extent
of these variations was analogous to the extent of variations
expressed by the PSA-NCAM [41]. PSA-NCAM expression
in the embryonic and adult neurogenesis of rat thalamus
was investigated using the light and microscopic immuno-
cytochemical technique. The study reports confirmed the
selective expression of PSA—-NCAM in the neurons of the
developing thalamus, its participation in the cell migration
and synaptogenesis in the cerebral cortex. At all the exam-
ined ages, the immuno-cytochemical technique labelled with
cytoskeletal and membrane markers identified the presence
of PSA-NCAM staining mainly along the neuronal plasma
membrane and the absence of such staining in the astrocytes
of the developing rat thalamus. Immunoreactivity was dense
and homogeneously distributed during the prenatal period
that gradually and selectively decreased throughout the
adulthood that finally confines only to the reticular nucleus,
ventral lateral geniculate nucleus and midline including the
intralaminar nuclei. Neurons containing distinct calcium
binding proteins expressed PSA-NCAM differently with
the PSA-NCAM labelling being more intense around cal-
retinin-positive neurons and of lesser in few of the calbindin-
immunoreactive sites [42].

Post-natal neurogenesis predicted a decreasing gradient
of PSA-NCAM expression in several regions of rat telen-
cephalons throughout their embryonic to adulthood, authen-
ticating its involvement in the maintenance of neuronal
structural plasticity. The PSA-NCAM expressions were
downregulated in the dentate gyrus and piriform cortex layer
II during the ageing of adult rats [43]. At the initial stage of
angiogenesis, PSA-NCAM-expressed pericytes were found
around the capillaries and in the parenchymatous tissue of
the developing quail brain embryo and their origin was
believed the middle and posterior cerebral artery [38, 39].
The opposing functional nature of PSA and NCAM plays a
pivotal role in the rapid or chronic neurotransmission while
NCAM-180 isoform plays an essential role in the controlled
and repetitive release of neuro-transmitters [44].

The post-mortem analysis of the dissected amygdala of
the Schizophrenia, bipolar and highly depressed patients
showed a reduced level of PSA-NCAM expression in the
basolateral and biomedial amygdala of depressed patients
and an elevated level, in the lateral nucleus of bipolar
patients [43]. The extra-synaptic N-methyl-D-aspartate
receptors (NMDARs), an inhibitor that involves in the
development of long-term potentiating neuro degeneration,
were suppressed by the PSA-NCAM expressions. The ree-
lin molecule secreted by Cajal-Retzius cells in the marginal
zone of the prenatal neocortex activates the extra-synaptic

@ Springer



5906

Molecular Neurobiology (2022) 59:5902-5924

NMDARSs that significantly induces the synaptic plasticity
and cell survival [45].

Expression of NCAM in Various Cancer Types
Gastrointestinal Cancer

The expression patterns of NCAM in gastric cancer, colo-
rectal cancer, pancreatic cancer, chronic pancreatitis and
colon adenoma were compared, and the study infers a non-
correlation between the tumour stage and NCAM levels in
colorectal and pancreatic cancer [2] (Fig. 2).

The existence of NCAM-180 in the colon serves to be
a good prognostic factor for colorectal carcinoma (CRC).
NCAM-180 expressions were prominent in the epithelium
of normal colon and benign colon tumours but were com-
pletely absent in aggressive colon carcinoma. NCAM-180
expressions were completely absent in the epithelial vil-
lous tips of the colon of a CRC patient [46]. The absence of
NCAM-180 expression in aggressive CRC cells resulted in
impaired intracellular adhesion. NCAM-180’s potential as
a tumour suppressor in CRC was confirmed because, thanks

Uveal melanoma:

Up-regulation

Salivary gland cancer:

Up-regulation

Thyroid cancer:

Down-regulation

Gall bladder cancer:

Up-regulation

Wilm’s tumor:

Up-regulation of PSA-NCAM

Ewing sarcoma:

Up-regulation

Fig.2 Upregulation or downregulation of NCAM in different cancer types
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to its cellular adhesive property, it reinforces and maintains
the epithelial integrity of colon cells, thereby protecting
them against tumour cell invasion and metastasis. Numerous
molecular biologists have articulated many comprehensive
reviews that illustrate the phenomenal role of NCAM in the
oesophageal, pancreatic and colon cancer.

Oesophageal Cancer

The unique components of tumorogenetic microenvironment
(TME) such as proliferative tumour cells, tumour stroma,
blood vessels, infiltrating inflammatory cells, and various
associated tissue cells interact with the hosts and result in
various cellular and molecular interactions that promotes
the spread of tumour cells in the proximal tissues. In solid
tumours, the most abundant immune cells of the TME, mac-
rophage, actively participate in the angiogenesis, tumour cell
invasion and intravasation at the primary site. At metastatic
site, macrophage creates a supportive metastatic niche either
through the blocking of immune-mediated clearance or by
prompting the pro-survival signalling pathways, which pro-
motes the extravasations and survival of aggressive tumour
cells [47].

Neuroblastoma:

Up-regulation of PSA-NCAM

Esophageal cancer:

Up-regulation

Small lung cell cancer:

Up-regulation

Pancreatic cancer:

Down-regulation

Colon cancer:

Down-regulation

Ovarian cancer:

Up-regulation
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The development of novel agents to dysfunction the mac-
rophages at their primary and metastatic sites evolves out to
be a promising strategy that could improve the survival rate
in cancer patients. The two distinct macrophage phenotypes
M1 and M2 were termed based on their response to inter-
feron gamma (IFNy) and lipo-polysaccharides (LPS) or to
IL-4 and IL-13, respectively. M1 and M2 were opposite in
its functions; M1 phenotype is associated with production
of pro-inflammatory cytokines, viz., [L-12, IFNy and TNFa,
antigen presentation, generation of reactive oxygen species
and its ability to eliminate pathogens and cells while M2
phenotype is associated with the production of anti-inflam-
matory cytokines, viz., IL-10, upregulation of scavenging
receptors and tissue remodelling. Macrophages propitiat-
ing in the surrounding TME, termed as tumour-associated
macrophages (TAM), induce metastasis prominently in the
TME. Many novel therapeutic agents that target TAM to
prevent tumour progression and metastasis were in discovery
pipeline. Tumour-associated macrophages are characterized
with an elevated interleukin IL-10, elevated expression of
CD-163, CD-204 and a reduced IL-12. A high degree of
TAM infiltration in tumour tissues has been associated with
poor prognosis in many cancers [48].

Many scientific reports cited the infiltrating CD-204
macrophage in the oesophageal squamous cell carcinoma
(ESCC) tissue as a significant clinical pathological factor,
which ensured its suitability as a prognostic marker for
the oesophageal cancer [49]. In vitro experimental stud-
ies conducted on conditioned media of ESCC cell lines in
bone marrow-derived peripheral blood monocyte-derived
macrophages induced greatly M2-like genes than the mac-
rophage-like cells, viz., IL-10, CD163, CD204, VEGFA,
MMP2 and MMP9. A cDNA microarray between mac-
rophage-like cells treated with and without TECM analysed
the upregulated genes including cysteine-rich angiogenic
inducer 61 (Cyr 61) and growth differentiation factor 15
(GDF15); the analysis authenticated the existence of a sig-
nificant positive correlation between the upregulated genes
Cyr61 and GDF 15 with infiltrating CD204 TAMs in human
ESCC samples [50].

An elevated level of NCAM in TE-9 suggests the involve-
ment of NCAM in the migration of TAM-like cells and
macrophage-like cells. The TE series of human ESCC cell
line (TE-8, TE-9 and TE-15) significantly induced NCAM
mRNA and protein expression than the macrophage-like
cells and these expressions are morphologically character-
ized in the segment of lamellipodia that comprise branched
F-actin (phalloidin) filaments. The migration and survival
of TAM-like cell TE-9 were significantly decreased due
to NCAM silencing. The modulation in the phosphoryl-
ated protein levels due to NCAM knock-down was assessed
through phosphor-kinase antibody array. NCAM silencing in

TAM-like cells suppressed phosphokinase-Akt (Thr308) and
p70S6K (Thr421/Serd24) which ensue in the inhibition of
the P13K-Akt signalling pathway in macrophage-like cells.
NCAM mRNA and protein expression induced by the TE
series-human ESCC cell line (TE-8, TE-9 and TE-15) acti-
vates the PI3K-Akt signalling pathway in the macrophage-
like cells which promoted the cellular invasion and metasta-
sis of the melanoma cells [51]. In the macrophage-like cells,
the macrophage colony-stimulating factor (M-CSF) was
stimulated to induce the formation of lamellipodia, which
enhances the cell migration and chemotaxis.

NCAM, a non-conventional ligand for FGFR1, inter-
acts with FGFR1 which eventually recycles the FGFR1 for
NCAM-induced sustained activation of various effectors that
prevents the ubiquitination of proteins and protein degrada-
tion. The tumour progression was enhanced by activating
the downstream signalling factors such as P13K-Akt and
ERk1/2, via the NCAM-mediated FGFR1 cellular interac-
tions. In TAM-like cells, the NCAM expressions synergized
with the FGFR1 expressions and its phosphorylation. The
upregulation of NCAM and FGFR1 expressions induced the
macrophages to acquire M2-like characters and supported
the migration and survival of TAM-like cells in the TME of
ESCC. FGF-2 or basic fibroblast growth factor, a member
of FGF family, is expressed in normal cells as well as in
macrophages (Fig. 3A). Among the four FGF-2 isoforms,
the low molecular weight isoform was characterized with
autocrine, paracrine and intracrine effects. FGF-2 facilitates
the healing of wound by stimulating the chemotaxis which in
turn triggers the proliferation of endothelial cells via Erk1/2
signal. The autocrine, paracrine and intracrine growth factor
FGF-2-induced FGFR1 signalling was confirmed in vari-
ous types of tumours. Advanced, relapsed or refractory can-
cers were better subdued by inhibiting the FGF-2-mediated
FGFR1 signal. The FGF-2/FGFR1 intracrine and paracrine
loops in TAM are activated by NCAM expression gener-
ated by FGFR1 and upregulation of FGF-2 in stromal cells,
which quickly disseminates the cancer cells [52].

Pancreatic Cancer

Pancreatic cancer or pancreatic ductal adenocarcinoma ranks
to be the fourth most common lethal cancer in the USA [53].
Molecular-based characterization of pancreatic cancer yet
remains unclear [54], whereas an unambiguous characteriza-
tion is achieved by studies that are based on the genetic and
protein expression profiles of the samples withdrawn from
the pancreatic cancer patients. The highly vulnerable popu-
lation who easily contracts to pancreatic cancer were the
smokers, aged people, male gender, obese men and men with
familial history of pancreatic cancer and diabetics. CD44+,
CD24+, CD133+, epithelial surface antigens and etc. were
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Fig.3 Varied expression patterns of NCAM causing cancer progres-
sion in oesophageal, pancreatic and colon cancer types. A In non-
cancerous oesophagus, there is no significant expression of NCAM;
this inhibits P13K-Akt signalling pathway which is important in pro-
moting the metastasis of melanoma cells. However, upregulation of
NCAM at cancerous stage is induced by variety of humoral factors,
leading to the action of P13K-Akt signalling pathway. This eventu-
ally increases the survival and migration rate of TAMs, causing the
advanced stage of oesophageal cancer. B In normal pancreatic cells,
NCAM is upregulated. Mutation in K-Ras leads to the expression of

used as cell surface marker or stem cell marker to detect
pancreatic cancer and CD56, a cell surface marker, also aids
in the diagnosis of pancreatic cancer.
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PSA-NCAM which defines them as highly malignant and reasons out
for 90% of pancreatic adenocarcinoma. Thus, an extremely low-level
expression of soluble NCAM resulting in increased migration of the
carcinoma cells is the characteristic feature of pancreatic cancer. C
NCAM is upregulated in normal colonic cells. Impaired alternative
mRNA splicing i.e. defect in the splice site that exists between the
two FN III domains of NCAM leads to the attachment of PSA. This
results in the downregulation of soluble form of NCAM and second-
ary invasion of cancerous cells. Complete loss of NCAM leads to
malignant form of colon cancer

In chronic pancreatitis and pancreatic cancer, the NCAM
expression was significantly lesser, compared to its expres-
sion in other cancers. An extremely low-level expression of
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the soluble NCAM form was characterized in both patients,
manifested with either pancreatic neoplasm or non-carci-
noma pancreatic diseases. The main source of serum NCAM
being the pancreas; in pancreatic cancer, the serum NCAM
was significantly low that prompted the destruction of the
nearby normal tissues [2]. In pancreatic cancer, the serum
NCAM concentration was less compared to that predicted
in control subjects, lung adenocarcinoma, chronic pancrea-
titis and extra pancreatic diseases. Patients manifested with
stages III and IV pancreatic cancer were characterized with
a decreased serum NCAM concentration compared to that of
patients who were in their early stage of pancreatic cancer.
Thus, the poor survival of patients at advanced stage of pan-
creatic cancer can be corroborated to the decreased serum
NCAM concentration.

Neurotropism, the important characteristic of pancre-
atic cancer, mainly associates with the neural invasion. The
homophilic adhesion molecules of NCAM were expressed
on nerve cells as a result of neurotropism. In a study, 66.7%
pancreatic cancer patients expressed NCAM, and the
level of expression of the polysialylated form of NCAM,
PSA-NCAM, defines them as highly malignant [21].

The mutation of K-Ras (the individual Ras has three
isoforms: K, H and N form, found in the epithelial-mes-
enchymal transition and is poorly characterized in E-cad-
herin-mediated cellular adhesion) leads to the expression
of PSA-NCAM and reduced E-cadherin-mediated cellular
adhesion that reasons out for 90% pancreatic adenocarci-
noma. The structural resemblance of PSA-NCAM and
E-cadherin adhesion complex causes decreased cell-to-cell
aggregation that enhanced the tumour cell migration in pan-
creatic carcinoma. An increase in the E-cadherin-mediated
cell—cell aggregation and reduced cell migration of pancre-
atic carcinoma cells was facilitated by removing PSA from
NCAM or by reducing the expressions of PSA-NCAM and
E-cadherin-mediated cell adhesions (Fig. 3B) [55].

Colon Cancer

Globally, colon cancer or colorectal cancer (CRC) or bowel
cancer accounts to be the second most widely spread mela-
noma among women (614,000 cases per annum) and the
third most among men (746,000 cases per annum). Investi-
gational reports have affirmed the high incidence of CRC in
well-developed nations (737,000 cases per year) than that
of the developing nations (624,000 cases per year). On gen-
der basis, CRC was found to be highly prevalent among the
males than the females [56].

The role of NCAM expressions in normal human colon
cells and its participation as tumour suppressor in CRC
needs to be investigated and established. In normal humans,
NCAM-180 isoform is expressed at the basolateral surface

membrane of the colonic epithelial cell villous tips and is
mostly confined to the simple tubular glands of the colonic
upper villous and crypts. The apical portion of the colon
cells was characterized with colonic cell epithelial adhe-
sion (CEA) molecules. NCAM structurally resembles to the
tumour suppressor, deleted in colon carcinoma (DCC) that
are located at the basolateral surface membrane of the goblet
cells of the colon. The tumour progression that sequences
from adenoma to carcinoma envisages the loss of the adhe-
sion molecule DCC. The homophilic interactions of NCAM
involve the binding of colon cells among themselves and/or
with NCAM. The binding of NCAM with the matrix mol-
ecule heparin/heparin sulphate reinforces the docking of
colon cells with the basal lamina. NCAM-180 expression
was prominent in benign tumour, which gradually decreases
in basolateral distribution and becomes totally absent in
aggressive CRC, and this sequence of NCAM-180 distribu-
tion evinces the role of NCAM-180 as a potent tumour sup-
pressor. The interaction of NCAM 180 with an actin cross-
linking protein spectrin supports the plasma membrane by
strongly binding the cells to their proximal cells and/or to
the cells of basal lamina. The invasion, detachment, dis-
semination, implantation and secondary invasion of carci-
noma cells were all promoted due to the reduced NCAM
expression. The reduced NCAM expression enhances the
cell migration by disrupting the homophilic binding and the
tissue architecture [57].

In malignant tumours, the loss of NCAM expression is
ensued due to impaired alternative mRNA splicing, which
suggests both the alternative mRNA splicing and NCAM
are inter-related functionally. In tumours, the normal alter-
native splicing mechanism is disrupted, i.e. intron exsicca-
tion becomes defective, and also the selected splice site gets
altered (Fig. 3C). In malignant tumours, the loss of NCAM
was due to the defect in the splice site, i.e. the space between
exon 12 and 13 that exists between the two FN III domains
[58]. The expression rate of NCAM in different cancer types
is given in Fig. 4.

The dissemination of colon carcinoma cells was facili-
tated by reducing the tumour cell adhesions through the
polysialylation of NCAM. The onco-developing antigen,
PSA-NCAM, facilitates the detachment of carcinoma cells
from the primary tumour site, which promoted the spread
of malignant cells and metastasis. The non-polysialylated
NCAM diminishes tumour progression and the malignancy
of tumour is inversely correlated to the levels of expression
of non-polysialylated NCAM. NCAM-180 expressions were
comparatively less in aggressive CRC than that expressed in
the epithelial villous tips of normal human colon. Based on
all of the above discussions, we can concur that “the down-
regulation in NCAM molecule, serves to be poor progno-
sis of colorectal cancer” [59]. A recent study reported the
bioconjugation of CD56-targeting antibody to monomethyl
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Fig.4 Expression rate of
NCAM in different cancer types

Expression of NCAM in different cancer types
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auristatin E, a cytotoxic drug. The results revealed a signifi-
cant reduction of tumour growth in an MCC mouse model
and proving its potential as a therapeutic target [60].

Thyroid Cancer

Thyroid cancer, a common endocrine malignancy, is the fifth
most common cancer among the women in the USA [61,
62]. In Thiruvananthapuram (India), the highest frequency
of thyroid cancer was reported in 5.71% females and 1.99%
males. The incidence of thyroid cancer is three times greater
in female population than that in the male population. The
exact cause for thyroid cancer is unknown, but certain risk
factors associated are high exposure to radiation and the
familial thyroid syndrome. Primary thyroid cancer origi-
nates from the thyroid follicular cells, and the mechanism
of tumorigenesis in thyroid remains subtle due to genetic
alteration or environmental factors. Cancer stem cell for thy-
roid cancer do exists and their characteristics were of mostly
unknown [63].

NCAM or CD56, a multi-valent adhesion molecule,
mediates cell—cell and cell-matrix component adhesions via
homophilic binding and via numerous heterophilic interac-
tions with other molecules respectively. In cancer patients,
the tumour progression was potentiated by the reduced
NCAM expressions. Immunohistological studies of nor-
mal thyroid glands authenticated the presence of NCAM
in the thyroid follicular cells. In benign thyroid tumour,
the absence of NCAM expression facilitated the tumour
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Cancer type (Cell line)

metastasis [64]. In vascular system, the circulating cancer
cell stimulates the growth factor that alters the angiogenesis
and lymphangiogenesis (lymphatic vessel growth) which
in consequence, promotes cell migration and metastasis of
tumours. In a recent study, researchers reported the binging
of Natein, a novel peptide ligand to human CD56 using T7
phage display technology. The binding of Natein to natural
killer (NK) cells and CD56-positive (CD56+) cancer cells
was demonstrated using biotinylated Natein-conjugated
microbeads. The results revealed the potential of Natein as
alternative to CD56 antibody in peptide-based cell isolation
and diagnosis [65]. Another study reported on anti-CD56
antibody-conjugated Fe304 nanoparticles revealed the tar-
get-specific binding with NK-92 cells in vivo under external
magnetic field guidance [66].

The tumour cells in a mouse model simulated with loss of
NCAM produced an increased VEGF-C and VEGF-D that
favours peri-tumoral neolymphangiogenesis and metastasis
of the tumour-drained lymph node. The less dense tumour-
drained lympbhatic vessels expressed NCAM at reduced level
that consequently decreased the production of VEGF-D.
Distant metastasis in well-differentiated thyroid carcinoma
remarked as the most unfavourable complication of thyroid
cancer, which accounts to be a major cause of morbidity
and mortality in such patients. The distant metastasis com-
prises of primary tumour size, extra thyroidal extension and
nodal metastasis. Currently, no valid molecular predictor
of metastasis of thyroid carcinoma exists in clinical prac-
tices. Reduced NCAM expression is frequently diagnosed in
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malignant thyroid tumours especially in papillary carcinoma
[67]. In the NCAM-silenced TPC-1 of thyroid papillary car-
cinoma cell line, a significant decrease in the expression of
both VEGF-C and VEGF-D mRNAs was accounted due to
the downregulation of NCAM expressions (Fig. 5A). The
NCAM-silenced TPC-1 cells were highly adhesive to dif-
ferent extracellular matrix components that accounts for its
poor role in the migration and invasion of tumour cells [68].

cancer —

Neuroblastoma

Neuroblastoma, an extra-cranial solid tumour, was progres-
sive in the undeveloped cells of the sympathetic nerve gan-
glia and is envisioned as invading cancerous cells into the
regions innervated with sympathetic nervous system. The
neural crest cell lineages of the neurons, Schwann cells,
melanocytes and osteoblasts act as a precursor cell for neu-
roblastoma. The malignant embryonic neuroblastoma most
commonly occurs in children aged below 15 [69]. Among all
paediatric tumours prevailing, 8—10% of the reported cases
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Fig.5 Varied expression patterns of NCAM causing cancer progres-
sion in thyroid cancer, Wilm’s tumour and ovarian cancer. A Normal
thyroid glands contain NCAM in the thyroid follicular cells. In can-
cer patients, tumour progression is potentiated by reduced NCAM
expression, which leads to increased production of VEGF-C and
VEGF-D. This resulted in distant metastasis, the most unfavourable
complication of thyroid cancer and a major cause for morbidity. B
Wilm’s tumour originated from the remnants of immature kidney tis-
sue. During nephrogenesis of an embryonic kidney, the presence of
PSA-NCAM is found. However, it is completely absent in an adult

kidney and re-expression of PSA-NCAM is observed on the surface
of Wilm’s tumour cells. C The expression of NCAM is completely
absent in healthy ovarian epithelial surface. But during the onset and
late stage of epithelial ovarian cancer, NCAM is upregulated through
FGFR signalling. This interaction resulting in the post-translational
modification of NCAM is resulting in the formation of PSA-NCAM,
reducing the hemophilic cellular adhesion properties of NCAM.
Thus, the NCAM/FGFR interplay is causing cancer cell migration
and invasion
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were of neuroblastoma and the fatality encountered due to
neuroblastoma was reported to be of 15%.

The significant role of NCAM in neuroblastoma was
substantiated based on the investigational reports of
PSA-NCAM expressions examined at various histological
grades and clinical stages of both childhood ganglioneuroma
and neuroblastoma. During embryogenesis, the neuronal
development was significantly regulated by the PSA-NCAM
expression and during post-natal development, the regula-
tion of PSA-NCAM expression was confined to few regions
that are actively involved in the development of neuroplas-
ticity and neural tissue regeneration. The PSA—-NCAM
expression was elevated in undifferentiated neuroblastoma
or in aggressive cancers and is either reduced or completely
lost in differentiated tumours and at the early clinical stages
of neuroblastoma [70].

The polysialyl transferase expression pattern was studied
using human neuroblastoma cell line, SH-SY5Y. The polysi-
alyl transferase expression pattern depicts attachment of two
dissimilar polysialyltransferases, ST8Siall and ST8SialV,
to the polysialylated NCAM and these two polysialyltrans-
ferases synthesize the PSA that attaches with NCAM [71].

In neuroblastoma, NCAM inhibits the tumour cell adhe-
sion with endothelium, which enables the neuroblastoma
cells to acquire chemo-resistance that favours the dissemi-
nation of neuroblastoma cells to distal organs. The strong
NCAM expression in neuroblastoma cells appropriates
NCAM as universal marker and as tumour-promoting fac-
tor for neuroblastoma [72].

Various adhesion molecules, viz., cadherins, integrins,
selectins and several cell adhesion molecules, play an
important role in cancer metastasis. Researchers focused on
NCAM because it is homologous to the tumour suppres-
sor IGSF4 among the different adhesion molecules. Neu-
roblastoma patients are diagnosed with haematogenous
and lymphatic metastasis. The therapeutic cure rate of neu-
roblastoma directly relates to the occurrence/lack of the
haematogenous metastasis and on the efficacy of the cytore-
ductive therapy that are capable to lessen the metastasis. A
real-time RT-PCR quantitative test was done to investigate
the NCAM mRNA developmental expression pattern in the
human brain of different ages. The researchers detected an
elevated level of expression of NCAM-120 mRNA isoform
in immature foetal brain cells and a comparatively lesser
level in matured adult brain cells. NCAM-120 KDa isoform
was highly expressed in ganglioneuroblastoma and NCAM-
180 KDa isoform was highly expressed in neuroblastoma
while neither the ganglioneuroblastoma nor the neuroblas-
toma expressed NCAM-140 KDa isoform. The invasion of
the neuroblastoma cells was facilitated by the post-transla-
tional modification of the GPI content in the NCAM and its
interaction with other factors in the extracellular matrix [69].
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Wilm'’s Tumour

Wilm’s tumour or nephroblastoma is a paediatric renal
malignancy that is initiated in the kidneys of children mostly
[73] and is supposed to originate from the remnants of an
immature kidney tissue. The histology of Wilm’s tumour
indicated cells to be of metanephrogenic origin, as their
structure resembled to the metanephron developed during
the embryogenesis of kidney. Few of the differentiation stage
involved in the development of metanephron had shown the
presence of PSA—-NCAM. The PSA-NCAM expression was
prominent during the nephrogenesis of an embryonic kidney
and was completely absent in an adult kidney (Fig. 5B). Re-
expressions of PSA-NCAM were observed on the surface
of Wilm’s tumour cells [74].

The three major types of Wilm’s tumour (WT) were cat-
egorized based on their gene expression: blastemal, epithe-
lial and stromal. Immunodeficit mice propagated with WT
patient-derived xenografts show WT, which closely resem-
bled to the blastemal type at its advanced clinical stage.
Localization of WT cancer stem cells in the blastema and
its association with the tumour malignancy corroborates for
a higher blastemal type of WT, which might ensue due to the
loss of well-differentiated tubular epithelial structure and/or
because of an increased NCAM+ ALDH+ cancer stem cell
marker in the blastemal subsets [75].

The role of renal stem cells as progenitor and their task in
maintaining the cancer cells were proven by the succeeding
findings. Cancer stem cells (CSC) are highly differentiating
and self-renewing cells, which propagates at an increased
capacity to form metastases that are highly resistant to chem-
otherapy. These cancer stem cells reside as renal stem cells
inside the nephrogenic blastema. The fluorescence-activated
cell sorting (FACS) analysis test depicted the presence of
various surface antigens in the stem cells, viz., haematopoi-
etic, CD133, CD34, c-Kit; mesenchymal, CD105, CD90,
CD44; cancer, CD133, MDR1; hESC, CD24; and puta-
tive renal cadherin 11. The different levels of expressions
of these stem cells were detected and the expressions of
CD133, FZD7 and NCAM were identified in the stem cell
fractions. The FACS study data authenticated that the CSC
expressions were due to NCAM, CD133 and the cell death
solely due to FZD7. The RT-PCR analytical reports pre-
dicted an increased level of NCAM expression in the CSC
than in any other adhesion molecules studied. The study
further confirmed the association of NCAM in the over-
expression of both WT stemness gene and the topoisomer-
ase (TOP2A). TOP2A is employed as a tumour marker in
detecting the WT [76].

NCAM acts as a specific biomarker to target the CSC
population. A retrospective cross-sectional study was
done to validate NCAM as specific biomarker to target the
CSC population. Forty-six patients experiencing WT were
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diagnosed for CD133 and CD56 for a period of 17 years
(i.e. from 1999 to 2015). The study data predicts that over
34 patients (73.9%) were positive for CD133 and 39 patients
(84.8%) were positive for CD56. The survival chance and the
clinical stages of WT patients were predicted by employing
CD133, CD56, as prognostic factors. The therapy based on
CD133, CD56 as targets completely destroyed WT cells in
CSC population and also minimized the chance of recurrent
tumours [77].

Gall Bladder Cancer

Gall bladder cancer (GBC), a rare biliary tract malignancy,
was ranked as the sixth most lethal melanoma among all the
other prevailing gastrointestinal cancers. Globally, the inci-
dent rate of GBC was determined to be as less than 2 indi-
viduals per 100,000 populations. Currently, no scientific data
exists that discusses about the targeted therapies, adapted to
treat this orphan disease [78], since their incidence happens
to be a most uncommon one. Perineural invasion (PNI) sub-
stantiates as one of the major prognostic factors in several
malignant tumours. The significance of PNI and its correla-
tion to NCAM expression was studied and the reports indi-
cated a less common PNI in GBC, compared to that of a bile
duct cancer. Based on the study report, it was concluded that
PNI does not have any significant role in the dissemination
and in the prognosis of GBC. In gall bladder cancer, the
direct invasion of cancerous cells into the lymphatic and
veins was mainly considered instead of PNI even though
the perineural invasion had been specifically influenced by
the NCAM expression. As of now, no active research works
were pursued to establish the role of NCAM in GBC; there-
fore, it is necessary to pursue an erudite, comprehensive
research work that establishes a successful NCAM-based
targeted therapeutic approach in the alleviation of GBC.

Ovarian Cancer

Among the various ovarian cancers that prevail, the epi-
thelial ovarian cancer (EOC) accounts to be the most lethal
gynaecological malignancy in women. NCAM expressions
were completely absent in the normal ovarian epithelial cell
surfaces, whereas in the EOC cells, a significant level of
NCAM expression was reported. The mechanism of prolifer-
ation of tumour cells in EOC via the FGFR signalling moiety
was investigated [79]. The study affirmed NCAM expression
in the early stage of EOC was more specific to the trans-
formed ovarian epithelial cell surfaces and not to that of pre-
neoplastic lesions. NCAM expressions in the advanced stage
of EOC play an essential role in the promotion of cell migra-
tion and in the invasion of the phenotype EOC cells. The
NCAM expression was upregulated at the invasive front of
neoplastic lesion in EOC cells and was reduced in pancreatic

cancer and CRC; the overall reduced expression of NCAM is
correlated to the higher malignancy rate [80]. The interplay
of NCAM/FGEFR in Schwann cell growth and their deploy-
ment in tumour cell migration and invasions was studied [24,
81]. The post-translational modification of NCAM isoforms
by the addition of polysialylic acid decreased the homophilic
cellular interactions of NCAM and results in reduced cell
adhesive properties that promotes the cell migration and
invasion [24]. The study clearly instigates on the NCAM-
mediated stimulation of FGFR function being responsible
for enhanced cell migration and invasion in aggressive EOC
(Fig. 5C). Bombardelli et al. have described the deployment
of immunoglobulin-like cell adhesion molecules as signal-
ling molecules in the progression of EOC [82]. The FGFR-
mediated cell migration was confirmed in many non-neural
cells, albeit several study reports authenticate the neuronal
development via the combined interactions of L1 CAM and
NCAM with FGFR. An increase in the progression of EOC
malignancy was indicated by the combined involvement of
EGFR and FGFR [83].

Small Lung Cell Cancer

The WHO reports of 2018 proclaim lung cancer as the most
common cancer, with 20% of the prevalence being the small
cell lung cancer (SCLC) and the remaining 80% prevalence
being the non-small cell lung cancer (NSCLC). The poten-
tial role of NCAM in the early metastasis of SCLC was well
documented in previous research publications. The SCLC
cell line NCI-H446 grown as floating clusters expressed a
higher surface expression of NCAM, while the same cell line
grown as adherent cultures expressed comparatively lesser
surface expression of NCAM.

The response of SCLC patients characterized with vary-
ing NCAM expressions to chemotherapy was evaluated.
SCLC patients characterized with an elevated NCAM
expression responded poorly to chemotherapy and were
also manifested with distant metastasis of liver, bone and
bone marrow. The treatment outcome of chemotherapy in
SCLC patients advocates the suitability of NCAM as a diag-
nostic marker to detect SCLC. A similar study was done to
evaluate the varied expression of NCAM and PSA-NCAM
in neuroendocrine lung tumours. The study was based on
the hypothesis, PSA-NCAM due to its reduced adhesion
properties favours the metastasis in the embryonic state of
neuroendocrine lung tumours. Comparative to the typical
and atypical carcinoids, a significant and more frequent
PSA-NCAM expression (70%) was observed in aggressive
neuroendocrine tumour [84, 85].

The NCAM expressions were prominent in almost all
the cases (100%) reported of small cell lung cancers [86]
and about 80% of the test samples detected NCAM expres-
sions positively. Immunotoxins are the conjugated product
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of toxins with cell binding antibodies that are intended
to target-specific cells. Immunotoxins are the commonly
employed active substance in anti-NCAM immunotoxin
therapy. N901-br immunotoxin was prepared by conjugat-
ing the monoclonal antibody N901 with the blocked ricin
B toxin. N901-br immunotoxin reduces the non-specific
binding of NCAM with the endothelial cells through the
chemical modifications ensued at the galactose binding site
by blocking the ricin B toxin. The humanized variant of
murine N901 antibody was developed to reduce the immu-
nogenicity in humans. N901-br immunotoxins were modi-
fied as huN901-DMI by replacing ricin B with a better cyto-
toxic drug mayatansine. The novel anti-NCAM-mayatansine
huN901-DMI was found to be more specific in reducing the
NCAM expression in SCLC.

Borght et al. studied the specific expression of exon 18
of NCAM in both SCLC and normal healthy subjects. The
study predicted the specific expression of exon 18 of NCAM
in 80% of the SCLC biopsy samples and none in the normal
healthy controls. This prediction substantiates the potential-
ity of NCAM exon 18 as a tumour marker and their suitabil-
ity as diagnostic aid in the detection of SCLC [87].

Uveal Melanoma

Uveal melanoma, a rare and deadly intra-ocular tumour in
adults, was primarily reported in the Caucasian population.
Eighty-three percent of ocular melanomas rise from the uvea
with choroid as the most common site [88]. Antibody-based
immunohistochemical staining of the NCAM was done to
examine the distribution of all three NCAM isoforms in the
primary and metastatic stages of uveal melanoma. NCAM
was stained using a polyclonal antibody that recognizes all
three NCAM isoforms and a monoclonal antibody MADb
Leu-7 to recognize the HNk-1 epitope of the cell binding
domain of few NCAM isoforms [89]. An elevated level of
NCAM expression was reported in an aggressive, rapid
metastatic tumour. The study report further confirmed the
involvement of NCAM isoforms that lacks HNk-1 epitope in
the organ-specific metastatic behaviour of uveal melanomas.

Salivary Gland Cancer

Around 10-15% of the primary salivary gland malignan-
cies were characterized to be of adenoid cystic carcinoma.
Several research works authenticating the role of NCAM in
numerous melanomas including pancreatic cancer and gall
bladder cancer had been well documented, but only very less
number of research works relating to salivary gland cancer is
published until date. Shang et al. evaluated the potentiality
of NCAM as a prognostic biomarker and also detected the
correlation of NCAM with PNI of salivary gland in ade-
noid cystic carcinoma. The study identified 86% of positive
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NCAM patients with PNI, which proves the involvement of
NCAM expression in the potential spread of adenoid cystic
carcinoma along the nerves. Furthermore, the study strongly
indicated the existence of novel relationship between the
lymph node metastases and NCAM expression with PNI
[90].

Ewing Sarcoma

Ewing’s sarcoma (ES), a systemic disease, character-
ized as progressive tumours occurs most commonly in
the bone marrow and less often in the soft tissues of the
chest, abdomen, limbs or other locations. Ewing’s sar-
coma is the second most common bone cancer that occurs
in children and in young adolescents. Poor survival rate
of ES patients was mainly due to the poor prognosis and
failed outcome in the preliminary diagnosis for the dis-
ease, while the relapse conditions was accounted as a less
common factor. ES, a highly malignant tumour, is pictur-
ized as minute circular cells of neuroectodermal origin
that affects the soft tissue and bone. Tumour metasta-
sis is manifested as one of the major prognostic factors
in ES patients [91]. Nearly 25% of ES patients studied
were characterized with a major adverse effect, tumour
metastasis. The other additional adverse effects character-
ized included poor response, i.e. less than 90% necrosis
in the definitive surgery cases. In spite of multimodal
therapy, the tumour recurred in one-third of the affected
population. Many of the early-stage ES patients indicated
micro-metastasis [92]. The circulating cancerous cells of
the bone marrow and the malignant cells in peripheral
blood samples collected were effectively detected even
at traceable levels using the reverse transcriptase-poly-
merase chain reactor technique (RT-PCR) and/or a highly
sensitive technique, the flow cytometry. The flow cytom-
etry was highly reliable and sensitive in detecting even
the minimal residual diseased cells of haematopoietic
neoplasm. The levels of NCAM expression were signifi-
cantly related to the progression of disease. Negative or
reduced NCAM expressions were reported in the surviv-
ing patients of non-progressive tumours. CD56 expression
helps in the tailoring of personalized therapy to patients
manifested of ES detected through excellent prognosis or
ES patients predisposed with relapse.

Ameloblastoma

The NCAM expression of odontogenic cells in ameloblas-
toma was analysed by an indirect immunoperoxidase and
immuno-fluorescent techniques [93]. The histopathological
observation of the tumour nests, i.e. the irregular ameloblas-
toma cell islands, depicted denser central cells alike stellate
reticulum, surrounded peripherally by columnar cells alike
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normal ameloblasts. The CD56 antigens are well expressed
in the non-collagenous stromal component, peripheral to the
tumour nests, rather than the central stellate reticulum cells.
Few investigators identified that the basic structure of teeth
and periodontal tissues was remarkably influenced by the
altered expressions of NCAM occurring at various stages
of tooth development.

Astrocytic Tumours

Sasaki et al. examined the expression profile of NCAM in
the brain of normal human, as well as in the patients with
astrocytic brain tumour, and this comparative study estab-
lished an inverse correlation of NCAM expression with the
malignancy of astrocytic tumours. The reports of the com-
parative study further authenticated the downregulation of
NCAM in the development of malignant astrocytic tumours
[94].

Perineural Invasion of Head and Neck Cancer

The head and neck cancers were commonly manifested with
squamous cell carcinoma (SCC) that is associated with high
perineural invasion (PNI). The NCAM expression aids as
a significant tool in predicting the PNI of head and neck
cancers. Vural et al. confirmed the NCAM expression in
93% of cases with PNI and 36% of cases without PNI [95].
The presence of NCAM was preferably identified by the
monoclonal IgG antibody-based immunoperoxidase staining
rather than the haematoxylin and eosin-based histopatholog-
ical examination. The NCAM expressions on Schwann cells
and neurons were highly prominent in PNI cases than with-
out PNI cases [96]. An elucidative study to understand the
underlying mechanism of NCAM expression on Schwann
cells in PNI would be of immense value in clarifying the role
of NCAM in squamous cell carcinoma [97].

Malignant Mesothelioma

Neural cell adhesion molecules (NCAM) are often expressed
in malignant mesotheliomas (MM) cells, which are of epi-
thelioid type. 123C3 antibody experiment was conducted to
assess the NCAM expression in both normal mesothelium
and malignant mesothelioma cells. The NCAM expression
was reported in 19 of 26 malignant mesothelioma cells
assessed. The experimental outcome clearly established the
participation of NCAM in the development of malignancy
with NCAM expression being significant in mesoderm dur-
ing the embryonic MM and constant in biphasic tumours.
The data further instigates that the elevated expression of
NCAM in MM exceeded the expression levels observed in
lung adenomas [98].

Pituitary Tumour

The reduced expression of NCAM in prolactinomas, in com-
parison to their expression in other hypophyseal tumours,
advocates their suitability as a diagnostic tool in the prog-
nosis of pituitary tumour. Immuno-blotting technique estab-
lished the complete absence of NCAM 140 isoform in prolac-
tinomas and the prominent presence of NCAM 140 isoform
in normal human adenohypophysis, growth hormone adeno-
mas and inactive adenomas [99]. The NCAMI1 gene was
prominently expressed in GH-secreting adenomas, while
the prolactin-secreting tumours and normal pituitary tissues
expressed them at a reduced level [100]. The invasive nature
of neural cell adhesion molecule (NCAM) and their role in
the progression of pituitary adenomas are yet to be resolved.

Pharmacological Strategies to Target NCAM
in Alleviating Cancer

Neural cell adhesion molecule (NCAM) and the polysia-
lylated form of NCAM and PSA-NCAM were of research
quest, since many of the pathological conditions in the
human system rely on the levels of NCAM and PSA-NCAM
expressions on the cell surfaces. An efficacious and appo-
site targeting of the NCAM, and their regulation in various
disorders, is enabled through many novel therapeutic moie-
ties developed such as NCAM-derived peptides. NCAM-
derived peptides mimic the functions of NCAM and are
categorized as NCAM binding peptides, viz., peptides with
NCAM homophilic binding sites and peptides with NCAM
heterophilic binding sites (Table 1).

Wilm’s Tumour

Successful cancer therapy is attained by adopting novel
strategies to actively target the NCAM expression in various
melanomas. The continuous advancements in technology,
ensued the development of nanomedicine to target NCAM
expression in Wilm’s tumour, comprise an admixture of
NCAM-derived polypeptide and paclitaxel, as nano-sized
conjugates, which is coated by a biodegradable polymer,
polyglutamic acid. The formulated nanomedicine produces
a hydrodynamic radius of approximately 10 nm, in the WT
cell culture developed from WT patients, and is quite suf-
ficient to attain enhanced permeability and retention (EPR)
that yields better cytotoxicity with repressed proliferation of
WT cells. Generally, free drug is very much active than the
conjugated one, as free drug easily traverses the cell mem-
brane by diffusion, but with respect to the safety and activ-
ity prospects, conjugated drug fares perfect than free drug,
with an improved anti-tumour activity due to its preferential
attachment with NCAM-expressing cells, facilitating for an
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effective accumulation and internalization of tumour cells
[101]. NCAM expression was found on human umbilical
vein endothelial cells (HUVEC) only during the capillary-
like tube formation process, and these endothelial cells tran-
siently acquire NCAM, when organized in the form of ves-
sel-like structures. The developed polymeric nanomedicine
was demonstrated as effective, in inhibiting the tumour cell
proliferation and the HUVEC organization into capillary-
like tubes.

Small Cell Lung Cancer and Neuroblastoma

Scientific researchers have well established that polysialyla-
tion of NCAM highly favours the invasiveness of SCLC.
Extensive in vitro methods were conducted to determine
the different affinities of the novel monoclonal antibody
MADb123C for SCLC between natural killer (NK) cells and
tumour tissues, and reported that the antibody is prefer-
ably internalized in the SCLC of tumour tissues, than the
NK cells which highly desired for NCAM. MAbs, viz.,
MAb123C3, targets the SCLC preferably at the FN-III-like
immunological domain, proximal to the NCAM [102]. The
phase II/III clinical trials of AZD4547, a tyrosine kinase
inhibitor, confirmed them as a potential target of FGFR1-3 in
lung carcinoma [103]. The covalent linkage existing between
the monoclonal antibody (MAb) N901 with cytotoxic effec-
tor, blocked ricin was established by tissue specificity anal-
ysis of anti-NCAM immunotoxin N901-blocked ricin in
NCAM-positive tumours of both SCLC and neuroblastoma
cells. The study results conferred that N901-br effectively
targets CD56, i.e. NCAM. Treatment of the neuroblastoma
and SCLC cells with N901-br, yielded better results, i.e.
were highly effective with more specific elimination and do
not provoked any negative impact on normal haematopoietic
progenitors [104].

Acrylamide on NCAM-expressing neuroblastoma cells
yielded decreased NCAM expression. The inhibitory effect
of acrylamide on NCAM-expressing neuroblastoma was
investigated and the study conferred that acrylamide dimin-
ished the Ikaros DNA binding activity via CK, pathway,
eventually provoking the suppression of NCAM [105].

Researchers developed a drug delivery system to tar-
get NCAM that effectively treats neuroblastoma. A novel
formulation composing NCAM targeting peptide (NTP)
with paclitaxel (PTX) as nano-sized conjugate, enclosed
in the coat of a biodegradable polymer, PGA, was devel-
oped. The immunogenic elicited a best-humanized NCAM
targeting antibody, huN901-DMI (IMGN901), which had
been conjugated with the cytotoxic drug maytansine. The
phase II trials of the conjugate yielded insignificant results,
compared to the existing etoposide and carboplatin-based
therapy for SCLC treatment, and the study data enforced
the withdrawal of the conjugate. A novel C3 peptide which

inhibited both tumour proliferation and HUVEC organiza-
tion into capillary-like tubes was incorporated to effectively
target the NCAM. Furthermore, scientific studies concluded
the strong expression of NCAM in tumour-derived endothe-
lial cells rather than in normal cancer cells, and reinforced
the deliberation of NCAM to target the tumour vasculature.
The study results demonstrated the dual effect of NCAM,
i.e. inhibiting tumour vasculature formation and cancer cell
proliferation [73].

Researchers succeeded a PEGylated dendritic polyg-
lycerol (PG) conjugate, to target NCAM. They developed
a novel formulation composing PTX, a mitotic inhibitor
admixed with NCAM targeting peptide (NTP) and this con-
jugate was proven to inhibit the proliferating endothelial
cell’s migration, confirming their potentiality in inhibiting
the tumour angiogenesis [1].

Salivary Gland Carcinoma

The inhibitory effect of cimetidine, a histamine type II recep-
tor antagonist, against several tumours was investigated.
Earlier studies conceded the inhibitory effect of cimetidine
against the proliferation of glandular tumours including
colorectal cancer and gastric tumours, though the mecha-
nism being not completely understood. NCAM was spon-
taneously expressed in malignant salivary gland tumour,
i.e. in adenoid cystic carcinoma. In malignant tumours, the
NCAM is associated with perineural invasion (PNI). Homo-
philic binding of NCAM (NCAM-NCAM) regulated the
proliferation of the tumour cells and the adhesion of cancer
cells on tumour cells is predominant in cancer invasion and
metastasis. The study was the first of its kind to report the
effect of cimetidine, i.e. blocking the adhesion of salivary
gland tumour cells with the monolayers of neural cells. Their
investigation also confirmed the inhibitory effect of cimeti-
dine on NCAM and its ability to induce apoptosis in cancer
cells. The apoptotic effect might be due to the downregula-
tion of NCAM expression, eventually suppressing NF-«xB,
a transcriptional activator, that regulates the NCAM gene
expression [106].

Kaposi’s Sarcoma

Kaposi’s sarcoma, an angiogenic tumour, is a serious condi-
tion that occurs due to an impaired immune system, and is
manifested often in HIV or in immune-deficient patients.
Grange et al. developed a drug delivery strategy to target
NCAM along with imaging techniques. Liposome loaded
with doxorubicin and lipophilic gadolinium (Gd) was devel-
oped, and this liposome is conjugated with NCAM bind-
ing peptide to specifically target the NCAM-expressing
tumours. The clinical efficacy of the formulated liposome
was assessed using the severe combined immunodeficiency
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(SCID) mouse model manifested with Kaposi’s sarcoma
of NCAM-positive expression. The developed liposome
exhibited improved internalization, enhanced cell necrosis,
enhanced apoptosis and a significant decline in the tumour
vasculature as well as the tumour mass. The increased inter-
nalization confirmed the interaction between NCAM and
anti-NCAM peptideC3d. Comparing to the non-targeted
drugs, the targeted moieties are localized in the cytoplasm
of tumour cells, while the non-targeted drugs were localized
in the extracellular space around the tumours [107].

Multiple Myeloma

Multiple myeloma (MM) survives as an incurable disease,
amidst several technological advancements. Multiple mye-
loma is prevalent mainly as malignancy of bone marrow and
in lesser cases as malignancy of haematopoietic system. The
most aggressive myeloma was reported in patients who had
a medical history of relapsed/refractory multiple myeloma.
The safety and pharmacokinetic profile of Lorvotuzumab
mertansine (IMGN901) were elucidated in patients with
NCAM-expressed multiple myeloma. The stage I clinical
trial, i.e. dose-escalation phase followed by an expansion
phase, of Lorvotuzumab mertansine, a unique antibody-
drug conjugate (ADC) targeted against the most frequently
expressed NCAM, in multiple myeloma patients, established
the existence of disulphide linkage between the anti-NCAM
antibody huN901 and DM 1, a cytotoxic maytansinoid effec-
tor molecule; and the study confirmed their anti-myeloma
effects at a maximum tolerated dose (MTD) of 112 mg/m2
[108]. Cottini et al. demonstrated the use of CD56 as a pre-
dictive biomarker for multiple myeloma therapies [109].

Chu et al. reviewed on the role of NCAM mimetic pep-
tides as potential therapeutic targets for neurological disor-
ders. The review authenticated the involvement of NCAM
mimetic peptides C3, FGL and Plannexin in neural differ-
entiation and also explored their underlying mechanisms
which surged for an expanded exploration of their potential
as regenerative medicine to alleviate neurological disorders.
These synthetic peptides also play a pivotal role in promot-
ing neurogenesis, neuroprotection and synaptic plasticity
and modulation under both in vitro and in vivo conditions
[110].

Ovarian Cancer

Kim et al. declared an abnormal signalling of FGFR1 gene
amplification in lung adenocarcinoma, based on the per-
ception that various human melanomas are characterized
with significant alterations of FGFR, the subtype of tyros-
ine kinase during the tumorigenesis. The interplay between
NCAM-FGFR in the malignancy of ovarian cancer cor-
roborated that more selective inhibitors can directly target
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FGFR, effectively [79]. Nintedanib and pazopanib, approved
as FGFR inhibitors, were targeted for the tyrosine activ-
ity instead of FGFR. SU4984 and SU5402, the arylidenyl
indolin-2-ones derivatives, were described as inhibitors of
tyrosine kinase activity of FGFR1. The inhibitory effect of
FGFR was improved in SU4984, by incorporating numerous
aromatic rings at fifth position of oxindole core, by modify-
ing and replacing the terminal formyl groups in piperazine
rings with numerous six-membered aromatic rings possess-
ing hydrogen bonding acceptor and/or donor groups that
favours hydrogen bonding between amino acid residues of
ATP binding sites of FGFRs. Among the p-amidophenyl
derivatives, compounds with C4 piperazine groups exhibited
potent inhibitory effect of FGFR1. The initial decade of the
twenty-first century is envisioned as the era of anti-angio-
genic therapy. Neoangiogenesis accelerates the proliferation
and invasion of tumour cells. The progression of EOC is
promoted by an important proangiogenic factor, vascular
endothelial growth factor (VEGF). Nintedanib was proven as
a potent oral inhibitor of the VEGFR-1,-2 and -3, fibroblast
growth factor receptors (FGFRs), platelet-derived growth
factor, PDGFR-a and —f [111].

Micro RNAs (miRNAs) vitalize various cellular pro-
cesses, and their aberrant expressions lead several malignan-
cies in humans, suggesting their role as therapeutic targets,
oncogenes or tumour suppressors, depending upon their
expression pattern and function in tumorigenesis. Down-
regulation of miR-99a, in several human malignancies, sug-
gests the potentiality of miR-99a as a tumour suppressor.
Jiang et al. authenticated the involvement of miRNA in the
tumorigenesis of EOC; computational algorithms predicted
FGFR; as a target gene of miRNA, and asFGFR; is highly
expressed in EOC cells. Dual luciferase assay validated
FGFR; as a direct target of miR-99a. Expression level of
miR-99a is inversely correlated with FGFR; expression
levels, implies considerable repression of FGFR; expres-
sions with an increase in the expression of miR-99a and
eventually leads in an inhibited EOC cell proliferation, with
reduced EOC cell growth. Extreme downregulation of miR-
99a in serums, cells and tissues represses the proliferation of
EOC cells by targeting FGFR;, and designates miR-99a as
a prospective prognosis marker and potential target in EOC
therapeutics [112]. Earlier studies of Nam et al. also declared
90% of downregulation of miRNA-99a in 20 serous ovarian
cancer patients [113].

Colon Cancer

Drug delivery system to target NCAM using chitosan, which
competitively binds to PSA than NCAM [114], was devised
based on the rationale “Polysialylation down-regulates
the expression of NCAM in aggressive colon carcinoma”
[59]. A polymeric-coated nanoformulation of the drug



Molecular Neurobiology (2022) 59:5902-5924

5919

thymoquinone (TQ) was developed to target colon can-
cer. The physicochemical profile of TQ depicts a low bio-
availability, higher plasma binding, shorter half-life, rapid
elimination rate and high sensitivity towards pH, thermal
and photo stimuli. The developed polymeric nanoformula-
tion called ECT (Eudragit L100—Chitosan—TQ) comprises
a polymer coat of Eudragit L100 and chitosan (a medium
molecular weight polymer) coated over the core TQ, which
was successful in targeting colon carcinoma, amidst the TQ
physicochemical challenges.

The mechanism of drug release from ECT depends upon
the pH and colonic microbial flora. The outer coat of ECT,
Eudragit L.100, dissolves at pH greater than 7 or is digested
by the anaerobic bacteria present in the cecal fluid that com-
prises hydrolytic and reductive enzymes, viz., nitro-reduc-
tase, urea-hydroxylase and azo-reductase. These enzymes
hydrolyse the polysaccharide (chitosan) with 93% of drug
release at the specific site.

In silico cum in vitro sialic acid binding assay confirmed
the competitive binding of chitosan in formulation compos-
ing PSA, which ensures the inhibition of PSA binding with
NCAM. The binding energy of PSA—chitosan binding 3.0
Kcal/mol is comparatively lesser to 3.5 Kcal/mol, the bind-
ing energy required for PSA-NCAM binding. Dynamic light
scattering (DLS) technique and UV-visible spectrophoto-
metric analysis confirmed the chitosan—sialic acid complex
formation. The experimental result of the chitosan-based
formulation substantiates the blockade of PSA and authen-
ticates the potential role of the novel formulation in the
successful targeting of NCAM to treat the colon carcinoma
[114].

Role of NCAM in Other Diseases
and Disorders of the Human System

The involvement of NCAM in cellular bio-communica-
tions and cellular recognitions relies mainly on its inva-
sive character. The composite role of NCAM in many
diseases depends on the cellular recognitions of NCAM,
persisting on the membrane surfaces of the cells. In
tumorigenesis, the NCAM expression varies largely
that brings in an elevated expression, a downregulated
expression and re-expressions of NCAM respectively
during an embryogenesis, at differentiation of cells
and in the proliferation of tumour cells. The metastatic
spread is determined based on the adhesion of cancer
cells with endothelium. NCAM plays an essential role
in tumour angiogenesis, which involves the organiza-
tion of endothelial cells into capillary tube-like struc-
tures. NCAM is well expressed in immature pheno-
type endothelial cells and in the renal tumour-derived
endothelial cells (TEC) while the NCAM expression

is absent in normal endothelial cells (HMEC). The
renal embryonic transcription factor PAX2 controls the
NCAM expression, whereas introduction of PAX?2 anti-
sense, deliberately in to TEC, repealed the expression
of NCAM. Thus, NCAM suits to be emphasized as a
target to localize the tumour-derived endothelial cells.

Human Chronic Myocardial Ischemia

The CD56 antigen was over-expressed in human chronic
myocardial ischemia than in the normal heart and was
slightly upregulated in few cardiac diseases such as con-
gestive cardiomyopathy, myocarditis and sarcoidosis. In
ischemic cardiomyopathy, NCAM expressions were specific
that were regulated by the isoform RUNX1 (AML1) [115].

Hirschsprung’s Disease

NCAM expression was downregulated during the embryo-
genesis of human skeletal and cardiac muscles; NCAM
was re-expressed in the matured muscle during the den-
ervation or paralysis of muscle and in myopathies. The
neurogenetic disorder, Hirschsprung’s disease, a congeni-
tal aganglionosis, is associated with the neuromuscular
dysfunction within the affected colon. Romanska et al.
elucidated the presence of NCAM in the nerve fibres
and muscles of an infant bowel, and also ascertained the
altered expression of NCAM in an aganglionic bowel.
The immuno-cytochemistry study confirmed a weaker
immunoreactivity in the inner border of the circular mus-
cle and a denser immunoreactivity in ganglion cells and
nerve fibres of the entire gut wall in the colon of normal
humans, whereas an aganglionic bowel displayed an ele-
vated NCAM expression in the muscularis mucosac and a
denser immunoreactivity in the hypertrophied nerve bun-
dles of the intermuscular zone and submucosa [30].

Schizophrenia

Dysregulation of polysialylated NCAM as well as an
altered immunoreactivity at the hippocampus and dorsal
prefrontal cortex were apparent in schizophrenia (SZ).
The post-mortem and genetic studies of schizophrenic
patients confirmed the prominent role of dysregulation
of polysialylated NCAM in SZ [116]. The neurocogni-
tive functions were primarily attributed by an undeni-
able gene candidate, NCAM1 molecule and in schiz-
ophrenic patients, a decreased level of polysialylated
NCAMI1 isoform was identified in the hilar region of
the hippocampus [117].
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Psychiatric Disorder

The neuroleptics administered were capable of affecting the
expression of NCAM and PSA-NCAM protein in the pre-
frontal cortex. D2 receptor induces dopaminergic signals to
regulate the NCAM and PSA-NCAM protein expression in
the medial prefrontal cortex. The above-stated mechanism
controls the synaptic activity appropriately, which had been
disrupted in the medial prefrontal cortex of a schizophrenic
or depressive patient. Thus, NCAM and PSA-NCAM pro-
tein is concluded as one of the bio-chemical factors envi-
sioned in the neuropsychiatric disorders, viz., schizophrenia
and depression [39].

Alzheimer and Parkinson Disease

The comparative study of PSA-NCAM distribution in
Alzheimer’s and Parkinson’s disease indicated that poly-
sialylated NCAM were highly expressed in embryonic and
juvenile mammalian brains while they are heavily down-
regulated in the adult human brain. The PSA-NCAM were
commonly expressed at two neurogenic niches of an adult
human brain, i.e. in the sub granular zone of the dentate
gyrus of the hippocampus and in the sub ventricular zone of
the lateral walls of the telencephalic ventricles, while their
distribution is less evident in other regions of the human
brain. Conversely, the PSA-NCAM expression is completely
altered in neurodegenerative diseases such as Alzheimer
and Parkinson diseases. The structural plasticity mediated
by PSA—-NCAM not only confines to those two neurogenic
niches cited above, but also is well conserved in all other
regions of the aged brains. Alzheimer disease severely
affects the entorhinal cortex of the brain, which results in
decreased PSA-NCAM expression [4].

Hereditary Inclusion Body Myopathy

Hereditary inclusion body myopathies (HIBM) or GNE
myopathy, a group of autosomal recessive or dominant
inheritance disorder, manifested as slowly progressing mus-
cle weakness and atrophy in young adults. Muscle fibres
with rimmed vacuoles and assorted tubulofilaments with-
out any inflammations were revealed in the histopathology
of HIBM muscle biopsy. GNE gene encodes as a bi-func-
tional enzyme, uridine-diphospho-N-acetylglucosamine
2-epimerase/N-acetylmannosamine kinase (GNE/MNK).
Mutations in the GNE gene impaired the enzyme activity,
which decreased the sialic acid biosynthesis. The abnormal
sialylation of glycoprotein results in degeneration of mus-
cle fibres. The serum NCAM sialylation in the collected
serum samples of numerous HIBM patients was detected
by Western blot. The serum extracts of HIBM patients
indicated the existence of a marked difference between the
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polysialylated and hyposialylated form of NCAM, and also
predicted that NCAM was mostly in the hyposialylated form
in HIBM serum samples [118]. The experimental outcome
authenticated the perspective of hyposialylated NCAM
as serum biomarker to diagnose GNE myopathy, and this
finding reduced the necessity of serial muscle biopsies in
the HIBM treatment trials. The hyposialylated NCAM as
potential serum biomarker in HIBM should be validated by
assessing their specificity, reliability and robustness in meet-
ing their intended purpose.

Conclusion

NCAM plays a prolific role in multicellular processes and
this review emphasizes on the expression and signalling
aspects of several classes of NCAM in numerous diseases
and disorders. It has been illustrious that there is a great
physiological crosstalk between NCAM and different sys-
tems of cell communication and is evident that NCAM
signal integration with extracellular and intracellular physi-
ological proteins is much more ubiquitous than what was
assumed. This review also divulges the evolving arena of
NCAM in cancer therapy, immunotherapy and drug target-
ing therapy along with its indications and limitations like
difficulty in the prediction of protein-ligand interaction dur-
ing in silico/in vivo studies. It should be noted that there is
a greater linkage between the versatile NCAM and other
physiological and pathological gene-mediated intercellular
communications. However, the effect and mechanisms of
action of NCAM in cancers and drug targeting approaches
including its proliferation, expression, apoptosis, autophagy
and cellular transition are still warranted further analysis and
are evolving fields in the future. The molecular screening
and preclinical and clinical investigations on the functions
and mechanisms of NCAM need proper assessment of its
role and are the need of the hour. This definitely helps to find
new insights leading to novel therapeutic approaches in the
management of various pathological conditions and to be a
good platform for advanced drug delivery. This review con-
solidated copious in vitro experimental settings for NCAMs
that give promising anticipations for future targets, but it is
evident that the clinical settings in vivo are still challenging
and remain as controversial.
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