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1 | INTRODUCTION

Neuro-oncological ventral antigen (NOVA) was initially identified as
an antigen in a rare neurological disorder known as paraneoplastic
opsoclonus-myoclonus ataxia.’? Involving in multiple steps of mRNA
processing, RNA-binding proteins (RBP) are essential in gene expres-
sion. These include splicing, translation, transport, stability and deg-
radation of RNA.2 NOVA proteins are RBPs, which bind to the YCAY
sequence of the target pre—mRNAs.“’6 More than 200 NOVA RNA
targets have been identified in the mouse brain.” The NOVA family
comprises two members, namely NOVA1 and NOVA2.2 Both of them
have been demonstrated to regulate approximately 700 alternatively
spliced exons through binding to the target pre-mRNAs. While NOVA1
was predominantly expressed in the ventral spinal cord and the mid-
brain, NOVA2 was localized in the neocortex and hippocampus.g'10
NOVA1 is a brain-specific splicing factor regulating alternative
splicing in neurons.>*112 Homonymous mutation of NOVA1 in mice
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Neuro-oncological ventral antigen 1 (NOVA1) is a RNA-binding protein that interacts
with RNA containing repeats of the YCAY sequence. This protein is a brain-specific
splicing factor regulating neuronal alternative splicing. It has been increasingly recog-
nized as an important contributor to neurological disorders and carcinogenesis. In this
review, we summarize the biological functions and pathological roles of NOVA1. The

clinical implications of NOVA1 will also be discussed.

severely impaired the development of the motor system, suggesting its
critical role in viability and functional maintenance of motor neurons.’
Apart from neuronal functions, NOVA1 has other biological roles, such
as brown adipogenesis.'® Increasing evidence has demonstrated that
NOVA1 is involved in numerous pathological processes and diseases,
including neurological disorders and cancer.

In this review, we summarize the recent findings on the expression
and function of NOVA1 in human diseases. Its role in neurological dis-
orders and cancer will be emphasized. We will also discuss the poten-

tial clinical applications of NOVA1.

2 | NEUROLOGICAL DISORDERS

2.1 | Microcephaly, seizures and severe
developmental delay

The involvement of NOVA1 in neurological defects was initially sug-
gested by the detection of a chromosomal mutation in a 6-month-old
girl with microcephaly, poor eye contact, dyspraxia and strabismus.**
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In the 1412 region, there was a 4.09 Mb deletion spanning the loci
encoding FOXG1 and NOVAA1. Similarly, in a child with severe neu-

rodevelopmental retardation, a de novo small supernumerary marker

chromosome involving 14pter = q12 was detected, in which one of
the encoded genes was NOVA1.2> These suggest that NOVA1 might
be important in neurological development. However, the causal rela-
tionship between the NOVA1 gene disruption and the clinical manifes-
tations remains uncertain. Further mechanistic studies using specific
gene knockout in vivo may provide valuable insight into these neural

defects.

2.3 | Cerebral ischaemia-reperfusion injury

In an animal model of focal cerebral ischaemia-reperfusion injury,
the right middle cerebral artery of Sprague-Dawley rats was first
occluded for 120 min followed by reperfusion for 1 day, 7 days or
14 days. Throughout the process, the animals exhibited dynamic
changes of NOVA1 expression in the cerebral cortex, hypothalamus
and hippocampus.®® Expression of NOVA1 was detected throughout
the entire brain. Notably, a higher density was observed in the hip-
pocampus, cingulate cortex, hypothalamus and the medial habenular
nucleus. Subsequent to 1-day reperfusion, the immunoreactivity of
NOVA1 in neurons was significantly up-regulated, predominant in the
CA1 region of the hippocampus. The ipsilateral hippocampal CA1 re-
gion became particularly active between day 1 and 7 of reperfusion.
In the contralateral side of the striate cortex, dentate gyrus and hy-
pothalamus, NOVA1 expression exhibited strong compensatory re-
sponses. In particular, NOVA1 was translocated to the dendrites and
the growth cones of the axons in the hypothalamus on the ischaemic
side by day 7 of reperfusion. Collectively, NOVA1 expression was
positively correlated with neural repair upon ischaemia-reperfusion
injury, contributing to neuronal responsiveness. As such, modulation
of NOVA1 may provide a novel therapeutic approach for cerebrovas-

cular accident.

2.4 | Familial dysautonomia

Massive screening of non-coding RNAs revealed that the expres-
sion of 26 microRNAs (miRNA) was altered in familial dysautono-
mia, among which four of them target NOVA1. The expression of
NOVA1 was correlated with a low level of IKAP, which is also known
as ELP1.1° Overexpression of miR-203a-3p inhibited NOVA1 expres-
sion but promoted the expression of IKAP. The interaction between
NOVA1 and IKAP might be a novel regulator in the pathogenesis of

familial dysautonomia.

2.5 | Biogenesis of neural microRNAs

A large-scale functional screen identified NOVA1 as a novel regula-
tor of neuronal miRNA function.?” By regulating neuronal miRNA and
miRNA-induced silencing complex function via Argonaute proteins,
NOVA1 governs synapse development and its plasticity. The Ago pro-
teins are main catalysts for miRISC assembly on target MRNA. NOVA1

stimulates miRNA function by different mechanisms that converge to

Ago proteins, the core component of the miRISC.

3 | TUMOURS

3.1 | Astrocytoma and oligodendroglioma

The expression of NOVA1 differs significantly between low-grade
oligodendroglioma and grade Il astrocytoma.18 While the role of
elevated NOVA1 in glioma remains largely unknown, such a differ-
ence provides an alternative way to differentiate these two clinical
entities.

By interacting with non-coding RNAs, NOVA1 interferes with
various neuronal functions. Overexpression of miR-181b-5p sup-
pressed cellular growth, invasion and migration, promoting apoptosis
in astrocytoma cells through directly targeting NOVA1. It has been
shown that miR-181b-5p expression was lowered in astrocytoma, in-
versely correlated with the clinical stages of astrocytoma patients.’’
High level of NOVA1 was also associated with poor survival outcome.
Down-regulation of NOVA1 by miR-181b-5p decreased cell prolif-
eration, invasion and migration, suggesting that this NOVA1 was an

oncoprotein.

3.2 | Gastric cancer

The stromal expression of NOVA1 in malignant gastric cancer is
considerably lower in benign gastritis.20 In gastric cancer, it is down-
regulated in T lymphocytes and stromal spindle cells. Conversely, it
is highly expressed in these cells in gastritis. Clinically, reduced level
of NOVAL1 in remnant tissues or T lymphocytes is associated with a
poor prognosis in gastric cancer patients. In gastric cancer, NOVA1
was regulated by miR-146b-5p. Collectively, decreased NOVA1 ex-
pression might indicate occult residual disease in remnant tissues after
gastric cancer removal, serving as a potential prognostic biomarker for
gastric cancer.

Another study demonstrated that the expression of NOVA1 was
down-regulated in gastric cancer cells, T cells and stromal spindle
cells.?! Clinically, reduced NOVA1 expression was correlated with in-
creased mortality, advanced tumour stages and inhibited infiltration of

forkhead box P3* regulatory T cells and increased infiltration of CD163*

TABLE 1 NOVA1 expressions in human cancers

Role in invasion/

Cancer type Expression  metastasis References
Astrocytoma Increased Oncogenic 18
Oligodendroglioma  Increased Oncogenic 18

Gastric cancer Increased Oncogenic 20,22
Gastric cancer Decreased Tumour 21

suppressor
Hepatocellular Increased Oncogenic 23,24
cancer
Lymphomas Increased Oncogenic 25
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M2 and CDé68" macrophages. These data suggested that reduction of
NOVA1 in the microenvironment of gastric cancer was associated with
poor prognosis. This finding may be in part related to immune dysfunc-
tion through changes in the immune cell composition of T cells and
macrophages.

However, contradictory evidence regarding the role of NOVA1 in
gastric cancer also exists in the literature. Overexpression of miR-339
was found to dramatically inhibit gastric cell proliferation, invasion,
migration and tumorigenicity through targeting NOVA1.22 NOVA1 ex-
pression was significantly down-regulated in miR-339 overexpressed
cells. Restored expression of NOVA1 partially reversed the inhibi-
tory effects of miR-339-overexpressed gastric cancer cells. These
findings support NOVA1 might have oncogenic function in gastric

carcinogenesis.

3.3 | Hepatocellular carcinoma

Focal expression of NOVA1 was observed in the cytoplasm of
both tumour and peri-tumoural cells in hepatocellular carcinoma
(HCC).23 Overexpression of intratumoural NOVA1 was associated
with lower survival rate and increased recurrence in HCC patients,
serving as an independent prognostic factor. Enforced expression
of NOVAL1 increased cell proliferation, invasion and migration in
HCC cell lines.

Further study showed that overexpression of NOVA1 increased
subcutaneous HCC growth in vivo in nude mice.?* NOVA1 expres-
sion was inversely correlated with that of GABAARy2 and GABA.
GABAARY2 was expressed in HCC and was an independent prognos-
tic factor for overall and disease-free survival in HCC patients. It is
therefore likely that NOVA1 acts as a prognostic marker in HCC pa-
tients through its interaction with GABAARy2.

3.4 | Lymphomas

NOVA1 expression was higher in T- and NK-cell lymphomas than in
normal paracortical T cells.?® In addition, diffuse and strong expres-
sion of NOVA1 was observed in 56.5% of T- and NK-cell lymphoma
cases. The expression level of NOVA1 varied in different subtypes.
NOVA1 expression was higher in angioimmunoblastic T-cell lym-
phoma, T lymphoblastic leukaemia/lymphoma and ALK-negative
anaplastic large cell lymphoma. However, its expression was lower in
ALK" anaplastic large cell lymphoma. NOVA1 expression was lower
in almost all subtypes of B-cell lymphomas. These findings suggested
that up-regulation of NOVA1 might play a role in the development of
NK- and T-cell lymphomas. It might also be a potential diagnostic and
therapeutic target for lymphoma (Table 1).

4 | OTHER FUNCTIONS

4.1 | Human immunodeficiency

The transduction of PWWP-interacting region of NOVA1 significantly
decreased human immunodeficient virus infectivity, while it showed no

effect on murine leukaemia virus infection. This region has been shown to
localize with LEDGF/p75 of human immunodeficient virus in HeLa cells.?®

However, the role of NOVA proteins in viral replication remains unclear.

4.2 | Pancreatic beta cell function

NOVA1 expression in pancreatic beta cells was more than 10-fold
higher than in other tissues. NOVA1 controls the expression of key
genes involved in transcription and insulin release.?’ Specific knock-
down of NOVA1 led to altered splicing of nearly 5,000 transcripts
involved in exocytosis, insulin receptor signalling, apoptosis, transcrip-
tion and splicing. Inhibition of NOVA1 also decreased insulin secretion
by interacting with its potential targets, such as PLCp1 and Snap25.
These observations indicate that NOVA1 as a splicing factor has a

major role in the regulation of beta cell function.

5 | CONCLUSIONS

NOVA1 plays a significant role in carcinogenesis and neurological
disorders. Its differential expression may permit the differentia-
tion of distinct clinical entities, which would otherwise be difficult
to achieve. Currently, the mechanism governing the expression of
NOVA1 and its interaction with miRNAs remain largely unknown.
Further studies are needed to clarify their roles in more tumours such
as osteosarcoma, cutaneous squamous cell carcinoma, melanoma

and other tumours.
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