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Abstract

CTP biosynthesis is carried out by two pathways: salvage and de novo. CTPsyn catalyzes the latter. The study of CTPsyn
activity in mammalian cells began in the 1970s, and various fascinating discoveries were made regarding the role of CTPsyn
in cancer and development. However, its ability to fit into a cellular serpent-like structure, termed ‘cytoophidia,” was only
discovered a decade ago by three independent groups of scientists. Although the self-assembly of CTPsyn into a filamen-
tous structure is evolutionarily conserved, the enzyme activity upon this self-assembly varies in different species. CTPsyn
is required for cellular development and homeostasis. Changes in the expression of CTPsyn cause developmental changes
in Drosophila melanogaster. A high level of CTPsyn activity and formation of cytoophidia are often observed in rapidly
proliferating cells such as in stem and cancer cells. Meanwhile, the deficiency of CTPsyn causes severe immunodeficiency
leading to immunocompromised diseases caused by bacteria, viruses, and parasites, making CTPsyn an attractive therapeutic
target. Here, we provide an overview of the role of CTPsyn in cellular and disease perspectives along with its potential as
a drug target.
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Introduction

The cytidine triphosphate (CTP) is a pyrimidine nucleotide,
which is an essential building block of DNA and RNA. It
is also important for phospholipid biosynthesis and protein
sialylation; hence, it plays a critical role in cell prolifera-
tion and cellular expansion. CTP can be synthesised via two
pathways: (1) the salvage pathway and (2) the de novo bio-
synthesis pathway. CTP biosynthesis is a tightly regulated
process as among all the nucleotides, CTP has the lowest
presentation at cellular concentration levels (Higgins et al.
2007). Cytidine triphosphate synthase/synthetase (CTPsyn)
catalyzes the rate-limiting step of the de novo CTP biosyn-
thesis pathway by converting the uridine triphosphate (UTP)
to CTP. The conversion proceeds through three reactions:
a kinase reaction to phosphorylate uracil O4 atom in an

P4 Ghows Azzam
ghows @usm.my

School of Biological Sciences, Universiti Sains Malaysia,
11800 Penang, Malaysia

Malaysia Genome and Vaccine Institute, National Institutes
of Biotechnology Malaysia, Jalan Bangi, 43000 Kajang,
Selangor, Malaysia

Mg?*-ATP-dependent manner, a glutaminase reaction to
generate ammonia from glutamine hydrolysis, and a ligase
reaction to displace the uracil O4 phosphate with ammonia
(Fig. 1) (Bhagavan and Ha 2011; Endrizzi et al. 2004; Kent
and Carman 1999).

CTPsyn can create intracellular structure referred
cytoophidium in bacteria, yeast, Drosophila, and mamma-
lian cells, implying that filamentation is conserved through
evolution (Ingerson-Mahar et al. 2010; Liu 2010; Noree
et al. 2010). Large-scale polymers play a vital role in cel-
lular organization and in maintaining cellular homeosta-
sis. It is notable that apart from the widely studied model
organism, Drosophila melanogaster (the common fruit
fly), cytoophidia were also found in different species of
the fruit flies such as in the Drosophila virilis and Dros-
ophila pseudoobscura. Interestingly, in Drosophila mela-
nogaster, cytoophidia are formed in different organs and tis-
sues including the testis, ovary, gut, brain accessory gland,
salivary gland, and lymph gland (Liu 2010). In Escherichia
coli bacteria, CTPsyn enzyme activity is inactivated in the
presence of these polymeric cytoophidia. As the nucleotide
CTP is the product synthesised through the catalysis of CTP-
syn, abundance of the CTP in the cellular microenviron-
ment causes the activity of CTPsyn through the formation of
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Fig.1 The de novo cytidine triphosphate (CTP) synthesis pathway.
Schematic diagram of the de novo CTP (pyrimidine) synthesis path-
way. CTP synthesis enzymes CAD carbamoyl-phosphate synthetase
2, aspartate transcarbamylase, and dihydroorotase; UMP synthetase

inactive CTPsyn polymers, thus preventing the accumulation
of nucleotides, which could lead to uncontrolled growth and
cell division. Meanwhile, the abundance of the substrates
UTP and ATP in the cellular microenvironment disassem-
bles this reversible polymeric CTPsyn structure into their
enzymatically active tetrameric form, thus making this CTP-
syn polymerization and enzyme activity inversely related
(Barry et al. 2014).

However, for human CTPsyn, polymerization increases
catalytic activity, thus defying the assumption that the CTP-
syn filaments only store inactive enzymes. Surprisingly, in
the presence of substrates (UTP and ATP), human CTPsyn
polymerizes into CTPsyn filaments with increased catalytic
activity (Lynch et al. 2017). Correspondingly, during oogen-
esis in Drosophila ovarian germline cells, CTPsyn forms
catalytically active CTPsyn filaments in order to temporally
control the synthesis of CTP nucleotides, which are required
in abundance during the period of exquisite genomic
endoreplication and stockpiling of ribosomal RNA (Stroch-
lic et al. 2014). To dispute the statement that the bacterial
filaments are stabilized by inactive product-bound CTPsyn
polymers, meanwhile, the eukaryotic filaments are stabi-
lized by active substrate-bound CTPsyn tetramers; another
interesting study has speculated that both the prokaryotic
and eukaryotic filaments could be formed by both substrate-
bound and product-bound forms, albeit the variation in
filament forming ability could differ among species, thus
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providing insights that these filaments could switch from
active to inactive form or vice-versa in the same cell to regu-
late cellular metabolic activities (Zhou et al. 2019).

The mechanism behind the compartmentalizing property
of CTPsyn is being studied extensively for its contributions
in nucleotide metabolism and its interaction with other bio-
logical pathways. CTPsyn activity along with CTP nucleo-
tide levels is often elevated in rapidly proliferating cells,
especially in various types of cancers and immune-related
diseases (Carcamo et al. 2011). As CTPsyn is a metabolic
enzyme that is required for basic nucleotide biosynthesis,
its potential role in cell and developmental biology is being
actively explored because it is also an attractive drug dis-
covery target for various disorders. Here, we discuss the role
of CTPsyn and cytoophidia in developmental and disease
biology along with its potential as a drug target for infec-
tious diseases.

CTPsyn and cytoophidia—a developmental
perspective

Brain and optic lobe

Presence of prominent CTPsyn activity in rat brain is well

known, and this activity decreases with the aging process
(Genchev and Mandel 1976). However, the role of CTPsyn
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Fig.2 A Drosophila larval nervous system comprising ventral nerve
cord, central brain, and optic lobes. At optic lobes, sequential transi-
tion of neuroepithelial (NE) stem cells to neuroblasts (NBs) occurs
(in box). NE stem cells undergo symmetric cell division to expand the
pool of cells and subsequently give rise to NBs that divide asymmet-

in Drosophila optic lobe development was only character-
ized years ago. The Drosophila brain visual processing sys-
tem is controlled by the optic lobe, which encompasses neu-
ral stem cells called neuroblasts that are tightly regulated by
developmental cues that are parallel to the development of
the mammalian cerebral cortex. Drosophila larval optic lobe
development is well characterized. In short, the neuroepithe-
lial (NE) stem cell of the optic lobe divides symmetrically to
create a population of NEs that then differentiates into neu-
roblasts (NBs), and finally these NBs asymmetrically divide
to give rise to medulla neurons (Fig. 2) (Egger et al. 2007).

CTPsyn cytoophidia was observed in abundance in
the Drosophila post-embryonic neuroblasts and epithe-
lial stem cells of the larval central nervous system (CNS)
when the flies were fed with 6-diazo-5-oxo-L-norleucine
(DON), a glutamine analogue that inhibits CTPsyn activ-
ity, implicating a higher CTPsyn activity in third-instar
larval neuroblasts (Chen et al. 2011). This finding encour-
aged researchers to further investigate the roles of CTP-
syn and cytoophidia during CNS development. Since some
early findings suggest that incorporation of CTPsyn into
cytoophidia in Drosophila inhibits CTPsyn activity as
these filaments are composed of inactive CTPsyn dimers
(Chen et al. 2011; Liu 2011), when CTPsyn cytoophidia
was observed to be highly prevalent in quiescent and

CTPsyn cytoophidia

rically to produce ganglion mother cells, which undergo mitotic divi-
sion to produce neuronal daughter cells. CTPsyn forms cytoophidia
at the NE stem cell region of the optic lobe. Created with BioRender.
com

starved neuroblasts at early larval CNS, and upon a re-
entry into the cell cycle during neuroblast cell prolifera-
tion, these cytoophidia might be disassembling for active
CTPsyn in order to supply the nucleotide required for cell
division (Aughey et al. 2014). CTPsyn plays a critical role
in the development of the optic lobe in the larval central
nervous system (CNS) (Tastan and Liu 2015). It forms
cytoophidia in the NE stem cells, and the cytoophidia dis-
assembles as the NE stem cell transitions into NBs. Any
changes in the expression of CTPsyn leads to developmen-
tal defects in the optic lobes. Overexpression of CTPsyn
impairs the development of the brain, with a shrinkage in
the lamina region and an expansion of NE region. How-
ever, the expansion of NE region could be an indication
of lacking differentiation of NE cells, whereas, in CTPsyn
mutant flies, the optic lobes lack a medulla region, and
no obvious lamina region was detected (Tastan and Liu
2015), suggesting that CTPsyn maintains the optic lobe
homeostasis. Specifically, it could be important for the
maintenance and differentiation of NE stem cells.
Overexpression of CTPsyn in embryonic mouse brain
also induces cytoophidia formation in developing corti-
cal neurons and impedes the migration of neurons. Fur-
thermore, it also hastens neuronal differentiation while
inhibiting the proliferation of neural progenitor cells and
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impairing mitotic activity. Interestingly, at G1 phase of
mitosis, the cytoophidia dispersed into cytoplasm because
of the high cellular demand for nucleotides at G1 phase,
and high CTPsyn activity (Li et al. 2018).

Intestine

The Drosophila intestinal tissues are similar to the human
intestine in terms of anatomy and physiology (Apidiana-
kis & Rahme 2011). The adult fly intestinal stem cells
(ISCs) signaling and cell differentiation are also simi-
lar to the mammalian intestinal stem cells, thus making
Drosophila a powerful model to study human intestinal
development, infection, and pathology. Both mammalian
and fly gut consists of enterocytes for nutrient absorption
and enteroendocrine cells for hormone production and
secretion (Ohlstein and Spradling 2006). Despite all these
similarities, transient amplifying (TA) cells are absent in
Drosophila midgut at normal homeostatic conditions, but
such cells have been observed during pathogenic infec-
tions. The midgut lineage in Drosophila is quite simple;
the ISCs undergo asymmetric divisions to produce entero-
blasts (EBs) that remain close to the ISCs until they dif-
ferentiate into enterocytes (ECs) or enteroendocrine (EEs)
cells (Jiang et al. 2016) (Fig. 3).

foregut

A recent study has found that CTPsyn forms
cytoophidia in the ISCs and EBs of female Drosophila.
They also found that CTPsyn is necessary for the prolif-
eration of ISCs. At the instance of CTPsyn knockdown,
the number of EBs reduced significantly in the posterior
midgut. Furthermore, the CTPsyn filamentation is required
for ISC proliferation. This study showed the role of CTP-
syn and its filamentation in cell division and development
(Zhou et al. 2021).

Meanwhile, in Caenorhabditis elegans, the germ cell
proliferation collapses in response to pyrimidine nucleotide
deprivation. A healthy germ cell proliferation requires rapid
DNA replication and RNA synthesis with a stable nucleotide
pool (Chi et al. 2016). ENDU-2 nuclease has been found
to be the key factor that regulates nucleotide metabolism
and germline proliferation in response to genotoxic stresses
and nucleotide imbalance. Fascinatingly, ENDU-2 interacts
with CTPsyn in the process of regulating nucleotide metabo-
lism via controlling the phosphorylation of CTPS-1. Under
nucleotide depletion or genotoxic stress, ENDU-2 activity
is elevated, and it positively regulates CTPS-1 by block-
ing its phosphorylation through the protein kinase A (PKA)
pathway; thus, the germline proliferation in the intestines of
Caenorhabditis elegans is halted (Fig. 4) (Jia et al. 2020).
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Fig.3 The Drosophila intestinal stem cell. The intestinal stem cell
niche houses the ISCs, which divide and give rise to committed
progenitor EB cells. Then, the EB cells differentiate into EEs and
ECs. It is made up of simple monolayer epithelium cells, and unlike
mammalian TA cells, the EBs rarely divide. The midgut homeosta-
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sis is maintained by the replenishment of aged or damaged gut cells
with the new ones (Jiang and Edgar 2011). The presence of CTPsyn
cytoophidia was observed in ISCs and EBs. Created with BioRender.
com
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Fig.4 Proposed role of ENDU-2 and its interaction with CTPS-1
in regulating nucleotide metabolism and germ cell proliferation. In
response to nucleotide deprivation and genotoxic stress in the intes-
tine of Caenorhabditis elegans, ENDU-2 shuts down germline pro-

Gonads
Ovaries

The Drosophila ovariole has germarium that houses 2-3
germline stem cells (GSC) and somatic stem cells (SSC) or
follicular stem cells (FSC). GSCs undergo multiple divisions
and differentiations to develop into oocytes. Interestingly,
the number of ring canals determines which cyst is fated to
be an oocyte and which are to be nurse cells (Fig. 5). Upon
the exit of mitoses of cyst cells, the nurse cells undergo
series of 10-12 endocycles to polyploidize their genome to
supply mRNA and proteins for the enrichment of the oocyte.
The oocyte develops well with the consumption of yolk pro-
tein synthesized in the follicle cells and fat and occupies
half the egg chamber by the time it reaches stage 10. As
series of 3 endocycle replication also occurs in follicle cells
to produce eggshell protein that is required for the vitelline
membrane formation (Wu et al. 2008; Hudson and Cooley
2014). At stage 14 the mature egg exits after maturation.
Various cell signaling pathways are involved in tightly regu-
lating the oogenesis.

Interestingly, proto-oncogene Casitas B-lineage lym-
phoma (Cbl) promote endocycle during oogenesis by regu-
lating CTPsyn activity. Mutation of Cbl resulted in defect
in S-phase endocycle endoreplication and overexpression
of CTPsyn is sufficient to reverse this effect. Furthermore,
absence of Cbl, disrupted the cytoophidia formation. This
study suggests that to meet the nucleotide demand during
endocycle of oogenesis, cytoophidia is required to allow
CTPsyn activity (Wang et al. 2015). To support this fur-
ther, a reduction in CTPsyn expression causes defects in

liferation via inhibiting the phosphorylation of CTPS-1 by repress-
ing the protein kinase A (PKA) pathway and histone deacetylase-1
(HDA-1) (Jia et al. 2020). Created with BioRender.com

oogenesis, emphasizing that cytoophidia formation is to pro-
mote CTP biosynthesis to support endoreplication. Dros-
ophila homologue of mammalian activated cdc42-associated
kinase 1 (DAck) localizes to CTPsyn cytoophidia and is
required for endocycle replication as well. Morphological
defects with reduced size of nuclei of nurse cells that cor-
relate to compromised fertility were observed when DAck is
deficient during oogenesis, further supporting the statement
that CTPsyn cytoophidia is required for adequate CTP bio-
synthesis during endoreplication. Fascinatingly, the active
human CTPsyn could assemble into filaments and also was
able to rescue the membrane integrity defect and sterility of
the heteroallelic CTPsyn mutant fly, indicating that CTPsyn
could be catalytically active within the filaments. Besides,
lacking DAck and CTPsyn leads to lower RNA levels, impli-
cating the close relationship between these two colocalizing
enzymes in regulating the CTP nucleotide pool (Strochlic
et al. 2014).

The compartmentalization of CTPsyn into cytoophidia
in Drosophila was first observed in ovaries (Liu 2010).
A recent finding states that the egg production in Dros-
ophila strongly depends on this polymerization of CTP-
syn into cytoophidia. Disrupting the cytoophidia forma-
tion at early-stage egg chambers dramatically lowers the
egg production. Feeding with DON to inhibit CTPsyn
activity aggravates this condition further, suggesting
that egg production strongly supported by assembly of
CTPsyn filaments (Simonet et al. 2020). Although for-
mation of cytoophidia is naturally abundant in ovaries,
glutamine and glucose deprivation induces elongated
cytoophidia formation. Starvation has induced the revers-
ible elongation of cytoophidia and apoptosis during
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Fig.5 Oogenesis in Drosophila. a Schematic diagram of the two
ovaries of Drosophila that is made up of approximately 18 ovarioles.
b Each of this ovarioles undergo 14 stages of development to from
mature egg (st. 14) from germarium (st. 1). ¢ The germarium contains
SSCs and GSCs at the anterior end of ovariole. These GSCs divide
asymmetrically to self-renew and to produce a daughter cell, cysto-
blast which then undergoes four rounds of asymmetric and incom-

mid-oogenesis in Drosophila ovaries. Interestingly, this
elongated cytoophidia travels through ring canals from
nurse cells to the oocyte. This could be a stress response
strategy to store CTPsyn until the environment is condu-
cive for the organism to grow and the reversibility could
be the release of CTPsyn when the environment improves
(Wu and Liu 2019).

Testis

The testis of Drosophila is an interesting model to study
stem cell division and maintenance for it houses germline
stem cells (GSCs) and cyst stem cells (CySCs) in 1:2 ratio
adhered to hub cells via cell adhesion molecules (Fig. 6).
This testicular niche is tightly regulated by JAK/STAT
signaling pathway (Singh et al. 2016). It is important to
note that, in testis, CTPsyn forms cytoophidia naturally
only at the apical region where a higher rate of cell divi-
sion occurs, showing the requirement for CTP to meet the
cellular nucleotide demand during active cell division
(Fig. 6). However, during overexpression studies of D.
melanogaster, CTP synthetase isoform C (CTPsynlsoC),
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plete mitoses to form germline cysts (16 cells) interconnected by ring
canals. Only one from these cysts become oocyte which then develop
into mature egg while the other 15 differentiate to become nurse cells.
Meanwhile, the SSCs give rise to precursor follicle cells, and about
16 out of these precursor follicle cells, then become polar cells and
stalk cells. The rest of the precursor follicle cells encysts cyst cells
and become egg chamber. Created with BioRender.com

which is the only isoform that forms cytoophidia (Azzam
and Liu 2013), causes the elongation of cytoophidia in
the entirety of Drosophila testicular body, and around
34% of these males were observed to have testicular api-
cal tip bulging phenotype due to the over-proliferation of
germline cells and spermatocytes (Woo et al. 2019). This
suggests that germline cell proliferation, which is a hall-
mark of a few types of tumorigenesis and cancer forma-
tion, could be due to the overexpression of CTPsyn in
the rapidly proliferating cells. Besides, interestingly the
overexpression of CTPsyn interacting micro-RNA, miR-
975 in Drosophila testis, also showed a similar bulging
phenotype in the apical tip, and the cytoophidia were also
observed to be lengthened. qPCR assay for both the CTP-
synlsoC and miR-975 overexpressions provide evidence
for the differential expression of several cancer-related
genes, Ack, Brat, IMPDH, Myc, and CTPS, thus reaffirm-
ing that CTPsyn upregulation could harness tumor-like
testicular overgrowth due to over-proliferation of germline
cells (Woo et al. 2019).

CTPsyn and its assembly into cytoophidia are required
for the proper maintenance of cellular homeostasis in
Drosophila and in other organisms. Various pathways
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Fig.6 Spermatogenesis in Drosophila. The stem cell niche is main-
tained by 12 non-dividing somatic cells, called ‘hub,” anchored with
GSCs and CySCs. The stem cell niche's maintenance is tightly regu-
lated by a cascade of genes and pathways. Each GSC was encysted
by two CySCs. Upon asymmetric division, each GSC self-renews and
gives rise to gonialblast (GB), and each CySC self-renews and gives
rise to cyst cells (early cysts and late cysts) that encyst the germ cells
throughout the spermatogenesis until they develop into spermatids.

regulate stem cell maintenance in Drosophila for proper
tissue development, such as the JAK/STAT, Notch, Egfr/
Ras/MAPK, insulin/TGF-f, Wnt, and hippo signaling
pathways. However, the signaling pathways that CTPsyn
involved for maintaining stem cell development is remain-
ing elusive.

CTPsyn activity and its fillamentation
from a disease perspective

CTPsyn and cancer

Proper development of a tissue and organ essentially requires
precise cell growth and division, which is attained via con-
trolled regulation of cellular developmental signaling. Few
key genes and metabolic pathways have been correlated with
tumor progression and cancer formation. A study that has
been published in 1978 reported that the highest CTPsyn

The GB undergoes four rounds of transit amplifying (TA) mitotic
divisions to produce 16 interconnected (by ring canals) spermatogo-
nial cells that differentiate into early spermatocytes, and these sper-
matocytes undergo meiosis to produce 64 haploid spermatids. They
then undergo elongation and coiling to become mature spermatids.
The box represents the region where cytoophidia is normally abun-
dant. Created with BioRender.com

activity was observed in rapidly growing tumors. It was
observed that the CTPsyn activity varies proportionally to
the tumor growth rate, where higher enzyme activity was
observed in the rapidly proliferating liver tumor than that in
tumors with a slow and medium growth rate (Kizaki et al.
1980; Williams et al. 1978). This could be due to the CTP
biosynthesis mechanism, which allows the cancerous cells
to adjust the availability of CTP for RNA synthesis and for-
mation of 2°-deoxy CTP for DNA synthesis (Williams et al.
1978). Interestingly, in another study, CTPsyn activity was
observed to be elevated in all examined hepatomas, and the
increase in activity correlated positively with the growth
rates of tumor (Tzeng et al. 1981). Furthermore, a few stud-
ies have detected a significantly higher CTPsyn enzyme
activity in acute lymphocytic leukemia cells compared
to that in healthy lymphocyte controls (Ford et al. 1991).
In another study, the CTPsyn activity was observed to be
increased in MOLT-3 cells, which are human T-lymphoid
cell lines derived from leukemic cells of a patient with acute
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lymphoblastic leukemia compared to the proliferating nor-
mal human T lymphocytes (Berg et al. 1993).

CTPsyn forms cytoophidia in various human cancers
and in some non-cancerous tissues (Kizaki et al. 1980).
The formation of cytoophidia in human Huh7 cells, which
is an HCC cell line, is reversible, where in the cytoophidia
that have formed in the absence of glutamine disintegrate
in the presence of glutamine. Interestingly, the expres-
sion of heat shock protein 90 (HSP90), which is linked
to aggressive tumor growth and poor prognosis in a few
types of cancers, was significantly higher in the HCC sam-
ples with the massive amount of cytoophidia than in those
without cytoophidia, thus suggesting that this formation of
cytoophidia could be due to the high cellular stress tolerance
in tumorigenic cells. Furthermore, some features of the HCC
tumor, such as the proliferation rate, metabolic preference
of cancer cells, and restricted blood supply in certain tis-
sue regions, could be a potential reason for the presence of
cytoophidia in HCC cells but not in normal hepatocytes.
However, their finding also further suggests that the for-
mation of cytoophidia may potentially reflect the impaired
glutamine metabolism in cells (Chang et al. 2017). CTPsyn
cytoophidia is proclaimed to be a natural occurrence and
accounts for some HCC tumor features (Chang et al. 2017,
Sun and Liu 2019a, b).

Formation of cytoophidia in cancer cell line requires post-
translational modifications such as ubiquitination and meth-
ylation when glutamine is deprived; histidine is required for
this starvation-induced filament formation via GCN2/ATF4/
MTHFD?2 stress response pathway, suggesting that cancer
cell homeostasis at stress conditions is maintained through
histidine-mediated methylation to promote cellular growth
(Pai et al. 2016; Lin et al. 2018). Furthermore, synaptosome-
associated protein 29 (SNAP29) interacts with the cytokera-
tin network to form CTPS filaments along the network upon
glutamine starvation, and this could shed light on the role
of metabolic intermediate filaments in vesicle trafficking for
growth and proliferation (Chakraborty et al. 2020).

Ras oncogene mutation is prevalent in > 30% of human
cancers. A previous study conducted by Friedman et al.
(2011) shows that CTPsyn enhances the expression of Ras
in Drosophila wing vein phenotype (Friedman et al. 2011).
To discover a rapid and economical novel bioavailable anti-
tumor drug, an in vivo Ras-driven Drosophila tamor model,
larvae with tumorous overgrowth were fed with drug and
the glutamine analogue, acivicin, was observed to hamper
the tumorous overgrowth in Drosophila. Further analyzing
the acivicin-mediated inhibition using RNAi knockdown of
nine glutamine-dependent amidotransferases reveals that
CTPsyn could be a possible target of acivicin, thus shed-
ding light on the glutamine dependency and the vitality
of CTPsyn in Drosophila tumors, as well as some of the
human cancers. The glutamine analogue’s anti-tumorigenic
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activity has been widely studied over the past decades.
Fascinatingly, this study provides further evidence of the
close relationship between Ras-driven tumor overgrowth
and CTPsyn. Knocking down CTPsyn using CTPsyn®i in
Ras85D overexpressed flies resulted in significant reduction
in tumor growth, suggesting that CTPsyn is the key target
of acivicin-mediated anti-tumorigenic activity in Ras-driven
tumor growth in Drosophila (Willoughby et al. 2013).

CTPsyn activity was also observed to be high in triple-
negative breast cancer (TNBC) tissues and cell lines (Lin
et al. 2022). A dramatic inhibition of proliferation, migra-
tion, invasion, and apoptotic induction was observed upon
silencing of CTPS1 in cell lines. Furthermore, knockdown
of CTPS1 is sufficient to reduce tumor growth in mice.
The transcription factor Y-box binding protein 1 (YBX1)
binds to CTPS1 to promote its transcription for TNBC
tumor progression. This study suggests that CTPS1 could
be used as a target for prevention and treatment of TNBC
in the future (Lin et al. 2022).

The Myc oncogene expression is deregulated in at least
70% of all human cancers, and these oncoproteins are
“super-transcription factors” that is estimated to regulate
the transcription of at least 15% human genome (Dong
et al. 2020). Furthermore, Myc also plays a role as a
“super-competitor” during cellular expansion to promote
a biased cell proliferation at the expense of the neighbor-
ing cells for the aberrant growth of primary tumors (de
la Cova et al. 2004; Moreno et al. 2004). Interestingly,
Myc has been identified to regulate a few genes that
are involved in de novo nucleotide synthesis; IMPDH?2,
CTPS1, and CAD. Furthermore, it also regulates glu-
tamine metabolism, which is a precursor for de novo
nucleotide synthesis. In mantle cell lymphoma (MCL),
the oncogenic Myc was observed to be upregulated along
with a significant upregulation of IMPDH2, CTPS1, and
CAD, demonstrating the substantial role of the “undrug-
gable” Myc oncogene on nucleotide synthesis. Treatment
with DON to inhibit CTPS1 activity, however, induced
apoptosis and dramatically supressed cell proliferation
via a remarkable reduction in a pyrimidine nucleotide
pool, making de novo nucleotide synthesis the potential
targeted therapy to treat MCL to combat its resistance to
the available therapies (Yao et al. 2018). In a recent study
to selectively kill Myc elevated cancer cells, inhibition
of CTPS1 along with ataxia telangiectasia and Rad3-
related protein (ATR) inhibitor resulted in selective cell
death and decreased tumor growth, suggesting that this
approach could be favorable to selectively combat Myc-
overexpressing cancer progression. Inhibition of CTPS1
limits the CTP nucleotide pool for DNA replication and
induces replication stress; hence, with the combination
of ATR inhibitor, a selective apoptosis takes place in
Myc-driven cancer cells (Sun et al. 2022). This study is
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significant because it has reshaped our initial understand-
ing about CTPS1 deficiency, which was once thought to
induce immunodeficiency only. However, with this study,
a unique role of CTPS1 in Myc overexpressed cancer was
discovered. Although the reason behind this is not com-
pletely understood, perhaps it could be an embarkment
to unveil the role of CTPS1 in oncogene driven cancer
metabolism in depth.

Pro-tumorigenic genes that regulate cytoophidia
assembly

Inosine monophosphate dehydrogenase (IMPDH)

Inosine monophosphate dehydrogenase (IMPDH) is another
metabolic enzyme which catalyses the rate-limiting de novo
synthesis of purine nucleotides. It catalyses the conversion of
inosine monophosphate (IMP) into xanthosine-5-monophos-
phate (XMP) to synthesize guanosine triphosphate (GTP)
nucleotide. A study has found that mycophenolic acid
(MPA), an uncompetitive inhibitor of IMPDH, induces the
filament formation reversibly in human cell lines (Ji et al.
2006). Despite their individuality in forming cytoophidia,
both of these enzymes, IMPDH and CTPsyn, were observed
to co-localize together in a single cytoophidium (Keppeke
et al. 2015; Chang et al. 2018). Furthermore, glutamine
starvation induces the formation of IMPDH2/CTPS1 mixed
RR structures in the hypoxic region of various cancer or
tumor cell lines (Calise et al. 2014). It was speculated that
the presence of IMPDH2/CTPS1 mixed RR structures in
the mouse embryonic stem cells (ESCs) could be due to the
strong GTP/CTP nucleotide requirement during active cell
proliferation (Carcamo et al. 2011). An increase in CTP pool
also triggers the assembly of this IMPDH cytoophidia in
mouse liver cells, implying an activation of de novo purine
synthesis and deactivation of de novo pyrimidine synthesis
as both require phosphoribosyl pyrophosphate (PRPP) as a
common substrate for the nucleotide biosynthesis (Chang
et al. 2015).

Target of rapamycin (TOR)

Target of rapamycin (TOR) positively regulates cell growth
and proliferation; biosynthesis of nucleotides, proteins,
lipids, and organelles; autophagy; and finally, mitochondrial
metabolism and biogenesis. It is often deregulated in several
human diseases including cancers, immune deficiency, obe-
sity, diabetes, neurological disorders, aging-related diseases,
and developmental disorders (Bjornsti and Houghton 2004).
mTOR pathway inhibition disrupts the cytoophidium assem-
bly in both Drosophila and mammalian cells. Supremely,
the cytoophidia assembly is chiefly in the grasp of mTOR1/
S6K1 signal axis, because its knockdown of downstream

target S6K1 inhibits cytoophidia formation, while its over-
expression reverses the cytoophidia disassembly caused
by mTOR’s knockdown (Sun and Liu 2019a, b). Defective
TOR also inhibits Cts1 (Schizosaccharomyces pombe CTP-
syn orthologue) cytoophidia formation. The downstream
effector kinases of both TORC1 and TORC2 complexes are
also required for proper cytoophidium assembly (Andreadis
et al. 2019). It is well known that mTOR-S6K1 pathway
regulates the de novo pyrimidine nucleotide synthesis via
S6K1-mediated phosphorylation of CAD, the first step of
de novo pyrimidine nucleotide synthesis (Ben-Sahra et al.
2013). Inhibition of IMPDH that is involved in de novo
purine nucleotide synthesis halts mMTORC1-dependent cell
proliferation via upregulation of tuberous sclerosis com-
plex 2 (TSC2), highlighting the essential role of mTORCI
in TSC-deficient tumor cells and the interaction of TOR in
de novo nucleotide synthesis pathway (Valvezan et al. 2017).
Given that the purpose of cytoophidia formation could be to
increase CTPsyn enzymatic activity to supply the demand
for nucleotide at the time of dependencies as polymeriza-
tion is faster than transcription, TOR, which is an important
pathway in cancer metabolism, influences the formation of
CTPsyn cytoophidia (Sun and Liu 2019a, b).

A1-Pyrroline-5-carboxylate synthase (P5CS)

A1-Pyrroline-5-carboxylate synthase (P5SCS) is an enzyme
that carries out both the glutamate kinase and y-glutamyl
phosphate reductase activities simultaneously in order to
catalyse the biosynthesis of proline, a non-essential amino
acid from glutamate through two subsequent mechanisms,
which are reduction of glutamate to pyrroline-5-carboxylate,
followed by conversion of these A1-pyrroline-5-carboxylate
intermediates to proline by P5C reductase (P5CR). Similar
to CTPsyn, P5CS controls the rate-limiting step in proline
biosynthesis and is also negatively regulated by proline con-
centration in a cellular microenvironment (Hong et al. 2000).
Malfunctioning PSCS enzyme has been linked to many types
of diseases in both humans and plants, including various
types of human cancers as cancer cells have high depend-
ency on proline supplementation (Sahu et al. 2016). PSCS
proteins form a filamentous structure in D. melanogaster
cells along with CTPsyn cytoophidium. This coordinated
filamentation between CTPsyn and P5SCS could be due to
metabolic channeling as glutamate, which is the product of
CTPsyn, serves as a substrate for PSCS, thus regulating the
interdependent filament formation (Zhang et al. 2020).

Asparagine synthetase (ASNS)
Asparagine synthetase (ASNS) utilizes glutamine alike the

CTPsyn as a precursor, but to convert aspartate into aspara-
gine, a non-essential amino acid. Saccharomyces cerevisiae
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has two isoforms of ASNS, ASN/ and ASN2: both form
cytoophidia during exponential and stationary phases.
Carbon source starvation induces a reversible assembly of
ASNS cytoophidia. ASNS also forms cytoophidia in both
cytoplasm and nucleus as CTPsyn cytoophidia. However,
they do not co-localize; instead, the ASNS cytoophidia
localize adjacent to the CTPsyn cytoophidia, indicating
that both these enzymes coordinate the cellular metabolic
homeostasis in the cytoplasm and nucleus. The disruption
of ASNS impacts the length of the CTPS cytoophidia, but
the deletion of CTPS has no significant effect on the ASNS
cytoophidia (Zhang et al. 2018, 2021). Notably, the increase
in cytosolic aspartate, a precursor of CAD, which is enriched
in cancers, facilitates the synthesis of pyrimidine nucleo-
tides, hence promoting cancer cell proliferation (Rabinovich
et al. 2015).

Myc

One of the well-studied proto-oncogenes and a key cel-
lular growth regulator, Myc was identified to be neces-
sary and sufficient for the assembly of CTPsyn containing
cytoophidia; conversely, CTPsyn is required for Myc-medi-
ated cell growth. Knocking down Myc expression in Dros-
ophila results in loss of cytoophidia and formation of
diminutive nuclei in the follicle cells during oogenesis.
Alternatively, overexpression of Myc induces the formation
of elongated cytoophidia and increases the cell size. This
interplay between Myc and CTPsyn suggests that the regula-
tion of cellular growth and metabolism through Myc-medi-
ated coordination could be constrained by transcriptional
control of the expression of nucleotide biosynthetic enzymes
(Aughey et al. 2016). Myc targets nucleotide synthesis
pathway to ramp up nucleotide supplementation for the cell
proliferation. Along with CTPsyn, Myc also targets CAD,
IMPDH, and phosphoribosyl pyrophosphate synthetase
(PRPS), which is also able to form cytoophidia (Begovich
et al. 2020; Huang et al. 2021) in order to manipulate nucleo-
tide synthesis for its advantage (McMahon 2008).

Activated cdc42-associated kinase (Ack)

The Drosophila non-receptor tyrosine kinase, DAck is
the homologue of mammalian-activated cdc42-associated
kinase 1 (Ackl) that regulates key developmental processes.
Ackl is uniquely able to shuttle extracellular signals to the
cytoplasm and nucleus of a cell (Mahajan and Mahajan
2015). DAck colocalizes with CTPsyn cytoophidia in the
germline cells of Drosophila egg chamber. Furthermore, it
is also critically required for the assembly of cytoophidia.
DAck loss of function studies revealed that Drosophila egg
chambers deficient in DAck or lack DAck catalytic activ-
ity display distorted CTPsyn cytoophidia (Strochlic et al.
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2014). DAck also promotes tissue growth and could have an
anti-apoptotic function, and it would be interesting if these
functional roles are also explored for CTPsyn to understand
its role in cancer metabolism (Hu et al. 2016).

Casitas B-lineage lymphoma (Cbl)

Casitas B-lineage lymphoma (Cbl), an E3 ubiquitin ligase
which is also a proto-oncogene, is required during the
endocycle in the polyploid cells such as follicle cells and
salivary glands for the maintenance of nucleotide pool bal-
ance for rapid endoreplication, and it controls the CTPsyn
cytoophidia formation during endoreplication, without
affecting the CTPsyn protein level, suggesting that the CTP-
syn filament could be composed of inactive enzymes. In
the absence of Cbl, the CTPsyn cytoophidia disassembled,
leading to defective S-phase of the cell cycle; however, this
was rescued with an overexpression of wild-type CTPsyn,
indicating the role of Cbl in regulating nucleotide metabo-
lism through CTPsyn for endoreplication in the follicle cells.
Furthermore, the ubiquitination signal from Cbl induces the
polymerization of CTPsyn, hence making this the first study
to report the role of ubiquitination in polymeric structure
assembly (Wang et al. 2015).

Ras

Ras is one of the well-known and well-studied oncogenes
that contributes to many human cancers. An aberrant activa-
tion of Ras induces several cellular proliferative signals to
induce tumorigenesis. Ras family proteins, which include
KRAS (splice variants KRAS4A and KRAS4B), NRAS, and
HRAS in humans, are among the most deregulated onco-
genes in a wide variety of human cancers (Gimple and Wang
2019). In a Drosophila tumor model, EGFR/Ras/MAPK
pathway induces ISC proliferation in the gut (Jiang et al.
2011). A recent finding has identified that Ras interacts with
CTPsyn when an ectopic overexpression of Ras (Ras"’?)
induces CTPsyn cytoophidia in Drosophila ISCs and EBs.
Furthermore, CTPsyn is required for the Ras-dependent cell
proliferation in the gut. Knocking down CTPsyn in the back-
ground of Ras overexpressing flies reduced cell proliferation
significantly (Zhou et al. 2022), supporting a previous find-
ing that suggests blocking CTPsyn activity could be a thera-
peutic target to treat cancer to inhibit cell proliferation (Sun
et al. 2022). Fascinatingly, blocking the cytoophidia-forming
ability of CTPsyn in an active Ras overexpressing environ-
ment is sufficient to reduce Ras-dependent cell proliferation
(Zhou et al. 2022), suggesting that cytoophidia formation
most likely could be an indication of rapid cell proliferation
(Woo et al. 2019). It is important to note that Ras is also
involved in nucleotide synthesis pathway via activation of
Myc (Santana-Codina et al. 2018).
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Fig.7 Model illustrating the putative pathways that CTPsyn is
involved and the crosstalk between these signaling pathways in can-
cer metabolism. The pro-tumorigenic genes (depicted with *) regu-
lates the assembly of CTPsyn cytoophidia. The de novo nucleotide
synthesis is acutely modulated in cancer cells. Glycolysis, tricarbox-
ylic acid (TCA) cycle, amino acid biosynthesis pathways, epidermal

De novo nucleotide synthesis is activated during prolif-
eration to feed the cellular replicational demand for nucleo-
tides in order to synthesize DNA and RNA. Recent find-
ings focusing on oncogenes and tumor suppressor genes
have suggested that these genes and the pathways that they
regulate are directly interacting with the de novo nucleo-
tide synthesis pathways for the proliferation of cancer
cells (Santana-Codina et al. 2018; Li et al. 2021; Yao et al.
2018). Furthermore, amino acid synthesis pathways are also
reprogrammed to supply nucleotides for the cancer metabo-
lism. Recent reports have supported the role of one-carbon
metabolism in cancel cell survival, growth, and prolifera-
tion (Bhingarkar et al. 2021; Krall et al. 2016; Lieu et al
2020; Sahu et al. 2016). Since CTPsyn is involved in the de
novo pyrimidine synthesis pathway, Fig. 7 depicts the path-
ways that CTPsyn could be regulating in modulating cancer
metabolism based on the previous reports. This illustration
describes the ability of cancer cells to hijack and redistribute

* Indicates the pro-tumorigenic genes that have been identified to regulate CTPsyn cytoophidia assembly

growth factor receptor (EGFR), Ras, insulin, and TOR signaling path-
ways interact with de novo purine and pyrimidine nucleotide synthe-
sis pathways along with the activation of Myc oncogene to increase
nucleotide synthesis to cater to the nucleotide dependency of uncon-
trolled cell proliferation and tissue growth in cancer cells. Created
with BioRender.com

available cellular metabolic pathways for its advantage to
progress and proliferate.

CTPsyn and immunodeficiency

A part of the immune system is made up of lymphocytes, a
type of white blood cells which houses the T-cells, B-cells,
and natural killer (NK) cells. Purine and pyrimidine’s col-
lective productions are vital for lipid and nucleic acid syn-
thesis, henceforth contributing to the cell cycle progression
for activated T-lymphocytes (Quéméneur et al. 2003); when
T-lymphocytes are activated, there was an increased pool of
purine and pyrimidine (Fairbanks et al. 1995). Two isoforms
of CTPsyn, CTPS1 and CTPS2, are required for the de novo
synthesis of CTP in humans (Yamauchi et al. 1990), and
they play a crucial role in DNA synthesis for proliferating
cells.
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CTPS1 is a key regulator of the immune system as
it is required for the proliferation of activated lympho-
cytes during immune response. Loss of function mutation
of CTPS1 caused impaired T- and B-cell proliferation
upon antigen-receptor-mediated activation of immune
response, resulting in a life-threatening immunodefi-
ciency. Whereas in resting T-cells the CTPS1 expres-
sion was low, upon T-cell receptor (TCR) stimulation the
expression level of CTPS1 was upregulated. The similar
situation was also observed when B-cells were activated.
The T-cell proliferation is severely compromised upon
CTPS1 deficiency because of the damage in cell-cycle
progression, which arrests the majority of the T-cells at
G1 phase, indicating the important role of nucleotide
synthesis in regulating the proliferation of immune cells
(Martin et al. 2014).

Deficiency of CTPS1 causes severe immunodeficiency,
and this could lead to death if infected with Epstein Barr
virus (EBV) and varicella zoster virus (VZV), and viral
EBYV infections would especially result in lymphoprolif-
eration (LP) and non-Hodgkin B-cell lymphoma (Sharma
et al. 2022). Hematopoietic stem cell transplantation
(HSCT) could be the curative method to restore CTPS1-
deficient immunodeficiency (Nademi et al. 2019). This
immunodeficiency phenotype includes a low number of
invariant natural killer T (iNKT), mucosal-associated
invariant T (MAIT), NK cells, and memory B-cells.
CTPS1 is highly expressed in iNKT and MAIT cells,
highlighting the importance of this enzyme for the divi-
sion, differentiation, or maintenance of these cells (Martin
et al. 2020).

CTPsyn and other diseases—a note in advance

The commonly observed cytoophidia in the eukaryotic
and bacterial cytoplasm were also discovered to be pre-
sent in the nucleus of the eukaryotic cells (N-cytoophidia)
upon glutamine starvation, proving that CTPsyn in the
nucleus also could form cytoophidia; this phenomenon is
cell population dependent. The finding suggests cell pop-
ulation-specific N-cytoophidia formation could be due to
various factors such as the cellular metabolic status of the
cell, cell-cycle phase of the cell, CTPsyn concentration
in the nucleus, and so on (Gou et al. 2014). This find-
ing has opened new possibilities to understand the role of
CTPsyn in the nucleus. Oculopharyngeal muscular dys-
trophy (OPMD) is a rare genetic disorder, which affects
the muscles and causes myopathy (Kroon et al. 2021).
The pathological hallmark of this disease is the forma-
tion of intranuclear inclusion bodies, which are made up
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of tubular filaments in the skeletal muscle fibers (Tome
and Fardeau 1980). Poly(A)-binding protein nuclear 1
(PABPN1) mutation by the extension of GCG trinucleotide
repeat at first exon causes this disease. The aggregate of
this mutant protein is composed of mRNA and other pro-
teins. Researchers are still finding proteins are interacting
with this PABPNI to induce the nuclear inclusion bodies
in the OPMD (Abu-Baker and Rouleau 2007). However,
whether CTPsyn interacts with PABPN1 to form this intra-
nuclear filamentous structure is still unknown, and it will
be interesting if this could be discovered in order to under-
stand the role of CTPsyn in OPMD (Liu 2010).

CTPsyn inhibitors as a drug target
for diseases

CTPsyn is a key metabolic enzyme that is required for
nucleic acid synthesis, phospholipid biosynthesis, and pro-
tein sialyation. Furthermore, in bacteria polymerization
inhibits CTPsyn activity, which is contrary to the situation
in humans (Lynch et al. 2017). Investigating the molecular
insights of the structure and allostery has encouraged the
therapeutic drug target development focusing on CTPsyn
(Table 1).

Concluding remarks and future perspectives

Filament forming enzymes, including CTPsyn and IMPDH,
have been identified to be closely related to various types of
human cancers and other diseases. CTPsyn cytoophidia have
been previously observed in human cancerous cells, and it
is also observed in immune-deficient cells. Some studies
also have reported incidence of testicular bulging in Dros-
ophila with CTPsyn overexpression. This could be due to the
immune compromised microenvironment that is common
in vast number of tumor development prognosis. Further
studies must be done to study the communication between
CTPsyn-induced tumor formation and immunodeficiency.
Besides, few metabolic enzymes and miRNAs have been
observed to co-regulate CTPsyn activities. Studying these
proteins and novel miRNAs could shed light on the dis-
covery of new biological pathways that CTPsyn is directly
or indirectly involved in triggering these human diseases
and/or biological responses. The CTPsyn regulatory role in
responding to environmental and cellular cues to maintain
intact cell and developmental homeostasis could be a new
perspective to be explored further to decipher cellular signal-
ing and mechanistic pathways CTPsyn is involved.
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Table 1 CTPsyn as a drug target for diseases caused by viruses, bacteria, and parasites

Disease

Role of CTPsyn

Reference

Toxoplasmosis (caused by Toxoplasma gondii)

TgCTPS is essential for the parasite T. gondii
survival, and it forms stage-dependent foci like

structure, where extracellular parasite forms more

pronounced foci than the intracellular parasite
as the former requires low CTPS activity; thus,
filaments were used to store the enzyme. Mean-
while, upon infection into host cell, the parasite
requires high CTPS activity, thus releasing the
stored enzymes from the filaments. 7. gondii

have restricted capacity to salvage CTP synthesis;

hence, its dependency on de novo CTP biosyn-
thesis with the aid of CTPsyn could be used as a
potential anti-parasitic target

African sleeping sickness (caused by Trypanosoma T. brucei has a low level of CTP due to its limita-

brucei)

Tuberculosis (caused by Mycobacterium tubercu-
losis)

Covid-19 (caused by SARS-CoV-2)

Infectious mononucleosis and cancers (caused by
Epstein-Barr virus (EBV))

Pox virus infections

Antibiotic resistance (by Bacillus subtilis)

tion in the de novo CTP synthesis and lacking
ability to salvage CTP. The parasite CTP level
was severely reduced with DON and acivicin,
inhibiting the proliferation of the parasite in the
host. Therefore, a CTPsyn inhibitor could be a
potential drug target for treatment of sleeping
sickness

Drug-resistant M. tuberculosis is identified to be
resistant to two different compounds. Both com-
pounds were activated by EthA monooxygenase,
and its metabolite was found to target CTPyn,
PyrG. Therefore, this validates that targeting
CTPsyn PyrG could be a potential drug target to
treat tuberculosis (Mori et al. 2015). 4-(Pyridin-
2-yl) thiazole derivatives were found to target
PyrG activity, but low activity towards human
CTPsyn, hence making it an attractive target to
combat tuberculosis

CTPS1 is hijacked by SARS-CoV-2 to mute IFN
induction to shut down downstream immune
responses and to promote virus replication in
the host cell. CTPS1 inhibitor molecules could
restore the IFN induction and shortage of CTP
impedes virus replication in infected cells. This
makes CTPS1 as a potential antiviral therapy
target that could resist SARS-CoV-2 variants via
restoring innate immune response upon infection
(Fig. 8)

Patients with CTPS1 deficiency often have high
EBYV viral loads due to impaired T-cell surveil-
lance. CTPS1/2 could be a potential therapeutic
target for lymphoproliferative diseases caused by
EBV

Carbodine [cyclopentyl cytosine (C-Cyd)] and
cyclopentenyl cytosine (Ce-Cyd) are antivi-
ral agents that inhibit CTPsyn activity. These
inhibitors suppress RNA synthesis and induce
cytotoxicity in proliferating cells

To develop anti-infectives, PyrG, CTPsyn is
targeted by isoquinoline compounds, which have
a higher antibiotic effect on B. subtilis mutant
lacking all four class A penicillin-binding pro-
teins (PBPs). Since the effect of polymerization
of CTPsyn in human and bacteria are completely
opposite, it could be a therapeutic target to
achieve desired inhibition specificity

(Narvaez-Ortiz et al. 2018)

(Hofer et al. 2001; Fijolek et al. 2007)

(Esposito et al. 2017)

(Rao et al. 2021)

(Hislop et al. 2007; Liang et al. 2021)

(Marquez et al. 1988)

(Emami et al. 2020)

@ Springer



530

Histochemistry and Cell Biology (2022) 158:517-534

Table 1 (continued)

Disease

Role of CTPsyn

Reference

Respiratory tract infection (RTI) (caused by Strep-

tococcus pneumoniae, Staphylococcus aureus,

Haemophilus influenzae)

2-(3-[3-o0x0-1,2-Benzisothiazol-2(3H)-yl]phenyl-

(Yoshida et al. 2012)
sulfonylamino) benzoic acid (compound G1)

could be the potential anti-microbial agent that

targets PyrG, CTPsyn. Compound G1 could

compete with ATP and/or UTP to bind with PyrG

in order to inhibit CTPsyn activity. It was able to

have anti-microbial property against different RTI

causing bacteria

Human immunodeficiency virus (HIV)

Lamivudine (3TC), a deoxycytidine analogue,

(Dereuddre-Bosquet et al. 2004)

is used to treat HIV and its combination with
3-deazauridine or acivicin (both are CTPsyn
inhibitors) increases anti-HIV activity signifi-
cantly and halts HIV replication

SARS-CoV-2
targe%
de novo CTP
synthesis

Fig.8 Mechanism of SARS-CoV-2 exploiting CTPS1 for immune
evasion, survival, and replication. SARS-CoV-2 suppresses IFN
induction upon infection by exploiting host CTPS1 via the deamina-
tion of IRF3. SARS-CoV-2 also hijacks the human de novo CTP syn-

Outstanding questions
— Silencing of CTPS1 induces apoptosis in TNBC cell

lines. Does this mean CTPsyn plays a role in blocking
cell death via apoptosis and/or autophagy to induce cell
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viral replication

interferon (IFN)
induction

thesis for its replication by expressing ORF7b and ORFS (viral acces-
sory proteins also inhibits IFN induction) that interact and activate
CTPS1 (Rao et al. 2021). Created with BioRender.com

proliferation in cancer cell lines? What are the mecha-
nisms/pathways behind this?

— Since CTPsyn is required for cell proliferation and it has
interaction with Myc, does this have anything to do with
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cell competition that provides winner-loser status to cells
to encourage the proliferation of the advantageous cells?

— What could be the possible reasons behind the asym-
metric inheritance of CTPsyn cytoophidia in S. pombe?
Does CTPsyn play a role in cell fitness, aging, and
stress coping mechanisms (as starvation-induced
autophagy also induces cytoophidia formation)?

— CTPSI1 could co-immunoprecipitate with Filamin A
(FLNA) (Higgins et al. 2008), which is required for
spindle orientation and asymmetric division during
oocyte meiosis. Could this mean that CTPsyn interacts
with FLNA to maintain asymmetric stem cell divisions
and cell polarity during cell migration?

— CTPsyn is required to maintain cellular homeostasis and
development; therefore, cytoophidia were often observed
in actively dividing stem cells. Could this be due to the
role of CTPsyn in stem cell signaling and maintenance
of a stem cell niche for a proper development?

— Upon glutamine starvation, CTPsyn filaments form along
with the cytokeratin networks in cells. Do these CTPsyn
filaments aid in membrane trafficking to hijack nutrients
(or other forms of cargo) for cancer cell growth and sur-
vival during rapid cell proliferation when glutamine is
scarce?
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