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Abstract

Asparagine, an important amino acid in mammals, is produced in several organs and is widely used for the produc-
tion of other nutrients such as glucose, proteins, lipids, and nucleotides. Asparagine has also been reported to play

a vital role in the development of cancer cells. Although several types of cancer cells can synthesise asparagine alone,
their synthesis levels are insufficient to meet their requirements. These cells must rely on the supply of exogenous
asparagine, which is why asparagine is considered a semi-essential amino acid. Therefore, nutritional inhibition by tar-
geting asparagine is often considered as an anti-cancer strategy and has shown success in the treatment of leukae-
mia. However, asparagine limitation alone does not achieve an ideal therapeutic effect because of stress responses
that upregulate asparagine synthase (ASNS) to meet the requirements for asparagine in cancer cells. Various cancer
cells initiate different reprogramming processes in response to the deficiency of asparagine. Therefore, it is necessary
to comprehensively understand the asparagine metabolism in cancers. This review primarily discusses the physiologi-
cal role of asparagine and the current progress in the field of cancer research.

Keywords Asparagine, Asparaginase synthase, Cancer, Metabolism, Stress response

Introduction

Amino acids, the basic units of proteins, are widely
involved in the formation of energy, synthesis of mac-
romolecules, and signal transduction in cells. They are
essential for the survival of cancer cells. Amino acid
metabolism is an important metabolism process in can-
cer cell and has attracted the extensive research attention,
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particularly the metabolism of non-essential amino acids.
Among them, the most studied non-essential amino acid
is glutamine that contributes to cancer cell proliferation,
invasion, and migration. Glutamine is the highest content
of amino acids in plasma, but many cancer cells easily
produce glutamine addiction due to the high demands
for nutrient, especially in cancer cells that enhanced mye-
locytomatosis oncogene (MYC) protein expression [1].
Therefore, glutamine metabolism has become important
targets for diagnostic imaging and treatment of cancers
[2]. With the development of clinical research, investiga-
tors have gradually enhanced the study of asparagine to
provide a vital theoretical basis for its use as a cancer-
treatment target.

Asparagine, a non-essential amino acid, can be pro-
duced by de novo synthesis in addition to being obtained
from food. Two enzymes are involved in asparagine
metabolism: asparagine synthase (ASNS), which catal-
yses glutamine- or ammonia-dependent asparagine
synthesis from aspartate, and asparaginase (ASNase),
which hydrolyses asparagine to aspartate. Aspartate is
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mainly generated in the mitochondria through the res-
piratory chain [3]. In humans, ASNS is expressed in sev-
eral organs, and the highest levels of ASNS activity are
observed in the pancreas. While ASNase is expressed in
only a few human organs, such as the liver and kidneys.
Numerous studies indicated that asparagine metabolism
is essential for the growth and development of cancer
cells [4]. Briefly, asparagine metabolism in cancers mainly
refer to cancer cells upregulate ASNS expression and fur-
ther catalyses synthesis of asparagine via various signal-
ing pathways in order to meet the needs of growth, and
the mechanism of asparagine involved in cancer cells
growth and metastasis.

Nutritional restrictions are often used against cancer
because of the high basal metabolic rate and nutritional
requirements of cancer cells [2]. One of the most signifi-
cant therapeutic strategies is asparagine restrictions. For
cancer cells, the amount of asparagine synthesised by
themselves cannot meet their need for asparagine; there-
fore, they are more sensitive to exogenous asparagine
than normal cells. Clinically, ASNase has successfully
suppressed leukaemia by specifically reducing circulating
asparagine levels [5]. However, ASNase is not as effec-
tive for treating other solid cancers. Investigators have
explored the reasons for the poor efficacy of ASNase.
Because asparagine is obtained from circumstance and
ASNS-dependent de novo synthesis, different cells show
different sensitivities to ASNase owing to different intra-
cellular levels of ASNS expression. While ASNS protein
expression levels are closely related to many regulators
in the cells. Different cancer cells have unique metabolic
characteristics, and they specifically adjust asparagine
metabolism to meet their energy and nutrient require-
ments [6]. Therefore, a comprehensive understanding
of the metabolism and role of asparagine has important
clinical implications and potential applications [7]. This
will help increase the therapeutic efficacy of ASNase dur-
ing cancer therapy, search for more effective treatment
strategies and diagnostic approaches, and reduce the risk
of side effects.

Physiological functions of asparagine

The asparagine-dependent metabolism of the nutrients

In proliferating cells, asparagine is one of the least abun-
dant non-essential amino acids [4]; however, it is essen-
tial for cell survival. A previous study indicated that the
main purpose of mitochondrial respiration was to syn-
thesise asparagine [8]. With the increasing research on
asparagine, the role of it is not just limited to as the sub-
strates for protein synthesis. As early as 1883, Schulze
and Bosshard discovered a tendency for the spontaneous
deamidation of asparagine under mild conditions. How-
ever, this process does not require catalytic enzymes. It
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is primarily determined by the amino acid sequence sur-
rounding asparagine and is governed by multiple layers in
the protein interior. When some amino acids are altered,
they may cause deamidation of key asparagine molecules
around them, making asparagine a regulator of protein
turnover [9]. There is a negative relationship between the
asparagine content and protein lifetime. However, some
studies have suggested that spontaneous deamidation of
asparagine generates an isoaspartate residue that ham-
pers protein function and induces disorders associated
with senescence [10]. Sequence- and structure-based
methods can detect asparagine deamidation in pro-
teins [11]; thus, we can predict the function of proteins
through these methods.

Asparagine also plays an important regulatory role
in the metabolism of other nutrients. Compared with
other amino acids, asparagine can activate the mamma-
lian target of rapamycin complex 1 (mTORC1) through
ADP-ribosylation factor 1 (ARF1) in a Rag GTPase-
independent manner [12]. mTORC1 phosphorylates
ribosomal protein S6 kinase 1 (S6K1) and eukaryotic
translation initiation factor 4E (eIF4E)-binding protein
1 (4E-BP1) when stimulated by cell growth signals [13].
S6K1, one of these targets, mediates the phosphorylation
of carbamoyl-phosphate synthetase 2, aspartate tran-
scarbamoylase, and dihydroorotatase (CAD) at Ser1859
which catalyses the de novo synthesis of pyrimidine [14].
Moreover, asparagine can directly offer y-nitrogen for the
biosynthesis of purine and pyrimidine [15]. Phosphoryl-
ated 4E-BP1, another mTORCI1 target, blocks its binding
to eIF4E, enabling it to form the eIF4E complex required
for initiating protein translation [16].

The role of asparagine has been preliminary studied in
adipose tissue as well. Brown and beige adipocytes pri-
marily consume energy generated by the oxidation of
fatty acids and glucose in the form of heat [17]. When
brown adipocytes were cultured in a medium containing
asparagine, the expression levels of lipogenic and ther-
mogenic genes increased compared to the control group.
In acute cold exposure experiments, an improvement in
cold resistance was observed in mice after supplemen-
tation with asparagine. In contrast, when treated with
ASNase, acute cold stimulation induced hypothermia
in mice. Further metabolomic analysis and isotope trac-
ing showed that the levels of key enzymes and glycolytic
intermediates were significantly increased. It has been
proposed that glucose is the primary source of thermo-
genesis in the adipose tissue [18]. When adipocyte glu-
cose transporters (such as glucose transported type 1
(Glutl), Glut4, hexokinase 2 (HK2), or pyruvate kinase
(Pkm)) are knocked down, both thermogenesis and oxy-
gen consumption are reduced in brown adipose tissue
(BAT) [19]. Therefore, asparagine promotes adipocyte
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thermogenesis, at least in part, by increasing glycolysis.
In addition, these regulatory mechanisms are involved in
the mTORCI1 signalling cascade [20] (Fig. 1).

Asparagine is important during glutamine deprivation

In addition to maintain the most basic physiological
metabolism, asparagine is particularly crucial when cells
are starved for nutrients, especially glutamine. Glutamine
is required for de novo asparagine synthesis. It is both a
carbon and nitrogen source for asparagine. Glutaminase
catalyses the hydrolysis of glutamine to glutamate and
ammonia. Glutamate then enters the tricarboxylic acid
cycle (TCA cycle) and the respiratory chain to generate
aspartate in the mitochondria, which subsequently enters
the cytoplasm through transporters. Finally, ASNS con-
verts aspartate to asparagine using glutamine as a nitro-
gen donor [6]. Glutamine is a non-essential amino acid
that plays an important role in cell proliferation and sur-
vival, and is involved in the synthesis of other nutrients
and various cellular activities [21]. Glutamine deprivation
induces cell apoptosis. And it was confirmed that the per-
centage of living cells was significantly increased when
citrate synthase (a TCA cycle enzyme) was knocked
down [4]. Citrate synthase (CS) catalyses the formation
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of citrate from oxaloacetate and acetyl-CoA. This path-
way is blocked when CS is inhibited, leading to the tran-
sition of oxaloacetate to aspartate and asparagine. This
conversion rescues the glutamine-induced apoptosis.
Recent studies have shown that glutaminase 1 assembles
into a filament-like shape after glutamine deprivation.
This shape possesses high activity and substrate-binding
affinity, leading to a reduction in intracellular glutamine
and, subsequently, intracellular asparagine. Several types
of mitogenome-encoded protein (MEPs) synthesis path-
ways rely on asparagine. Therefore, MEPs will also lack,
which further impair electron transfer chain (ETC) func-
tion and trigger an outburst of mitochondria-derived
reactive oxygen species (ROS) [22]. These signals also
result in the intrinsic apoptosis of cells [23]. The addi-
tion of asparagine to the medium can restore cell prolif-
eration by preventing ROS burst in long-term glutamine
starvation cells, but not alanine, proline, glutamate and
aspartate [4, 15]. Glutamine also regulates angiogen-
esis through multiple mechanisms. The proliferation of
endothelial cells (ECs) and vessel sprouting are impaired
when exogenous glutamine is not available. At this time,
ECs rely on asparagine for proliferation [24]. Aspara-
gine alone can partially rescue ECs defects under low
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Fig. 1 Connections between asparagine and other nutrients. In addition to comprising the basic component of the protein-peptide chains,
asparagine regulates the intake of amino acids by serving as an amino acid exchange factor and protein turnover by serving as a regulator.
Asparagine also plays a role in the synthesis of nucleic acid molecules, the glycolysis process, and heat production in adipocytes through mTORC1

signalling cascades
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glutamine conditions [25]. Together, these results sug-
gest a critical role for asparagine in cellular adaptation to
glutamine deprivation [4]. Asparagine can also exchange
extracellular amino acids as an amino acid exchange fac-
tor like glutamine. And cells preferentially utilise aspara-
gine as an amino acid exchange factor [26]. Asparagine
maintains cell life activities like glutamine, and also seem-
ingly plays a more significant role compared to glutamine
because the overconsumption of intracellular asparagine
can influence cellular proliferation and induce cell apop-
tosis, even under glutamine-rich conditions (Fig. 2) [4].

Adaptive responses to cellular stress

Asparagine is an important regulator of the stress
response in cells. The integrated stress response (ISR)
of cells is induced by the starvation of various nutrients,
such as amino acids and proteins. Upon stimulation,
uncharged tRNA binds to general control nonderepress-
ible 2 (GCN2), leading to its dimerization and autophos-
phorylation. Activated GCN2 phosphorylates eukaryotic
translation initiation factor 2 subunit « (eIF2a) to block
the initiation of mRNA translation and globally inhibit
protein translation. It is also possible to elicit endoplas-
mic reticulum stress (ERS), also known as the unfolded
protein response (UPR). It is initiated by the activation of
pancreatic ER kinase (PKR)-like ER kinase (PERK), then
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phosphorylates elF2a [27]. As we all know, protein trans-
lation is the most energy-consuming process in the cell
[28]. The conservation of amino acids and energy would
contribute more to cell survival under starvation condi-
tions. However, some specific mRNA targets are effi-
ciently translated after eIlF2a phosphorylation. One of
these targets is activating transcription factor 4 (ATF4),
an important transcriptional factor [29, 30]. ASNS is a
target of ATF4. Therefore, ASNS expression increases
when cells are subjected to stress, especially asparagine
insufficiency. ASNS is used to synthesise asparagine,
but not glutamate [26]. The concentrations of the other
amino acids did not increase significantly. Asparagine
becomes the only urgently needed amino acid in rescue.
Moreover, asparagine plays a critical role in restoring
protein synthesis, inhibiting ER stress, and reactivating
the mammalian target of rapamycin complex (mMTORC)
signalling pathway in glutamine-deprived ECs [25]
(Fig. 2).

The link between asparagine and cancers

The general metabolism of asparagine has been exten-
sively investigated. However, during the course of the
study, investigators found that asparagine metabolism is
not only universal, but also specific. Different cancer cells
have different signaling pathways that regulate ASNS,
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Fig. 2 The role of asparagine during cellular stress. Asparagine is synthesized under the catalytic action of ASNS using aspartate and glutamine
as raw materials, in which glutamine serves as the carbon source as well as the nitrogen source. When cells are under stress due to the shortage
of nutrients, ISR or ERS are initiated, which increases the production of asparagine to maintain cell growth and development by upregulating
the expression of ASNS. When raw materials are deficient or the expression of ASNS fails to be activated, cells cannot synthesize sufficient

asparagine, leading to apoptosis through ETC damage. Mito, Mitochondrion
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and asparagine also play different roles in different can-
cer types. In the next sections, this review will expound
asparagine-specific metabolism in various cancers
separately.

Leukaemia

The role of asparagine in leukaemia has been extensively
studied (Fig. 3). The prognosis of leukaemia remains
poor, with a 5-year survival rate of<50%. There were
475,000 new cases and 312,000 deaths due to leukaemia
worldwide in 2020. Compared to other countries and
regions of the world, the overall incidence of leukaemia
in China is moderate. In 2020, nearly 62,000 people died
of leukaemia in China, corresponding to 19.87% of the
global leukaemia deaths. Among those<18 years, chil-
dren aged 0—4 years are more likely to develop leukaemia
with a higher risk of death [31]. Therefore, it is important
to identify effective therapeutic targets.

In 1953, Kidd et al. reported that the serum from
guinea pigs could inhibit lymphomas [32]. Then,
Broome et al. founded that this inhibition was due to
its L-ASNase enzyme activity [33]. ASNS silencing due
to ASNS promoter hypermethylation and a high rate of
Asn-protein synthesis are observed in most lymphoma
cells [34]. For these reasons, ASNase is better at treating
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leukaemia, especially lymphoblastoma, than other solid
cancers. Depletion of asparagine induces growth inhibi-
tion and apoptosis in leukaemia cells [35], which is partly
dependent on huntingtin-associated protein-1 (HAP1)
[36]. Moreover, asparagine depletion reduces MYC pro-
tein expression, highlighting the therapeutic potential
of suppressing asparagine bioavailability in MYC-driven
cancers [37].

Mutations may occur with wider use of ASNase. Leu-
kaemia cells with ASNS gene silencing may begin to
express ASNS and acquire resistance to ASNase [38],
which depends on the initiation of the nutrient stress
response. This is similar to other proliferating cells. After
treatment with ASNase, the expression of ATF4 is upreg-
ulated by GCN2 kinase [39]. ATF4 then activates Zinc
Finger and BTB domain-containing protein 1 (ZBTB1)
that is required for leukaemic cell growth under aspara-
gine deprivation. ZBTB1 localises to the nucleus and
upregulates ASNS expression by binding to ASNS pro-
moter [40]. ASNS transcript expression is blocked when
the ASNS promoter is hypermethylated. Leukaemic
cells with high ASNS methylation are more sensitive to
ASNase than are cells with low ASNS methylation [41].
Instead, it directly targets CCAAT-enhancer-binding
protein homologous protein (CHOP) and subsequently
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Fig. 3 Major mechanisms through which asparagine affects the development of leukaemia. ASNase, a chemotherapeutic drug that targets
circulating asparagine, has been approved in the treatment of leukaemia. Asparagine deficiency reduces MYC expression and induces apoptosis

in leukemic cells. Leukemic cells initiate a series of stress responses in this situation. Initiation of autophagy, increased expression of ASNS,

and decomposition of proteins can increase intracellular asparagine levels. Moreover, asparagine from MSCs, intestinal absorption, and the pancreas
increase these levels further. As a result, these compensatory responses decrease the sensitivity of leukemic cells to ASNase



Yuan et al. Cell Communication and Signaling (2024) 22:163

induces programmed cell death independent of ATF4
[42]. Moreover, other adaptation processes are present
in ASNase-resistant cells that provide sufficient aspartate
and glutamine for the de novo synthesis of asparagine
[43]. ASNase was later reported to induce autophagy in
leukaemia cells through the AKT/mTORC and extracel-
lular signal-regulated kinase (ERK) signalling pathways
[35]. Autophagy enables cells to adapt to nutrient defi-
ciency by regulating the turnover of protein and orga-
nelles [44]. Thus, treatments combining ASNase and the
suppression of ASNS expression or autophagy have also
been explored.

Due to the stress responses in cancer cells, it has been
suggested in several studies that ASNS may predict the
sensitivity of cancer cells to ASNase. They illustrated that
ASNS protein levels play a role in predicting sensitiv-
ity, but not ASNS mRNA [45]. However, recent studies
have questioned this hypothesis. Lymphoma cells are not
dependent on the expression of ASNS as long as there
are physiological or supraphysiological concentrations of
asparagine in the extracellular milieu [6]. Although ALL
cells express low levels of ASNS, mesenchymal stem cells
(MSCs) in the cancer microenvironment express high
levels of ASNS. MSCs, which exhibited 20-fold higher
ASNS levels compared to ALL cells, can protect leukae-
mic cells from ASNase anti-cancer activity by producing
asparagine into the cancer microenvironment [46, 47].
The expression of ASNS in the pancreas also increases
after exposure to ASNase, and secreting asparagine into
the blood for use by leukaemic cells [27]. Moreover, it was
recently reported that gut microbiota can produce amino
acids, including asparagine. Intravenously administered
ASNase cannot reach the gastrointestinal tract; there-
fore, it does not influence asparagine in the gut. When
the blood asparagine concentration declines, aspara-
gine from the intestinal lumen enters the blood through
passive diffusion and interferes with blood asparagine
depletion [48]. All of these factors may result in ASNase
resistance; therefore, it is important to comprehensively
evaluate these indicators when predicting cellular sensi-
tivity to ASNase.

Clinical studies typically utilise the synthetic lethal
effects of two substances to identify combination therapy
drugs. Synthetic lethality refers to the fact that two non-
lethal genes become lethal when simultaneously inac-
tivated. Glycogen synthase kinase 3 (GSK3) associates
with ASNase, a synthetic lethal partner in anti-ASNase
leukaemic cells. When the Wnt signalling pathway is
activated, total cellular protein content and cell size are
increased by inhibiting GSK3-dependent protein ubiqui-
tination and proteasomal degradation, which is the Wnt-
dependent stabilisation of proteins (Wnt/STOP) [49, 50].
Protein catabolism is a source of asparagine [51]. When
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ASNase is used to treat leukaemia, proteasomal degrada-
tion contributes to maintaining the circulating aspara-
gine levels. Further studies demonstrated that it depends
on the N-terminal low-complexity domain of GSK3a.
This domain can mediate that GSK3a is segregated to the
cytosol together with components of the ubiquitin—pro-
teasome to promote the efficiency of protein degrada-
tion. Therefore, inhibition of GSK3a activity can inhibit
proteasomal degradation and increase the sensitivity of
leukaemic cells to ASNase-focused therapy [52]. Because
a compensatory pathway exists in normal cells, the com-
bination of the GSK3 inhibitor and ASNase exhibits few
side effects. Moreover, the formation of GSK3a can pre-
dict resistance to ASNase in human leukaemia [53].

Breast cancer

The incidence of breast cancer has shown an upward
trend and ranks first among female cancers. The global
age-standardised incidence of breast cancer is estimated
to be 48/100,000 in female. In 2020, there were an esti-
mated 2.26 million cases and nearly 685,000 deaths
resulting from breast cancer worldwide, with almost
two-thirds of these deaths occurring in less-developed
countries. In more developed regions, the overall 5-year
survival rate of patients with breast cancer is>80%,
whereas it is<50% in South Africa. Age is the most
important risk factor for breast cancer. In England, more
than a third of all instances of breast cancer occur in
women aged >70 years [54]. More than half the patients
had locally advanced or metastatic disease at the time
of their first diagnosis. Recently, in a study on the rela-
tionship between plasma metabolite concentrations and
breast cancer risk, the asparagine concentration in the
plasma was determined to be negatively associated with
cancer risk [55]. Current studies on the function of aspar-
agine in breast cancer have focused on ASNS (Fig. 4).
ASNS expression is significantly higher in breast carci-
noma tissues than in adjacent normal tissues. Moreover,
a MTT assay revealed that ASNS knockdown inhibits the
proliferation of breast cancer cells [56]. ASNS expres-
sion levels were observed to be positively related to
recurrence rate and negatively related to survival [57].
Therefore, they speculated that the ASNS is a valuable
prognostic biomarker for breast cancer. Yang et al. gener-
ated a human breast cancer cell line with ASNS down-
regulation. This is the first detailed explanation that the
absence of ASNS significantly inhibits the proliferation
and colony-forming ability of breast cancer cells, leading
to cell cycle arrest in the S phase [58]. Although aspara-
gine is an important precursor for the synthesis of nucle-
otides [14, 15], further studies are required to determine
whether the lack of ASNS inhibits the growth of human-
derived breast cancer cells by reducing asparagine levels.
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Fig. 4 Major mechanisms through which asparagine affects the development of breast cancer. In human breast cancer cells, ASNS expression
prompts orthotopic tumour growth. In mouse breast cancer cells, ASNS prompts the EMT process by catalysing the synthesis of asparagine, which

results in cancer metastasizing to other organs

Breast cancer metastasis is a more serious threat than
the primary lesions. Patients with breast cancer tend to
have metastatic foci in tissues such as the lungs, liver,
and brain after the primary cancer is resected. An impor-
tant characteristic of cancer cells is their high invasive
ability. Epithelial-mesenchymal transition (EMT) must
be completed when cancer cells metastasise. EMT is
a crucial biological process for the metastasis of cancer
cells derived from epithelial cells to obtain the ability of
metastasis [57]. Some researchers have conducted stud-
ies using two mouse breast cancer cell lines (4T1-E and
4T1-T) [59]. These two sublines have different invasive-
ness, enabling study of the drivers of metastasis. Eleven
candidate metastatic driver genes have been identi-
fied. Clinical evidence of the correlation between ASNS
and cancer development is the most convincing. ASNS
expression can predict lung cancer recurrence in patients
with breast cancer. Similarly, it was significantly higher
in 4T1-T cells, which have a greater potential for metas-
tasis. Compared to a previous study, this study clarified

that the effect of ASNS on breast cancer metastasis is
attributed to the synthesis of asparagine. Addition of
asparagine restored the invasive ability of 4T1-T cells
upon ASNS silencing. When circulating asparagine was
consumed using ASNase, the metastasis of 4T1-T cells
was also evidently decreased compared to the control
group. Most 4T1-T cells are in the morphology of epithe-
lial cells during the silencing of ASNS. Asparagine is also
a basic component of proteins involved in the EMT pro-
cess, and asparagine levels selectively increase in proteins
that drive EMT. Therefore, we conclude that the effects
of asparagine bioavailability on breast cancer metasta-
sis occur at least partly through the regulating of EMT
[60]. However, this phenomenon appears to be limited to
breast cancer mouse models. This differs from the previ-
ously mentioned effect of ASNS on the growth of in situ
human breast carcinomas.

Taxanes are some of the most commonly used antican-
cer drugs in clinical settings. Mechanistically, taxanes
directly induce T cells to release cytotoxic extracellular
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vesicles, which specifically induce apoptosis of cancer
cells without affecting healthy cells [61]. Its resistance
is typically mediated by the protection of nuclear fac-
tor erythroid-2 related factor 2 (Nrf2) against oxidative
stress. In a recent clonal transcriptomic analysis of triple-
negative breast cancer mice, a lineage with high Nrf2 or
taxanes resistance was shown to exert collateral sensi-
tivity against asparagine deprivation through ASNase
[62]. These findings provide a theoretical basis for the
treatment of breast cancer using ASNase. However, this
remains to be further confirmed by clinical studies.

Melanoma

Melanoma is one of the deadliest forms of skin cancer
arising from melanin cells and accounts for 90% of all
skin cancer-induced deaths. The incidence of cutane-
ous melanoma is>95% of primary melanoma cases.
Although its major risk factors are known, the inci-
dence of melanoma doubles every 10 years. According
to statistics, the median age at diagnosis is 65 years,
and the percentage of female is slightly higher among
melanoma patients>60 years of age [63]. Melanoma
cells, compared with normal melanocytes, are highly
dependent on glutamine to support their growth.
Similarly, asparagine is important for the survival and
development of melanoma cells (Fig. 5). The asparagine
concentration is elevated in patients with melanoma
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[64]. The lack of asparagine increases the demand for
glutamine, which is an important basis for glutamine
addiction in melanoma cells [65]. The expression of
ASNS is low in melanoma cells, but is upregulated
through a series of auto-compensatory responses dur-
ing asparagine limitation. In addition to the common
ISR and ERS response pathway [66], other compen-
satory responses have been identified in melanoma.
Pathria et al. first determined the role of the mitogen-
activated protein kinases (MAPK) pathway activa-
tion in limiting asparagine levels [67]. When ASNS is
knocked down, the v-raf murine sarcoma viral onco-
gene homolog Bl (BRAF)-mitogen-activated extra-
cellular signal-regulated kinase (MEK)-ERK-mTORC
signalling axis is activated, positively regulating the
expression of ATF4 mRNA and its downstream tar-
get-ASNS. The receptor tyrosine kinase (RTK) is an
upstream regulator of the MAPK pathway signalling,
and its activity influences the activation of this path-
way activation [68]. Exploiting the synthetic lethal-
ity between ASNS and MAPK signalling showed that
asparagine depletion combined with the suppression of
the MAPK signalling pathway effectively inhibited the
growth and metastasis of melanoma in vivo. In a later
study, the activated MAPK pathway was discovered
to inhibit GSK3-pB-mediated ¢c-MYC degradation and
consequently, upregulated ATF4. Moreover, elevated

ESVBRAF mutation

Coonz) ——
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Low Asn
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elF4B
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Fig. 5 Major mechanisms through which asparagine affects the development of melanoma. Melanoma cells with or without BRAF mutation
facilitate the synthesis of asparagine through different stress responses during low asparagine
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¢-MYC levels can support melanoma cells in adjusting
to asparagine restriction by promoting the uptake of
essential amino acids and mTORC activity [68].

A novel stress response was observed in the BRAF-
mutated melanoma cells. BRAF mutations are the most
common type of mutation in malignant melanoma [69].
In BRAF-mutant melanoma cells, eukaryotic translation
initiation factor 4B (eIF4B) induces the transcription and
translation of ATF4, which is downstream of the GCN2
regulator, further upregulating ASNS [70]. This novel
regulatory pathway mediates the adaptation of cells to
stressful conditions. Because the basal expression of
ASNS is low in melanoma cells, these cells rely heavily
on translational reprogramming pathways that regulate
ASNS expression to maintain the asparagine necessary
for cell survival. In summary, a combination of inhibiting
exogenous asparagine and targeting these pathways is a
promising strategy.

Lung cancer
Lung cancer is the leading cause of death among can-
cers and accounts for >20% of all cancer-related deaths.
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Based on the latest global statistics report (2018),
there were 2,093,900 new cases and 1,761,000 new
deaths worldwide in 2018. The prognosis of lung can-
cer remains poor, and the overall 3-year survival rate of
patients with non-small-cell lung cancer (NSCLC) after
treatment is 31%. Since 2000, the rate of new cases has
decreased by an average of 2% annually, and the death
rate from lung cancer has declined more dramatically,
at an average of 4% annually. In the current study, the
estimated mortality rate from lung cancer was 36.7
per 100 000. However, this burden remains significant
in the United States and worldwide. The search for the
best therapeutic targets for enhancing therapeutic effi-
cacy is ongoing. In recent years, asparagine has drawn
increasing attention from researchers (Fig. 6). Aspara-
gine, in combination with several other amino acids,
has been proposed to detect early-stage NSCLC [71].
The expression of ASNS was found increased in lung
cancer tissues. ASNS knockdown induced cell cycle
arrest at the GO/G1 phase by inhibiting the forma-
tion of the cyclins CyclinE1l-cyclin-dependent kinase 2
(CDK2) complex, which is an important molecule that
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Fig. 6 Major mechanisms through which asparagine affects the development of lung cancer. ASNS expression is increased in lung cancer

cells and its downregulation directly caused cell-cycle arrest at the G1 phase. The synthesis of asparagine is then reduced, inducing autophagy
and apoptosis in lung cancer cells. Under the regulation of KRAS, lung cancer cells promote the synthesis of asparagine by initiating stress
responses, which further rescue cells from apoptosis. In addition, lung cancer cells with ASNS mutation cannot synthesize asparagine successfully,
but facilitates the invasion and metastasis of lung cancer cells through the AKT-dependent pathway
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affects the transition from the G1 to S phase of the cell
cycle [72].

NSCLC is the most common type of lung cancer.
Asparagine deprivation causes cytotoxicity and apopto-
sis in NSCLC cells, mediated by ROS. Simultaneously,
Kirsten rat sarcoma viral oncogene (KRAS) regulate the
nutrient stress response that is initiated during aspara-
gine deprivation in NSCLC. ATF4 is further activated
by KRAS and its downstream AKT-NRF2, which pro-
motes asparagine synthesis by upregulating ASNS
expression, thus protecting cancer cells from damage
and recovering cell clonogenicity and motility. These
results indicated the importance of KRAS in maintain-
ing cellular asparagine levels [73]. Other studies were
conducted to test the influence of integrated stress
response inhibitors (ISRIB) on lung carcinoma cell
growth. ISRIB maintains global translation by stabilis-
ing eIF2B in the presence of nutrient stress and conse-
quently blocks ATF4 gene translation [74]. However,
ISRIB exhibits distinct inhibition of cancer cells only
when asparagine is depleted, instead of when serine,
glutamine, or glucose are depleted [75]. In contrast, the
intensity of nutrient stress and the KRAS- Nrf2-ATF4
signalling axis pathway can trigger apoptosis under
conditions such as low glutamine levels. However,
the overexpression of asparagine and ASNS inhibits
ATF4-dependent apoptosis [73]. Therefore, both ATF4-
mediated compensation and apoptosis are depend-
ent on asparagine rescue. To cope with the deletion of
asparagine, lung adenocarcinoma cells without ASNS
expression initiate autophagic flux, which also occurs
in leukaemia cells. Inhibition of autophagy can further
increase caspase3-dependent apoptosis [76].

ASNS expression is also strongly associated with cell
migration and invasion in lung cancer tissues. It has been
described previously that ASNS promoted the metastasis
of cancer cells by catalysing the biosynthesis of products-
asparagine [57]. However, in lung cancer, relevant stud-
ies have shown that high ASNS levels can influence cell
invasiveness through an alternative pathway other than
asparagine [77]. In terms of mechanism, ASNS activates
phosphorylation at Ser3 of GSK9B by phosphorylating
Akt to stabilise the B-catenin complex. This signalling axis
can regulate the Wnt pathway, which in turn facilitates
more [-catenin to translocate into the nucleus. Simul-
taneously, ASNS increases mitochondrial potential and
membrane fusion to regulate mitochondria in response
to Wnt stimulation. Therefore, we conclude that even if
endogenous asparagine is not produced, ASNS can pro-
mote lung cancer cell invasion through the Wnt signal-
ling pathway and mitochondria. After ASNS knockdown,
the growth of primary cancers can be maintained by
circulating asparagine, whereas cell invasiveness suffers
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from double impairment: limited asparagine and aspara-
gine-independent pathway disorder.

Colorectal cancer

Colorectal cancer (CRC), the third leading cause
of cancer-related deaths worldwide, accounting for
approximately 10% of all cancer-related deaths. Over
the past three decades, the number of CRC cases has
more than doubled, from 842 098 to 2-17 million, and
deaths have increased from 518126 to 109 million [78].
The incidence and mortality of CRC have declined in
adults > 50 years of age, whereas the incidence increased
from 8.6 per 100,000 in 1992 to 12.9 per 100,000 in 2018
in adults <50 years of age [79]. Approximately 70-75% of
cases occur sporadically, whereas the remaining 25-30%
occur in patients with hereditary cancers. Analysis of epi-
demiological data showed that the 5-year relative survival
of patients with CRC increased from 61.5% in the early
1990s to 67.7% in 2010.

Metastasis and recurrence of CRC are the leading
causes of CRC-related mortality. Based on relevant stud-
ies, regular screening can reduce mortality by nearly 50%
[80]. Recently, researchers have attempted to explore the
mechanism of asparagine in CRC (Fig. 7). In a cohort
study correlating the prognosis of CRC, asparagine
metabolism was associated with poor survival rates in
patients with CRC [81]. In 2019, Du et al. reported that
asparagine correlated with poor prognosis-related genes-
sex-determining region Y-box 12 (SOX12), which pro-
moted CRC cell growth and migration in vitro as well
as in vivo. Since amino acids are important intermediate
metabolites, investigators were prompted to determine
whether SOX12 supports CRC cell survival and devel-
opment by affecting amino acid metabolism. Analysis of
amino acids using the RT2 Profiler PCR array showed
that ASNS, GLS, and glutamic oxaloacetic transaminase
were upregulated upon SOX12 overexpression. All these
enzymes are key to produce asparagine, and they have
been shown to be involved in SOX12-mediated growth
and metastasis of CRC cells. In addition, ASNase inhibits
CRC cell proliferation. These results indicate that SOX12
affects cell survival and metastasis in CRC by facilitating
asparagine synthesis, specifically under hypoxic condi-
tions [82].

Similar to lung cancer cells, KRAS mutations are also
present in CRC cells. Approximately 50% of patients with
CRC harbour KRAS mutations [83]. Heterogeneity is a
characteristic of malignant tumours and is a barrier to
effective cancer treatments. This refers to the generation
of daughter cells with distinct molecular biological and
genetic characteristics during division. Similar to nor-
mal stem cells, CRC cells can divide asymmetrically to
generate daughter cell like itself and other daughter cells
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Fig. 7 SOX12 and P53 affect the growth and migration of CRC cells by regulating asparagine synthesis. P53 protects CRC cells from apoptosis
during asparagine deficiency; therefore, CRC cells with p53 mutations are relatively sensitive to ASNase. In addition, asparagine deficiency induces
macropinocytosis in CRC cells with KRAS mutation, providing sufficient asparagine for cells to maintain the proliferation of CRC cells

or progenitor cells, leading to various cell subtypes [84].
Different patients display varying levels of susceptibility
to chemotherapeutic drugs because of tumour heteroge-
neity, and the irrational use of drugs may cause tumour
deterioration and metastasis. Therefore, it is helpful to
identify the heterogeneity of CRC when searching for
suitable targets. CRC can be classified into four subtypes:
CMS1, CMS2, CMS3, and CMS4 [85], of which CMS3
is associated with KRAS mutations. It has been shown
that CRC cells with KRAS mutations adapt to glutamine
depletion through the biosynthesis of asparagine [86].
Subsequently, asparagine was linked to macropinocy-
tosis following nutrient deficiency. Nutrient deficiency
can induce macropinocytosis and melanocytosis in CRC
cells with KRAS mutations. Macropinocytosis, an actin-
dependent endocytic process, internalises extracellu-
lar proteins, such as albumin, that are further degraded
within lysosomes, which provide a variety of amino acids
to meet the nutrient demands of developing cancer [87].
Of these, asparagine was also included. Upon glutamine
depletion, ASNS knockdown accelerates macropino-
cytosis. Inhibition of macropinocytosis and the ASNS
gene alone reduced the growth rate of CRC cells, but the
combination of both almost completely suppressed can-
cer growth. The combination group showed no observed
effect on mouse weight [88]. This may be a promising
novel strategy for the treatment of KRAS mutations.

In addition to KRAS mutations, p53 mutations are
another common type of mutation in CRC, and patients
with p53 mutations experience poor treatment out-
comes. P53 participates widely in various anti-prolif-
erative reactions as a cancer suppressor. A recent study
revealed a novel association between asparagine and p53.
Under physiological conditions, P53 can bind to ASNS
and inhibit its expression, which regulates homeostasis
between aspartic acid and asparagine. In turn, decreased
asparagine is perceived by LKB1, which then activates
MAPK and subsequently induces p53-dependent cell
cycle arrest, thereby protecting the cells from apoptosis.
Moreover, apoptosis of p53-null CRC cells increased in
the absence of asparagine due to increased asparagine
sensitivity [89]. Therefore, in CRC cells with p53 muta-
tions, asparagine limitation provides drug therapy, mak-
ing CRC cells more sensitive to radiotherapy [90].

These findings suggest that some critical genes that
influence the development of CRC correlate with aspara-
gine metabolism, thus providing further possibilities for
the use of asparagine deficiency in the treatment of CRC.

ASNase therapy

ASNase, a chemotherapeutic agent targeting free aspar-
agine, has been approved for cancer treatment and
has achieved a certain degree of success in the clinical
treatment of patients with leukaemia. The combination
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treatment with ASNase and vindesine, as well as com-
bined treatment with ASNase and prednisone can
induce remission in up to 90% of children with ALL.
And ASNase may enhance the sensitivity of cancer cells
to radiotherapy. ASNase is generally well tolerated by
most patients, and few patients develop an anaphylactic
reaction or anti-ASNase antibodies when they initially
receive ASNase [91]. High ASNase activity in the blood
can effectively prevent central nervous system relapse
and improve prognosis. ASNase is an ideal chemothera-
peutic drug even for infants with leukaemia. In one study,
almost all children with ALL achieved a complete remis-
sion after ASNase treatment [92]. The treatment effect
of ASNase depends on the asparagine consumption level
as well as on the corresponding duration. Any residual
asparagine can cause treatment failure or cancer recur-
rences [93]. Therefore, it is beneficial to combine thera-
peutic drug monitoring (TDM) with ASNase treatment
[94]. In children with B-acute lymphoblastic leukaemia
(B-ALL), the levels of asparagine in the plasma and bone
marrow showed a strong correlation, whereas there was
no significant correlation between the plasma and cer-
ebrospinal fluid (CSF) [95, 96]. Depletion of asparagine
in the CSF helps reduce central nervous system involve-
ment; therefore, it can achieve the best monitoring
effects to simultaneously measure asparagine in both
plasma and CSE. However, the measurement of plasma
asparagine concentrations is more frequently performed
because it is difficult to obtain CSF. In addition to the
direct measurement of asparagine, we can also determine
ASNase activity to monitor asparagine depletion in the
serum [97].

However, ASNase may introduce undesirable side
effects such as thrombus, hypersensitivity, hypergly-
cemia, hypertriglyceridemia, acute pancreatitis, and
hepatotoxicity [20, 92, 98, 99]. For decades, research-
ers continually improve ASNase structure, in order to
increase treatment outcomes and reduce side effects.
Native E. coli L-ASNase and pegaspargase are major
components of ALL treatment regimens. At present,
many modified asparaginases have appeared. For exam-
ple, the recombinant L-ASNase from the genus Anoxy-
bacillus possesses good thermal stability without
glutaminase activity [100]. And L-ASNase GRASPA (°®),
which is encapsulated in red blood cells, is well toler-
ated and reduces the occurrence of allergic reactions and
coagulation disorders [101]. However, almost all of these
ASNase studies are based on leukaemia cells. If we want
to use it for the treatment of other solid cancers, further
in vitro and in vivo studies may be needed to evaluate its
actual effectiveness in other cancers. Moreover, with the
extensive study of asparagine, asparagine metabolism in
cancer is gradually being unveiled. Thus, combination of
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ASNase with asparagine metabolism will achieve more
precise treatment.

Discussion

Cancer is the second most common cause of death and
a worldwide threat to human health. Clinical researchers
are continuously seeking effective methods and medi-
cine of treatments. Cancer cells have a relative nutrient
deficiency because of their high metabolic rates. They
often sustain their survival and development through
various metabolic reprogramming processes [102], which
are considered specific hallmarks of cancer [103]. First,
these stress processes are considered to produce more
glutamine [88]. However, an increasing number of stud-
ies have shown that cancer cell growth is dependent
on asparagine. In mammals, asparagine is not broken
down but is primarily involved in protein translation.
Asparagine-mediated protein translation is necessary
for the proliferation and migration of adaptive cells [75].
Interestingly, asparagine also regulates senescence. For
example, during glutamine deficiency, p53-dependent
senescence was reversed by asparagine supplementation
[89].

Metabolomic analysis is a useful method for identify-
ing clinically meaningful biomarkers and treatment tar-
gets and is widely used in the field of cancer research
[104]. Metabolomic analysis have shown that asparagine
is closely related to cancer progression and metastasis.
Therefore, asparagine targeting has gradually become
a promising strategy for cancer treatment. Depletion of
circulating asparagine stimulates cells to initiate stress
signalling cascades and upregulates ASNS gene expres-
sion. Although these stress responses eventually promote
ASNS expression, there are different regulatory pro-
grams in response to nutritional stress response in can-
cer cells. By fully understanding the metabolic processes
of asparagine in different cancers, we can select specific
inhibitors to block these compensatory pathways. Then,
the source of asparagine is further cut off, which is more
effective in inhibiting cancer cells and improve clinical
outcomes especially for solid cancers that are not sensi-
tive to ASNase alone. There is much experimental evi-
dence indicated these combined treatments particularly
effective.

In the previous content, we have reviewed not only
asparagine metabolism in several cancers but also in
the case of certain gene mutations, which provide many
targets for cancer therapy (Table 1). However, there are
still some limitations. Including leukaemia, there was
no clear evidence demonstrates ASNS expression levels
predict the sensitivity of cancer cells to ASNase. More-
over, in human-derived breast cancer cell lines, we can-
not conclude that ASNS promotes cancer progression
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Table 1 Signal molecules and processes related to asparagine metabolism in various cancers

Cancer type Signal molecules and processes related to asparagine metabolism (potential References
therapeutic targets)

Leukaemia HAP1 [36]
MYC [37]
GCN2- ATF4 (39]
ATF4-ZBTB1 [40]
CHOP [42]
AKT/mTORC- autophagy [35]
ERK- autophagy [35]
GSK3 [52]

Breast cancer cell cycle [58]
EMT [60]
Nrf2 [62]

Melanoma BRAF-MEK-ERK-mTORC-ATF4 [67]
RTK [68]
¢-MYC- mTORC (68]
GCN2-elF4B-ATF4 [70]

Lung cancer cyclins CyclinE1-CDK2 complex [72]
ROS- apoptosis (73]
KRAS- AKT-NRF2-ATF4 (73]
elF2B [74]
autophagy [76]

CRC SOX12 (82]
macropinocytosis (88]
P53 [89]

by upregulating asparagine levels. And ASNS can influ-
ence lung cell invasiveness through an alternative path-
way other than asparagine. There have been inhibitors
that directly target ASNS [23]. Perhaps this allows us to
confuse the relationship between ASNS and asparagine.
But this also further illustrates the metabolism specific-
ity of asparagine in cancer cells and adds depth to the
discussion.

Immunotherapy has become one of the most impor-
tant therapeutic strategies for treating cancers, which has
greatly promoted the progress of cancer treatment. The
immune checkpoint blockade (ICB) based on monoclo-
nal antibodies targeting immune checkpoint proteins and
adoptive cell transfer (ACT) based on tumour-infiltrating
lymphocytes or CAR T cells are frontline cancer immu-
notherapies. Recently, researchers have begun to relate
asparagine and immunity. In the early stages of antigen
stimulation, asparagine induces the transition of naive
CD8+T lymphocytes to an active state by phosphoryl-
ating lymphocyte-specific protein tyrosine kinase (Lck)
[105]. While for activated CD8+ T lymphocytes, aspar-
agine restriction can enhance CD8+T cell metabolic
fitness and antitumoral functionality through the Nrf2-
dependent stress response. In preclinical animal models,

the combination of asparagine restriction with anti-PD-
L1 antibodies displayed a better anti-tumour effect than
the anti-PD-L1 monotherapy alone group [106]. These
results suggested that Asn restriction is a promising and
clinically relevant strategy to enhance cancer immuno-
therapy against multiple cancer types.

Conclusion

After decades of research on asparagine, its essential role
in mammals cannot be ruled out. Asparagine is essen-
tial for cancer growth and development. It can partici-
pate in the metabolism of other intracellular nutrients
via mTORCI signaling cascade, maintaining the nutrient
demand of cancer cells, and promote cancer metastasis
by influencing EMT pathway. Once asparagine is insuffi-
cient, cancer cells can activate ISR and ERS to upregulate
the expression of ASNS to synthesize sufficient aspara-
gine. Moreover, for different cancer cells, there are also
different programs to regulate asparagine metabolism,
but ultimately lead to increased expression of ASNS.
Based on the importance of asparagine in cancer cells,
ASNase targeting asparagine has been used for the
treatment of leukaemia. However, the treatment effect
of ASNase in other solid cancers is not good, mainly



Yuan et al. Cell Communication and Signaling (2024) 22:163

because of the mechanism of reprogramming asparagine
metabolism. With the roles of asparagine in the physi-
ological state and stress response are gradually explored,
this limitation will hopefully be addressed in the future.
By combining inhibition of ASNS or inhibition of targets
that regulate ASNS with asparagine restriction, the level
of asparagine will be greatly reduced and the growth of
cancer cells will be inhibited. At present, there are two
methods of asparagine restriction: dietary restriction and
ASNase treatment. ASNase is being refined to improve
efficacy and reduce side effects. In addition, the combi-
nation of asparagine restriction with radiotherapy and
immunotherapy has also begun to become a new cancer
treatment strategy. Although there is preliminary experi-
mental evidence that revealed the efficacy of the com-
bination therapy, more experimental data are needed to
support it. In the future, asparagine remains an ideal tar-
get for the strategy of nutrient restriction.
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4E-BP1 EIF4E-binding protein 1
ACT Adoptive cell transfer
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NSCLC Non-small-cell lung cancer

PERK Pancreatic ER kinase (PKR)-like ER kinase
Pkm Pyruvate kinase

ROS Reactive oxygen species

RTK Receptor tyrosine kinase

S6K1 S6 kinase 1

SOX12 Sex-determining region Y-box 12
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