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Asparagine Synthetase (ASNS) catalyzes the synthesis of the non-essential amino

acid asparagine (Asn) from aspartate (Asp) and glutamine (Gln). ASNS expression is

highly regulated at the transcriptional level, being induced by both the Amino Acid

Response (AAR) and the Unfolded Protein Response (UPR) pathways. Lack of ASNS

protein expression is a hallmark of Acute Lymphoblastic Leukemia (ALL) blasts, which,

therefore, are auxotrophic for Asn. This peculiarity is the rationale for the use of bacterial

L-Asparaginase (ASNase) for ALL therapy, the first example of anti-cancer treatment

targeting a tumor-specific metabolic feature. Other hematological and solid cancers

express low levels of ASNS and, therefore, should also be Asn auxotrophs and ASNase

sensitive. Conversely, in the last few years, several reports indicate that in some cancer

types ASNS is overexpressed, promoting cell proliferation, chemoresistance, and a

metastatic behavior. However, enhanced ASNS activity may constitute a metabolic

vulnerability in selected cancer models, suggesting a variable and tumor-specific role

of the enzyme in cancer. Recent evidence indicates that, beyond its canonical role in

protein synthesis, Asn may have additional regulatory functions. These observations

prompt a re-appreciation of ASNS activity in the biology of normal and cancer tissues,

with particular attention to the fueling of Asn exchange between cancer cells and the

tumor microenvironment.
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INTRODUCTION

Asparagine Synthetase (asparagine synthase (glutamine-hydrolysing) or glutamine-dependent
asparagine synthetase, E.C. 6.3.5.4, ASNS) catalyzes the biosynthesis of asparagine (Asn) from
aspartate through an ATP-dependent reaction that exploits the amido-N of glutamine (Gln) to
form the amido group of Asn.

The human ASNS gene is located at chromosome 7q21.3 and is 35 kb long with 13 exons (1).
The ASNS protein (561 aa) has two primary domains, termed the N- and C-terminal domains,
and is expressed in many tissues, with a wide range of expression levels. Particularly high levels of
expression are detected in the pancreas, brain, thyroid and testes, while the liver has low expression
of ASNS. Several transcript varieties and putative isoforms of human ASNS have been described
although information on their role in physiology and pathology is lacking.
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ASNS deficiency (ASNSD, OMIM 615574) is an autosomal
recessive, rare, severe disorder associated with congenital
microcephaly, cognitive impairment, progressive cerebral
atrophy, intractable seizures, and early death (2, 3). The
prevalence of neurologic symptoms suggests that ASNS plays
a unique role in brain development. Interestingly, plasma and
cerebral spinal fluid Asn levels are lowered only in some of the
patients tested thus far, preventing diagnosis on biochemical
bases (4). For more detailed information on ASNS structure,
enzymatic mechanism, and mutations associated with ASNSD,
the reader is referred to recent reviews and original articles
(5–7). In particular, the high-resolution crystal structure of
human ASNS recently provided by Zhu et al. (7) indicates that
the enzyme is composed of two domains, with the C-terminal
synthetase domain more similar to ASNS in other organisms
than the N-terminal glutaminase domain. The glutaminase
domain has a topology similar to that of other amidotransferases
and other conserved amino acid residues are present at the
interface of the two domains where substrate recognition occurs.
Also the amino acids in the synthetase site are for the most part
conserved in human and bacterial ASNS.

ASNS REGULATION

Numerous studies have placed ASNS at the center of the
cell response to amino acid deprivation and other forms of
cellular stress [reviewed in (5, 8–10)]. Through transcriptional
regulation, the ASNS gene is a target of two signaling pathways
aimed to ensure cell survival under conditions of imbalanced
amino acid availability, named the Amino Acid Response
(AAR) (9), and of increased endoplasmic reticulum stress, the
Unfolded Protein Response (UPR) (10). Through the activation
of, respectively, the GCN2 and the PERK kinases, both these
stress-response pathways converge on the phosphorylation of
the α-subunit of the initiation factor eIF2, which provokes the
attenuation of global protein synthesis and, at the same time,
the preferential translation of a selected population of mRNAs,
including the transcription factor ATF4. ATF4 is the major factor
for ASNS induction, working as a trans-activator through the
binding to an enhancer element within ASNS promoter (8). A
very recent contribution (11) demonstrates that in Asn-depleted
cancer cells a translational reprogramming, dependent on the
increase of MAPK-interacting kinase 1 (MNK1) and eukaryotic
translation initiation factor 4E (eIF4E), promotes enhanced ATF4
translation and, hence, ASNS expression. The role of other
components of the UPR, such as IRE and ATF6, seems less
important (12). However, ASNS transcription is also influenced
by factors such as p53, which can serve as a negative regulator of
the gene (13).

LOW ASNS EXPRESSION IN ACUTE
LYMPHOBLASTIC LEUKEMIA: OLD
OBSERVATIONS AND NEW
PERSPECTIVES

Interest in the role of ASNS in cancer was initially due to
the observation of low synthetic activity for Asn in malignant

tissues (14, 15), which were, therefore, auxotrophic for Asn,
thus accounting for sensitivity to bacterial L-asparaginases
(ASNase). The widespread clinical use of ASNase in acute
lymphoblastic leukemia (ALL) began in the 1970s and today
is a cornerstone of multi-drug therapy for this hematological
cancer (16, 17). Thus, ASNase represents the first, and until now
uniquely successful, example of a therapeutic approach targeting
a metabolic feature of a specific form of cancer. Moreover, the
strict requirement for extracellular Asn of ALL blasts (and of
some lymphoma models), due to low levels of ASNS protein
expression, was the first example of a cancer-specific auxotrophy
for a non-essential amino acid (18). More recently, other
examples have been described in human cancers, such as the loss
of argininosuccinate synthetase in hepatocellular carcinomas,
metastatic melanomas, and other cancers, leading to auxotrophy
for arginine (19), and the absence of glutamine synthetase
expression in multiple myeloma (20) and oligodendroglioma
(21), leading to Gln auxotrophy.

Given the low expression of ASNS, the incubation of ALL
blasts with ASNase is rapidly followed by the fall of intracellular
Asn and by a prolonged nutritional stress, which causes
proliferative arrest and, eventually, apoptotic death of leukemia
cells. In most normal and cancer cell types investigated thus
far, ASNS mRNA and protein expression is rapidly increased
upon Asn deprivation, as a result of the transcriptional response
to the AAR (see below) but, while the fast increase in mRNA
occurs also in ALL cells (22), the increase in protein is severely
delayed, suggesting the existence of an active translational
silencing mechanism. It is this delay in the increase of ASNS
protein expression that renders ALL cells sensitive to ASNase
(23). Possible translational control may explain the numerous
clinical reports that showed no correlation between ASNS
mRNA and ASNase sensitivity (24). Recently, Jiang et al. have
demonstrated that methylation status of the ASNS promoter is
not the same in different ALL models and that hypermethylation
inversely correlates not only with the basal ASNS expression
but also with the capacity to trigger the ATF4-dependent
increase in ASNS expression upon following Asn depletion
(25). However, although, intuitively, ASNS induction has been
correlated with resistance to ASNase, it has been known for
many years that ASNase-resistant ALL cells present a complex
phenotype. Indeed, if ASNS overexpression is sufficient to
induce the ASNase-resistant phenotype in specific ALL cell
models (22), adequate availability of the ASNS substrates Gln
and aspartate (Asp) requires multiple adaptation mechanisms
(26, 27) (Figure 1).

The relationship between ASNS expression and ASNase
sensitivity/resistance has also been complicated by the fact
that both the bacterial ASNases exploited in therapy, derived
from Escherichia coli or from Erwinia chrysantemi [now
Dickeya dadantii (28)], are endowed with a low level of
glutaminase activity (29). Therefore, after ASNase infusion, the
depletion of both Asn and Gln ensues, although at different
levels of severity and with different kinetics. The capacity of
counteracting glutamine depletion is obviously also relevant for
the cellular adaptation to ASNase-dependent nutritional stress.
Indeed, ASNS protein induction would be functionally less
effective in conditions of severe cell depletion of Gln, since
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FIGURE 1 | Mechanisms involved in resistance to L-asparaginase. Upper

panel, ASNase catalyzes the hydrolysis of asparagine (Asn) into aspartate

(Asp) and of glutamine (Gln) into glutamate (Glu), driving low-ASNS cells to cell

death. Central panel, ASNS induction and increase in GS protein expression

are not able to rescue ASNase-induced apoptotis due to poor availability of

their substrates Asp and Glu. Lower panel, the overexpression of EAAT1 or

EAAT3 anionic amino acid transporters provides Glu (for the synthesis of Gln,

through Glutamine Syntethase) and Asp (27). Both Gln and Asp are needed for

Asn synthesis via ASNS and for an effective cell rescue. The model is mainly

based on data obtained with prostate cancer cells by Sun et al. (27) but it may

apply to other low-ASNS cancers.

human ASNS requires Gln as its obliged ammonia-donating
substrate (Figure 1).

The issue of the relevance of the glutaminase activity for the
antileukemic effects of ASNase has been widely debated [see for
review (30)]. In the last few years, importance has been attributed
to residual ASNS protein expression in ALL blasts. Chan et al.

obtained a mutant E. coli ASNase, devoid of glutaminase activity,
which is fully effective toward ASNS-null ALL blasts, but not
toward ALL blasts with a residual expression of ASNS protein
(31). Unfortunately, no attempt was made to correlate ASNS
protein expression to enzymatic activity. However, more recent
results from the same group, obtained with a murine leukemia
model of ASNS-null ALL, indicate that, actually, glutaminase
activity was needed for a durable suppression of the tumor (32).
Further investigation is needed to fully understand the role of
cellular Gln levels on ASNase sensitivity and glutaminase action
in ALL progression.

LOW EXPRESSION OF ASNS AS A
MARKER OF SENSITIVITY TO ASNASE IN
OTHER CANCERS

The assumption that low ASNS expression represents the major
hallmark for sensitivity to ASNase prompted the research of
other Asn-auxotroph cancers. As far as hematological cancers
are concerned, ASNase has been proposed for the therapy of
several conditions [see for review (33)]. Several years ago it was
demonstrated that the M5 subgroup of acute myeloid leukemias
(AML) is characterized by low ASNS expression and, hence, high
sensitivity to ASNase (34). Amore complete attempt to categorize
AML subgroups on the basis of ASNase sensitivity indicated that
M1 and M0 were the most sensitive, while M3 and M7 were
poorly sensitive and M4-M5 were confirmed to have a moderate
sensitivity (35). Although no correlation was made between
ASNase sensitivity and ASNS protein expression in that paper,
a good response to therapy associated with low ASNS mRNA
expression was later reported, at least for M0 (36). More recently,
since chromosome 7 monosomy (-7) is frequently detected in
adverse-risk AML and therapy-related myeloid neoplasms in
children, the hypothesis that this aberration correlates with
sensitivity to ASNase was investigated (37). Monosomic cells
were indeed more sensitive to ASNase and exhibited significantly
lowered ASNS mRNA and protein expression (37). However,
the correlation between ASNase-sensitivity and ASNS expression
of AML was not considered strong (33), consistently with the
importance attributed to Gln, rather than Asn depletion, in the
mechanism of the cytotoxic effects of bacterial ASNases on AML
cells (38, 39).

ASNase has greatly improved the therapy of Natural Killer
(NK)/T cell lymphoma, an aggressive lymphoid tumor associated
with a poor prognosis (40, 41). Using a panel of 7 lymphoma
cell lines and a retrospective analysis of patient samples, Li
et al. demonstrated that ASNS expression inversely correlated
with sensitivity to ASNase and positive clinical outcome (42).
These data have been substantially confirmed in a more recent
study (43).

ASNS has been investigated in solid tumors for many years,
and the emerging picture is quite complex. In more than
50% of sporadic pancreatic ductal adenocarcinomas (PDAC),
ASNS protein expression is very low (44), an observation
that should be considered in light of the fact that normal
exocrine pancreas has the highest basal ASNS expression of
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any tissue in the body (8, 45). Moreover, pancreatitis is one
of the primary clinical complications exhibited by ALL patients
treated with ASNase (46), suggesting that pancreatic exocrine
cells are particularly sensitive to Asn depletion. Consistent with
low ASNS expression, PDAC cell lines were sensitive to ASNase,
and the most sensitive expressed the lowest levels of ASNS
(44). Furthermore, in pancreatic cancer cells, ASNS induction is
caused by glucose deprivation and is associated with increased
resistance to cisplatin-induced apoptosis (47). Collectively, these
data support the possible exploitation of ASNase in selected cases
of low-ASNS PDAC, although they must also be interpreted in
the context of the complex metabolic peculiarities of pancreatic
cancer (48). Recently, it has been demonstrated that ASNS
hypermethylation leads to the lack of ASNS protein expression
in gastric and liver cancer cells, making them sensitive to E. coli
ASNase treatment both in vitro and in vivo (49). Thus, patients
could be stratified for ASNase trials on the basis of ASNS protein
expression level.

HIGH ASNS EXPRESSION IN CANCER: A
PRO-TUMOR ENZYME?

In several models of human solid cancers ASNS expression has
been found to be positively correlated with tumor growth and, in
some cases, chemo-resistance, especially if cis-platinum-derived
drugs are involved (47, 50, 51). Interestingly, a recent report
indicates that ASNS may be itself an additional target of
platinum(II) compounds, and that these drugs cause a decrease
in cell Asn as a consequence of ASNS inhibition (52).
However, independently of effects on chemoresistance, ASNS
overexpression has been linked to unfavorable clinical outcomes
in multiple cancers (53). For example, as a possible extension
of ASNase exploitation to solid tumors, Lorenzi et al. reported
that the sensitivity to ASNase of cell lines derived from human
ovarian carcinomas was inversely correlated with ASNS mRNA
abundance (54) and, even more strongly, with ASNS protein
levels (55). In other cases, direct genetic targeting of ASNS
expression has been used to document enzyme effects on cancer
cells. For instance, ASNS silencing lowers proliferation of human
gastric cancer cells either in vitro or in vivo and synergizes
the cytotoxicity of cisplatin (50). ASNS mRNA is significantly
overexpressed in human gastric cancer samples compared with
normal gastric tissue, and its expression inversely correlates
with patient survival (50). ASNS knockdown hinders growth of
melanoma cells and epidermoid carcinoma cells, inducing cell
cycle, down-regulation of CDK4, CDK6, and Cyclin D1, and
induction of p21WAF (56). With a similar approach, Xu et al.
reported a role for ASNS in the growth and colony formation
ability of lung cancer (NSCLC) cells and demonstrated higher
ASNS expression in lung cancer tissues than in normal lung
tissue (57). A pharmacological approach was instead adopted
by Hettmer et al. who demonstrated that an adenylated ASNS
inhibitor inhibits the growth of murine and human sarcoma cell
lines (58). In the same contribution, ASNS silencing lowered
the portion of cells in S phase, an effect rescued by exogenous
asparagine, and ASNS expression was found in a substantial

portion of human rhabdomyosarcomas (over 70%) and in a
smaller, but significant percentage of human leiomyosarcomas
(more than 40%).

In breast cancer cells, ASNS is a target of IGF1/IGF2-
dependent anabolic signaling (59), and, consistently, ASNS
silencing depressed cell proliferation in two distinct cell lines, one
of which derives from a triple negative tumor (60). Moreover,
ASNS expression and Asn availability have been found to be
strongly correlated with the metastatic behavior of breast cancer
(61). Interestingly, in this study ASNS knock down did not affect
the growth of the primary tumor but its metastatic behavior,
which was significantly promoted, together with epithelial-to-
mesenchymal transition, by enforced ASNS expression (61).
From xenografts of the triple negative breast cancer cell line
MDA-MB-231 Ameri et al. (62) obtained circulating tumor cells
(CTC), which exhibit an increased capability of inducing ATF3
and ATF4 under hypoxic conditions, higher ASNS expression
and a more aggressive phenotype in vitro and in vivo. Mining
publicly available datasets, Lin et al. demonstrated that, among
the breast cancer subtypes, triple negative has the highest ASNS
protein expression (53).

As far as prostate cancer is concerned, data on possible
derangements of ASNS expression in cells derived from this
tumor have been known since several years. ASNS was included
in a group of over-expressed genes in prostate cancer cells
adapted to grow in suspension (63). More recently, ASNS
mRNA overexpression, due to increased copy number of the
gene, was detected in surgical specimens of castration-resistant
prostate cancer and correlated with ASNS protein abundance
(64). Moreover, ASNS protein expression was associated with
progression to a therapy-resistant disease state (64). Interestingly,
the effects of ASNase on the PC3 prostate cancer cell line
and ASNS induction have been used to validate a detection
system for measuring restrictive amino acids in tumors based
on ribosome profiling (diricore, a procedure for differential
ribosome measurements of codon reading (65).

Somewhat contradictory findings have been obtained for the
role of ASNS in human hepatocellular carcinoma (HCC). Indeed,
although ASNS was overexpressed in HCC, low expression
has been found to be a negative outcome marker, at least in
terms of overall survival, and experiments with HCC cell lines
indicated that ASNS hinders cell proliferation, migration, and
tumorigenicity (66). On the contrary, Li and Dong have reported
that ASNS levels, along with those of the ER stress-related
transcription factor ATF6, are lower in HCC than in either
control subjects or patients affected by chronic hepatitis B (67).
While the reasons for the discrepancy between these two studies
are unclear, it should be noted that Zhang et al. studied ASNS
protein expression (66), whereas only mRNA was measured
by Li and Dong (67). As noted above for ALL and ovarian
cancer, there can be a lack of correlation between ASNS mRNA
and protein expression. Interestingly, Li and Dong discovered
an ASNS polymorphism (rs34050735), corresponding to the 5’
UTR region of the mRNA, that was significantly associated with
HCC (67).

In colorectal cancer ASNS expression may also have pro-
tumor or anti-tumor roles. ASNS has been found up-regulated
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in several human cell lines and clinical specimens derived
from colon carcinoma with mutated KRAS (68). In particular,
in a series of 93 patients, ASNS protein was high in over
70% of the KRAS-mutated cases but only in 30% of those
with wild-type KRAS. ASNS expression was induced by
KRAS-activated signaling, in particular through the PI3K-AKT-
mTOR pathway, and repressed upon KRAS-silencing. Moreover,
ASNS knockdown in vivo suppressed the growth of KRAS-
mutant colon cancers, suggesting a tumor-favoring role of the
enzyme in these cancers (68). However, the situation in vivo
may be more complex. Indeed, Lin et al. have reported that
low ASNS expression could constitute a negative prognostic
factor, using both transcriptional data from public databases
and immunocytochemical analysis of a cohort of 172 patients.
In particular, ASNS low expression was significantly associated
with advanced post-treatment tumor, nodal status, inferior
tumor regression grade, shorter local recurrence-free survival,
metastasis-free survival and disease-specific survival, and was
predictive of worse outcomes and poor therapeutic response
to neo-adjuvant therapy (69). It is tempting to attribute these
discrepancies to differences in themutational status of the tumors
but further data are needed to confirm this hypothesis.

ASNS IN CANCER: BEYOND ASN
SYNTHESIS?

A direct link between the effects of ASNS expression on cancer
cells and Asn production has been recently demonstrated.
Looking for regulators of the metastatic behavior in human
colon cancer, Duquet et al. (70) identified the sex-determining
region Y (SRY)-box, member 12 (SOX12), as a suppressor
of metastatic behavior of HT29 xenografts. However, in a
more recent paper, Du et al. (71) demonstrate that in two
independent, large colorectal cancer cohorts HIF-1α-mediated
SOX12 overexpression is not only associated with a metastatic
behavior, but also with a poor prognosis. Moreover, it also
enhanced cell proliferation in vitro. Investigating the underlying
mechanisms, they discovered that Asn synthesis was greatly
favored by SOX12 through the coordinated induction of
glutaminase, glutamic oxaloacetic transaminase 2, and ASNS.
These observations were confirmed in samples from patients.
Consistent with the observations in the patients, down-
regulation or overexpression of the three enzymes had opposite
effects on cell proliferation and metastasis development. The role
of Asn in these effects was confirmed by the inhibition of tumor
growth and metastasis by ASNase (71).

However, although it is tempting to attribute ASNS effects on
cancer growth to the Asn synthesizing activity of ASNS, its role
may not be simply ensuring Asn availability for protein synthesis.
In this case, very small amounts of Asn would be sufficient for
cell viability and growth. Moreover, increased ASNS activity may
not produce large effects on the intracellular levels of Asn, since
Asn exerts a product inhibition on the enzyme acting on the
recognition site for glutamine.

In fact, Asn could have additional roles, as recently suggested
by Krall et al. (72), who demonstrated that Asn, either produced

by the cell through ASNS activity or imported from the medium,
is used as an exchange factor to promote entry and consumption
of other amino acids, such as serine, arginine and histidine, and
consequently, activate mTORC1 activity and protein synthesis.
The transport routes responsible for the exchange were not
identified, although the authors suggest that the ubiquitous
exchange transporter for neutral amino acids LAT1 may be
involved (72). However, earlier characterization work on LAT
transporters would instead suggest that LAT2, rather than LAT1,
mediates the efflux of amino acids with amido-side chain,
such as Gln and Asn (73, 74). Moreover, as a determinant of
serine uptake, Asn may modulate both serine metabolism and
nucleotide synthesis (72).

Recent results would indicate that the relationships between
ASNS, Asn, and mTORC1 activity may be more complex than
envisaged. Indeed, ASNS silencing in melanoma and colon
carcinoma cells causes the activation of the MAPK cascade
and the activation of mTORC1 that, in turn, potentiates ATF4-
dependent ASNS induction (11). Under the conditions adopted
by Pathria et al., intracellular Asn is lowered by 30% by
ASNS silencing, but the hypothesis that this decrease accounts
for MAPK and mTORC1 activation was not directly verified,
leaving open the question if these effects are due to changes in
intracellular Asn or to some other ASNS-dependentmechanisms.
However, these important contributions provide insight into how
Asn can influence protein synthesis and cell viability well-beyond
its role of proteinogenic amino acid, explaining why, in some
instances, it can compensate for Gln starvation (75).

ASNS may also have other roles in cancer cell metabolism,
possibly related to its participation in the response to cell
stress. In NSCLC, for example, KRAS promotes ATF4 pathway
activation during nutrient depletion, promoting amino acid
uptake, and Asn biosynthesis (76). In the same cell model,
ASNS contributes to apoptotic suppression, protein biosynthesis,
and mTORC1 activation, while ASNS repression due to the
inhibition of AKT had an anti-tumor effect, which is enhanced
by the depletion of extracellular Asn (76). KRAS-mediated
overexpression of ASNS has been also described in colon
cancer in the context of adaptation to nutritional stress upon
Gln starvation (68). That study found that mutated KRAS
caused Asp decrease and Asn increase and that these changes
were associated, both in cancer cell lines and primary tumors,
with increased ASNS expression through the PI3K-AKT-mTOR
pathway. These cells were resistant to Gln depletion, a behavior
suppressed by ASNS knockdown but rescued if ASNS-silenced
cells are incubated in Asn-supplemented medium. Moreover,
both ASNS knock-down and the combined treatment with
rapamycin and ASNase inhibited the growth of KRAS-mutant
colon cancer xenografts in vivo (68). The relationship between
KRAS mutations and ASNS expression may underlie a specific
role of Asn in autophagy regulation. It is known that the
knockout of Atg5, a gene needed for the autophagic response,
significantly extends the survival of a murine model of salivary
duct carcinoma (SDC) driven by oncogenic KRASG12V, while
it causes a specific Asn deficiency and a compensatory ASNS
overexpression (53). Consistently, autophagy or ASNS inhibition
reduced KRAS-driven tumor cell proliferation, migration, and
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invasion, all effects rescued by Asn supplementation. Finally,
these observations were reflected in human cancer-derived data,
linking ASNS expression and malignancy (53).

A role for ASNS in the cell response to nutritional stress
has been also shown by Ye et al. (77), considering that
its master activator ATF4 is also overexpressed in human
tumors. Overexpression of ASNS or Asn supplementation,
but not of other non-essential amino acids, counteracts the
proliferative block and cytotoxicity due to ATF4 silencing in
human fibrosarcoma and colorectal adenocarcinoma cells. The
knockdown of ATF4, or the suppression of its induction by
GCN2 silencing, inhibited tumor growth in vivo (77). These
results have been further extended by Tameire et al. (78),
demonstrating that MYC upregulates ATF4 through GCN2
activation and that, subsequently, ATF4 induces several genes
that are also MYC targets, many of which involved in amino
acid transport (such as SLC1A5) and metabolism (such as ASNS).
This group of genes also includes 4E-BP1, leading the authors
to hypothesize that, through ATF4-mediated gene induction,
tumor cells couple enhanced translation rates with survival. In
several human tumors, such as diffuse large B-cell lymphoma,
colorectal cancer, breast cancer and sarcoma, 4E-BP1 levels were
positively correlated with ATF4-target genes, including ASNS
(78). These results potentially link ASNS induction and the
successful response to oncogene-dependent proteotoxic stress
and hence cancer cell survival, although the precise role played by
ASNS in these complex mechanisms awaits further investigation.

ASNS EXPRESSION AS A METABOLIC
VULNERABILITY

Together with Asn auxotrophy, associated with ASNS silencing,
arginine auxotrophy, which depends on absent expression
of argininosuccinate synthase 1 (ASS1), represents another,
widely investigated metabolic vulnerability in human cancers.
In arginine-auxotroph human breast cancer cell lines, arginine
depletion induces ASNS, provoking a depletion of Asp that
hinders malate-aspartate shuttle and promotes cell death
(79). Thus, in this particular model, ASNS induction, rather
than constituting a pro-survival mechanism, would promote
cytotoxicity through Asp depletion.

The importance of Asp metabolism in cancer has been
increasingly recognized in the last few years (80–82). Since
human cells cannot use Asn as a source of Asp, due to lack
of sizable expression of enzymes with asparaginase activity, the
metabolic relationship between the two amino acids is a one-
way pathway, where Asp can be used a Asn source, while the
reverse is not possible. Interestingly, if the expression of guinea
pig ASNase is forced in human cancer cells, Asn uptake can fuel
the intracellular pool of Asp, and cell growth is stimulated (83),
providing a proof-of-principle demonstration of the importance
of an adequate Asp availability for fast cell proliferation.
Membrane transport can limit cell availability of Asp, which,
at the levels present in human plasma, relies on the activity
of high-affinity, sodium-dependent EAAT transporters (84, 85).
A member of the family, EAAT1, coded by SLC1A3, has been

identified as an important contributor of resistance to ASNase in
several lines of prostate cancer cells (27). In one of these models,
although ASNS is heavily induced upon ASNase treatment, cell
death is not prevented if EAAT1 is pharmacologically inhibited
(27). Interestingly, prostate cancer cell lines endowed with low
expression of EAAT1 exhibit sizable levels of other EAATs, such
the ubiquitous EAAT3, which is regulated at transcriptional level
under various stress conditions (85).

Another example of possible ASNS-mediated vulnerability
comes from the studies of Wong et al. on KRAS-mutated
colorectal cancers. SLC25A22, which encodes a mitochondrial
glutamate transporter, is one of the genes up-regulated in
these tumors. Increased SLC25A22 protein was observed in
colorectal cancer tissues and was associated with shorter survival,
while transporter knock-down hindered cancer cell proliferation,
migration, invasion in vitro and tumor formation and metastasis
in vivo. The biochemical alteration attributable to SLC25A22
knockdown and accounting for the anti-proliferative effects is
the inhibition of Asp biosynthesis and the consequent depletion
of oxaloacetate leading to hampered regeneration of NAD+

and NADP+, glycolysis hindrance and energetic crisis. In this
context, the inhibition of ASNS-mediated Asn synthesis would be
another effect of Asp depletion, specifically leading to hindered
cell migration (86). One would wonder what are the links
between the two KRAS-mediated effects on Asn-Aspmetabolism.
Although SLC25A22 would be permissive for Asp synthesis,
ASNS induction would promote its consumption, suggesting that
a dysregulated ASNS expression would be, in fact, a menace for
the energetic equilibrium of the cancer cell.

DISCUSSION

The examples discussed in the last paragraph indicate that,
in some cancers, low ASNS expression may be advantageous.
However, most of the epidemiological and experimental evidence
gathered thus far suggest a pro-cancer role of the enzyme,
pointing to a metabolic advantage for high-ASNS cancer cells.
Thus, both low- and high-ASNS expression may imply metabolic
advantages in particular cancer models (Figure 1). It should
be remarked that either situation also implies some potential
metabolic vulnerabilities, such as Asp depletion, for high-ASNS
tumors, and Asn auxotrophy, for low-ASNS cancers.

If high ASNS expression really confers marked metabolic
advantages, one wonders what is the significance of ASNS
silencing in the majority of ALL blasts and in the other examples
of Asn-auxotroph tumors, discussed above. For these cancers,
the maintenance of the intracellular pool of Asp seems more
important than ensuring an intracellular source of Asn. In
these cells, blocking the expression of ASNS would indeed leave
most cell Asp available to other metabolic pathways, such as
nucleotide and non-essential amino acid synthesis or energy
production (Figure 2). On the other hand, Asn auxotrophy not
only has the obvious consequence of an increased sensitivity
to Asn depletion and, hence, to ASNase treatment, but also
entails a strict dependence of the cancer cells on extracellular
sources of the amino acid even under normal growth conditions.
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FIGURE 2 | The potential metabolic advantages of low and high expression of Asparagine Synthetase (ASNS) in cancer cells. (Left) Low ASNS expression, caused by

promoter methylation, renders cells dependent on asparagine (Asn) uptake, while increasing aspartate (Asp) availability for the synthesis of nucleotides, other

non-essential amino acids (NEAA), and energy production. Transporters most likely involved in Asn uptake are shown, although the indication is largely hypothetical in

most cancer models. (Right) Increased ASNS transcription, due to either gene amplification or high ATF4 activity, raises Asn production that enhances protein

synthesis and cell growth by activating the mammalian target of rapamycin complex 1 (mTORC1) through the influx of essential amino acids mediated by exchange

through a LAT transporter (72), tentatively identified as LAT2. Other transporters have been omitted for clarity. However, other mechanisms, such as direct effects of

Asn or Asp on mTORC1, should not be excluded but the information available (11, 68, 72) does not allow generalizable conclusions. See text for discussion.

Since Asn plasma levels are much lower than those of Gln,
and the transport systems for neutral amino acids are usually
endowed with fairly high Km values, it is expected that
Asn auxotroph tumors establish close relationships with their
microenvironment to exploit neighboring cells as an efficient
Asn source. Actually, metabolic support to ASNase-treated ALL
blasts by ASNS-expressing mesenchymal stromal cells has been
reported (87), although mechanisms underlying the putative Asn
fluxes have not been investigated.

At variance with the transport of other amino acids, in
particular Gln, which shares many structural similarities with
Asn and is its metabolic precursor, the characteristics of Asn
transport have not been extensively studied in Asn-auxotroph
cancer cells. It is known that Gln, Asn and His are substrates
of the so called “N system” transporters (88), such as SNAT3,
SNAT5 and SNAT7 (89, 90), but little information is available
on the expression of these transporters in cancer tissues, and
no attempt has been made thus far to correlate their expression
with that of ASNS. Also other transporters of the SLC38
family, such as the System A carriers SNAT1 and SNAT2
(90), and the product of SLC1A5 (ASCT2) (91) accept Asn
as a substrate. However, lack of a comprehensive knowledge
of Asn transporters in cancer constitutes an important gap

given that Asn membrane fluxes are obviously essential for
the survival of Asn-auxotroph cancer cells. The definition of
transport mechanisms involved in Asn transmembrane fluxes
would be highly valuable also for the biology of high-ASNS
cancers, which are thought to export sizable amounts of the
amino acid into the extracellular medium (72). In these tumors,
Asn may work as a modulator of the behavior of normal cells
within the cancer microenvironment, as recently suggested for
endothelial cells (92).

The results recounted in this contribution indicate that the
role played by ASNS may be cancer-specific and should be
assessed on an individual basis. Therefore, to better define the
role of ASNS expression and activity in human cancers, specific
and potent inhibitors would be extremely important and have
been actively searched for many years (93, 94). Many classes
of compounds have been proposed thus far (29), in some cases
with high potency (95) and promising results in vitro (96, 97),
but no specific ASNS inhibitor is yet in clinical experimentation
or even commercially available. As a consequence, experimental
ASNS inhibition still relies on genetic manipulation. However,
most recently, Zhu et al. (7) have described a slow-onset inhibitor,
which binds to a negatively charged cluster of side chains in the
synthetase domain of humanASNSwith nanomolar affinity and a
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good specificity in vitro and may be the basis for novel anticancer
compounds targeting ASNS.

AUTHOR CONTRIBUTIONS

MC, GT, MB, MK, and OB drafted the manuscript and
approved it.

FUNDING

This work has been funded by the University of Parma (OB)
and by The National Institutes of Health, The National Cancer
Institute, Grant No.: CA203565 (MK). MC was supported by a
fellowship of the Associazione Italiana per la Ricerca sul Cancro
(AIRC No.19272).

REFERENCES

1. Heng HH, Shi XM, Scherer SW, Andrulis IL, Tsui LC. Refined

localization of the asparagine synthetase gene (ASNS) to chromosome

7, region q21.3, and characterization of the somatic cell hybrid line

4AF/106/KO15. Cytogenet Cell Genet. (1994) 66:135–8. doi: 10.1159/000

133685

2. Ruzzo EK, Capo-Chichi JM, Ben-Zeev B, Chitayat D, Mao H, Pappas AL,

et al. Deficiency of asparagine synthetase causes congenital microcephaly

and a progressive form of encephalopathy. Neuron. (2013) 80:429–41.

doi: 10.1016/j.neuron.2013.08.013

3. Alfadhel M, Alrifai MT, Trujillano D, Alshaalan H, Al Othaim A, Al Rasheed

S, et al. Asparagine synthetase deficiency: new inborn errors of metabolism.

JIMD Rep. (2015) 22:11–6. doi: 10.1007/8904_2014_405

4. Radha Rama Devi A, Naushad SM. Molecular diagnosis of asparagine

synthetase (ASNS) deficiency in two Indian families and literature

review of 29 ASNS deficient cases. Gene. (2019) 704:97–102.

doi: 10.1016/j.gene.2019.04.024

5. Lomelino CL, Andring JT, McKenna R, Kilberg MS. Asparagine synthetase:

function, structure, and role in disease. J Biol Chem. (2017) 292:19952–8.

doi: 10.1074/jbc.R117.819060

6. Gupta N, Tewari VV, Kumar M, Langeh N, Gupta A, Mishra P,

et al. Asparagine synthetase deficiency-report of a novel mutation

and review of literature. Metab Brain Dis. (2017) 32:1889–900.

doi: 10.1007/s11011-017-0073-6

7. Zhu W, Radadiya A, Bisson C, Wenzel S, Nordin BE, Martinez-Marquez

F, et al. High-resolution crystal structure of human asparagine synthetase

enables analysis of inhibitor binding and selectivity. Commun Biol. (2019)

2:345. doi: 10.1038/s42003-019-0690-1

8. Balasubramanian MN, Butterworth EA, Kilberg MS. Asparagine synthetase:

regulation by cell stress and involvement in tumor biology. Am J Physiol

Endocrinol Metab. (2013) 304:E789–99. doi: 10.1152/ajpendo.00015.2013

9. Kilberg MS, Balasubramanian M, Fu L, Shan J. The transcription factor

network associated with the amino acid response in mammalian cells. Adv

Nutr. (2012) 3:295–306. doi: 10.3945/an.112.001891

10. Kilberg MS, Shan J, Su N. ATF4-dependent transcription mediates signaling

of amino acid limitation. Trends Endocrinol Metab. (2009) 20:436–43.

doi: 10.1016/j.tem.2009.05.008

11. Pathria G, Lee JS, Hasnis E, Tandoc K, Scott DA, Verma S, et al. Translational

reprogramming marks adaptation to asparagine restriction in cancer.Nat Cell

Biol. (2019) 21:1590–603. doi: 10.1038/s41556-019-0415-1

12. Gjymishka A, Su N, Kilberg MS. Transcriptional induction of the human

asparagine synthetase gene during the unfolded protein response does not

require the ATF6 and IRE1/XBP1 arms of the pathway. Biochem J. (2009)

417:695–703. doi: 10.1042/BJ20081706

13. Stagliano KE, Carchman E, Deb S. Real-time polymerase chain reaction

quantitation of relative expression of genes modulated by p53 using SYBR

Green I.Methods Mol Biol. (2003) 234:73–91. doi: 10.1385/1-59259-408-5:73

14. Haskell CM, Canellos GP. l-asparaginase resistance in human leukemia–

asparagine synthetase. Biochem Pharmacol. (1969) 18:2578–80.

doi: 10.1016/0006-2952(69)90375-X

15. Prager MD, Bachynsky N. Asparagine synthetase in normal and malignant

tissues: correlation with tumor sensitivity to asparaginase. Arch Biochem

Biophys. (1968) 127:645–54. doi: 10.1016/0003-9861(68)90273-7

16. Kato M, Manabe A. Treatment and biology of pediatric acute lymphoblastic

leukemia. Pediatr Int. (2018) 60:4–12. doi: 10.1111/ped.13457

17. Salzer W, Bostrom B, Messinger Y, Perissinotti AJ, Marini B. Asparaginase

activity levels and monitoring in patients with acute lymphoblastic leukemia.

Leuk Lymphoma. (2018) 59:1797–806. doi: 10.1080/10428194.2017.1386305

18. Broome JD. Studies on the mechanism of tumor inhibition by L-asparaginase.

Effects of the enzyme on asparagine levels in the blood, normal tissues,

and 6C3HED lymphomas of mice: differences in asparagine formation and

utilization in asparaginase-sensitive and -resistant lymphoma cells. J ExpMed.

(1968) 127:1055–72. doi: 10.1084/jem.127.6.1055

19. Patil MD, Bhaumik J, Babykutty S, Banerjee UC, Fukumura D. Arginine

dependence of tumor cells: targeting a chink in cancer’s armor. Oncogene.

(2016) 35:4957–72. doi: 10.1038/onc.2016.37

20. Bolzoni M, Chiu M, Accardi F, Vescovini R, Airoldi I, Storti P, et al.

Dependence on glutamine uptake and glutamine addiction characterize

myeloma cells: a new attractive target. Blood. (2016) 128:667–79.

doi: 10.1182/blood-2016-01-690743

21. Chiu M, Taurino G, Bianchi MG, Ottaviani L, Andreoli R, Ciociola T, et al.

Oligodendroglioma cells lack glutamine synthetase and are auxotrophic for

glutamine, but do not depend on glutamine anaplerosis for growth. Int J Mol

Sci. (2018) 19:1099. doi: 10.3390/ijms19041099

22. Aslanian AM, Fletcher BS, Kilberg MS. Asparagine synthetase expression

alone is sufficient to induce l-asparaginase resistance in MOLT-4 human

leukaemia cells. Biochem J. (2001) 357:321–8. doi: 10.1042/bj3570321

23. Su N, Pan YX, Zhou M, Harvey RC, Hunger SP, Kilberg MS. Correlation

between asparaginase sensitivity and asparagine synthetase protein content,

but not mRNA, in acute lymphoblastic leukemia cell lines. Pediatr Blood

Cancer. (2008) 50:274–9. doi: 10.1002/pbc.21213

24. Stams WA, den Boer ML, Beverloo HB, Meijerink JP, Stigter RL, van Wering

ER, et al. Sensitivity to L-asparaginase is not associated with expression

levels of asparagine synthetase in t(12;21)+ pediatric ALL. Blood. (2003)

101:2743–7. doi: 10.1182/blood-2002-08-2446

25. Jiang J, Srivastava S, Seim G, Pavlova NN, King B, Zou L, et al. Promoter

demethylation of the asparagine synthetase gene is required for an ATF4-

dependent adaptation to asparagine depletion. J Biol Chem. (2019) 294:18674–

84. doi: 10.1074/jbc.RA119.010447

26. Aslanian AM, Kilberg MS. Multiple adaptive mechanisms affect asparagine

synthetase substrate availability in asparaginase-resistant MOLT-4 human

leukaemia cells. Biochem J. (2001) 358:59–67. doi: 10.1042/bj3580059

27. Sun J, Nagel R, Zaal EA, Ugalde AP, Han R, Proost N, et al. SLC1A3 contributes

to L-asparaginase resistance in solid tumors. EMBO J. (2019) 38:e102147.

doi: 10.15252/embj.2019102147

28. Tabe Y, Lorenzi PL, Konopleva M. Amino acid metabolism in hematologic

malignancies and the era of targeted therapy. Blood. (2019) 134:1014–23.

doi: 10.1182/blood.2019001034

29. Richards NG, Kilberg MS. Asparagine synthetase chemotherapy. Annu Rev

Biochem. (2006) 75:629–54. doi: 10.1146/annurev.biochem.75.103004.142520

30. Covini D, Tardito S, Bussolati O, Chiarelli LR, Pasquetto MV, Digilio R, et al.

Expanding targets for a metabolic therapy of cancer: L-asparaginase. Recent

Pat Anticancer Drug Discov. (2012) 7:4–13. doi: 10.2174/157489212798358001

31. Chan WK, Lorenzi PL, Anishkin A, Purwaha P, Rogers DM, Sukharev

S, et al. The glutaminase activity of L-asparaginase is not required for

anticancer activity against ASNS-negative cells. Blood. (2014) 123:3596–606.

doi: 10.1182/blood-2013-10-535112

32. Chan WK, Horvath TD, Tan L, Link T, Harutyunyan KG, Pontikos MA,

et al. Glutaminase activity of L-asparaginase contributes to durable preclinical

activity against acute lymphoblastic leukemia. Mol Cancer Ther. (2019)

18:1587–92. doi: 10.1158/1535-7163.MCT-18-1329

Frontiers in Oncology | www.frontiersin.org 8 January 2020 | Volume 9 | Article 1480

https://doi.org/10.1159/000133685
https://doi.org/10.1016/j.neuron.2013.08.013
https://doi.org/10.1007/8904_2014_405
https://doi.org/10.1016/j.gene.2019.04.024
https://doi.org/10.1074/jbc.R117.819060
https://doi.org/10.1007/s11011-017-0073-6
https://doi.org/10.1038/s42003-019-0690-1
https://doi.org/10.1152/ajpendo.00015.2013
https://doi.org/10.3945/an.112.001891
https://doi.org/10.1016/j.tem.2009.05.008
https://doi.org/10.1038/s41556-019-0415-1
https://doi.org/10.1042/BJ20081706
https://doi.org/10.1385/1-59259-408-5:73
https://doi.org/10.1016/0006-2952(69)90375-X
https://doi.org/10.1016/0003-9861(68)90273-7
https://doi.org/10.1111/ped.13457
https://doi.org/10.1080/10428194.2017.1386305
https://doi.org/10.1084/jem.127.6.1055
https://doi.org/10.1038/onc.2016.37
https://doi.org/10.1182/blood-2016-01-690743
https://doi.org/10.3390/ijms19041099
https://doi.org/10.1042/bj3570321
https://doi.org/10.1002/pbc.21213
https://doi.org/10.1182/blood-2002-08-2446
https://doi.org/10.1074/jbc.RA119.010447
https://doi.org/10.1042/bj3580059
https://doi.org/10.15252/embj.2019102147
https://doi.org/10.1182/blood.2019001034
https://doi.org/10.1146/annurev.biochem.75.103004.142520
https://doi.org/10.2174/157489212798358001
https://doi.org/10.1182/blood-2013-10-535112
https://doi.org/10.1158/1535-7163.MCT-18-1329
https://www.frontiersin.org/journals/oncology
https://www.frontiersin.org
https://www.frontiersin.org/journals/oncology#articles


Chiu et al. ASNS and Cancer

33. Emadi A, Zokaee H, Sausville EA. Asparaginase in the treatment of non-ALL

hematologic malignancies. Cancer Chemother Pharmacol. (2014) 73:875–83.

doi: 10.1007/s00280-014-2402-3

34. Dubbers A, Wurthwein G, Muller HJ, Schulze-Westhoff P, Winkelhorst

M, Kurzknabe E, et al. Asparagine synthetase activity in paediatric acute

leukaemias: AML-M5 subtype shows lowest activity. Br J Haematol. (2000)

109:427–9. doi: 10.1046/j.1365-2141.2000.02015.x

35. Okada S, Hongo T, Yamada S, Watanabe C, Fujii Y, Ohzeki T, et al. In

vitro efficacy of l-asparaginase in childhood acute myeloid leukaemia. Br J

Haematol. (2003) 123:802–9. doi: 10.1046/j.1365-2141.2003.04703.x

36. Horikoshi A, Takei K, Iriyama N, Uenogawa K, Ishizuka H, Shiraiwa H, et al.

Effect of L-asparaginase combined with vincristine and prednisolone on acute

myeloblastic leukemia (M0) associated with non-Hodgkin lymphoma. Acta

Haematol. (2009) 122:54–7. doi: 10.1159/000243725

37. Bertuccio SN, Serravalle S, Astolfi A, Lonetti A, Indio V, Leszl A,

et al. Identification of a cytogenetic and molecular subgroup of acute

myeloid leukemias showing sensitivity to L-Asparaginase. Oncotarget. (2017)

8:109915–23. doi: 10.18632/oncotarget.18565

38. Willems L, Jacque N, Jacquel A, Neveux N, Maciel TT, Lambert

M, et al. Inhibiting glutamine uptake represents an attractive new

strategy for treating acute myeloid leukemia. Blood. (2013) 122:3521–32.

doi: 10.1182/blood-2013-03-493163

39. Emadi A, Law JY, Strovel ET, Lapidus RG, Jeng LJB, Lee M, et al.

Asparaginase Erwinia chrysanthemi effectively depletes plasma glutamine

in adult patients with relapsed/refractory acute myeloid leukemia. Cancer

Chemother Pharmacol. (2018) 81:217–22. doi: 10.1007/s00280-017-3459-6

40. Pokrovsky VS, Vinnikov D. L-Asparaginase for newly diagnosed extra-

nodal NK/T-cell lymphoma: systematic review and meta-analysis. Expert Rev

Anticancer Ther. (2017) 17:759–68. doi: 10.1080/14737140.2017.1344100

41. Tse E, Kwong YL. The diagnosis and management of NK/T-cell lymphomas. J

Hematol Oncol. (2017) 10:85. doi: 10.1186/s13045-017-0452-9

42. Li Y, Zhang X, Hu T, Han L, Li R, Wen J, et al. Asparagine synthetase

expression and its potential prognostic value in patients with NK/T cell

lymphoma. Oncol Rep. (2014) 32:853–9. doi: 10.3892/or.2014.3237

43. Liu WJ, Wang H, Peng XW, Wang WD, Liu NW, Wang Y, et al. Asparagine

synthetase expression is associated with the sensitivity to asparaginase in

extranodal natural killer/T-cell lymphoma in vivo and in vitro. Onco Targets

Ther. (2018) 11:6605–15. doi: 10.2147/OTT.S155930

44. Dufour E, Gay F, Aguera K, Scoazec JY, Horand F, Lorenzi PL, et al. Pancreatic

tumor sensitivity to plasma L-asparagine starvation. Pancreas. (2012) 41:940–

8. doi: 10.1097/MPA.0b013e318247d903

45. Milman HA, Cooney DA. The distribution of L-asparagine synthetase in the

principal organs of several mammalian and avian species. Biochem J. (1974)

142:27–35. doi: 10.1042/bj1420027

46. Minowa K, Suzuki M, Fujimura J, Saito M, Koh K, Kikuchi A,

et al. L-asparaginase-induced pancreatic injury is associated with an

imbalance in plasma amino acid levels. Drugs R D. (2012) 12:49–55.

doi: 10.2165/11632990-000000000-00000

47. Cui H, Darmanin S, Natsuisaka M, Kondo T, Asaka M, Shindoh M,

et al. Enhanced expression of asparagine synthetase under glucose-

deprived conditions protects pancreatic cancer cells from apoptosis induced

by glucose deprivation and cisplatin. Cancer Res. (2007) 67:3345–55.

doi: 10.1158/0008-5472.CAN-06-2519

48. Cohen R, Neuzillet C, Tijeras-Raballand A, Faivre S, de Gramont A,

Raymond E. Targeting cancer cell metabolism in pancreatic adenocarcinoma.

Oncotarget. (2015) 6:16832–47. doi: 10.18632/oncotarget.4160

49. Li H, Ning S, Ghandi M, Kryukov GV, Gopal S, Deik A, et al. The

landscape of cancer cell line metabolism. Nat Med. (2019) 25:850–60.

doi: 10.1038/s41591-019-0404-8

50. Yu Q, Wang X, Wang L, Zheng J, Wang J, Wang B. Knockdown of

asparagine synthetase (ASNS) suppresses cell proliferation and inhibits tumor

growth in gastric cancer cells. Scand J Gastroenterol. (2016) 51:1220–6.

doi: 10.1080/00365521.2016.1190399

51. Liu RY, Dong Z, Liu J, Zhou L, Huang W, Khoo SK, et al.

Overexpression of asparagine synthetase and matrix metalloproteinase

19 confers cisplatin sensitivity in nasopharyngeal carcinoma cells.

Mol Cancer Ther. (2013) 12:2157–66. doi: 10.1158/1535-7163.MCT-

12-1190

52. Hu D, Yang C, Lok CN, Xing F, Lee PY, Fung YME, et al. An antitumor

bis(N-Heterocyclic Carbene)platinum(II) complex that engages asparagine

synthetase as an anticancer target. Angew Chem Int Ed Engl. (2019) 58:10914–

8. doi: 10.1002/anie.201904131

53. Lin HH, Chung Y, Cheng CT, Ouyang C, Fu Y, Kuo CY, et al.

Autophagic reliance promotes metabolic reprogramming in

oncogenic KRAS-driven tumorigenesis. Autophagy. (2018) 14:1481–98.

doi: 10.1080/15548627.2018.1450708

54. Lorenzi PL, Reinhold WC, Rudelius M, Gunsior M, Shankavaram U, Bussey

KJ, et al. Asparagine synthetase as a causal, predictive biomarker for L-

asparaginase activity in ovarian cancer cells.Mol Cancer Ther. (2006) 5:2613–

23. doi: 10.1158/1535-7163.MCT-06-0447

55. Lorenzi PL, Llamas J, Gunsior M, Ozbun L, Reinhold WC, Varma S,

et al. Asparagine synthetase is a predictive biomarker of L-asparaginase

activity in ovarian cancer cell lines. Mol Cancer Ther. (2008) 7:3123–8.

doi: 10.1158/1535-7163.MCT-08-0589

56. Li H, Zhou F, Du W, Dou J, Xu Y, Gao W, et al. Knockdown of asparagine

synthetase by RNAi suppresses cell growth in human melanoma cells and

epidermoid carcinoma cells. Biotechnol Appl Biochem. (2016) 63:328–33.

doi: 10.1002/bab.1383

57. Xu Y, Lv F, Zhu X, Wu Y, Shen X. Loss of asparagine synthetase suppresses

the growth of human lung cancer cells by arresting cell cycle at G0/G1 phase.

Cancer Gene Ther. (2016) 23:287–94. doi: 10.1038/cgt.2016.28

58. Hettmer S, Schinzel AC, Tchessalova D, Schneider M, Parker CL,

Bronson RT, et al. Functional genomic screening reveals asparagine

dependence as a metabolic vulnerability in sarcoma. Elife. (2015) 4:e09436.

doi: 10.7554/eLife.09436.022

59. Pacher M, Seewald MJ, Mikula M, Oehler S, Mogg M, Vinatzer U,

et al. Impact of constitutive IGF1/IGF2 stimulation on the transcriptional

program of human breast cancer cells. Carcinogenesis. (2007) 28:49–59.

doi: 10.1093/carcin/bgl091

60. Yang H, He X, Zheng Y, Feng W, Xia X, Yu X, et al. Down-regulation of

asparagine synthetase induces cell cycle arrest and inhibits cell proliferation of

breast cancer.ChemBiol Drug Des. (2014) 84:578–84. doi: 10.1111/cbdd.12348

61. Knott SRV, Wagenblast E, Khan S, Kim SY, Soto M, Wagner M, et al.

Asparagine bioavailability governs metastasis in a model of breast cancer.

Nature. (2018) 554:378–81. doi: 10.1038/nature25465

62. Ameri K, Luong R, Zhang H, Powell AA, Montgomery KD, Espinosa

I, et al. Circulating tumour cells demonstrate an altered response to

hypoxia and an aggressive phenotype. Br J Cancer. (2010) 102:561–9.

doi: 10.1038/sj.bjc.6605491

63. Patrikainen L, Porvari K, Kurkela R, Hirvikoski P, Soini Y, Vihko P. Expression

profiling of PC-3 cell line variants and comparison of MIC-1 transcript

levels in benign and malignant prostate. Eur J Clin Invest. (2007) 37:126–33.

doi: 10.1111/j.1365-2362.2007.01763.x

64. Sircar K, Huang H, Hu L, Cogdell D, Dhillon J, Tzelepi V, et al.

Integrative molecular profiling reveals asparagine synthetase is a target

in castration-resistant prostate cancer. Am J Pathol. (2012) 180:895–903.

doi: 10.1016/j.ajpath.2011.11.030

65. Loayza-Puch F, Rooijers K, Buil LC, Zijlstra J, Oude Vrielink JF, Lopes R, et al.

Tumour-specific proline vulnerability uncovered by differential ribosome

codon reading. Nature. (2016) 530:490–4. doi: 10.1038/nature16982

66. Zhang B, Dong LW, Tan YX, Zhang J, Pan YF, Yang C, et al. Asparagine

synthetase is an independent predictor of surgical survival and a potential

therapeutic target in hepatocellular carcinoma. Br J Cancer. (2013) 109:14–23.

doi: 10.1038/bjc.2013.293

67. Li W, Dong C. Polymorphism in asparagine synthetase is associated with

overall survival of hepatocellular carcinoma patients. BMC Gastroenterol.

(2017) 17:79. doi: 10.1186/s12876-017-0635-4

68. Toda K, Kawada K, Iwamoto M, Inamoto S, Sasazuki T, Shirasawa S,

et al. Metabolic alterations caused by KRAS mutations in colorectal

cancer contribute to cell adaptation to glutamine depletion by

upregulation of asparagine synthetase. Neoplasia. (2016) 18:654–65.

doi: 10.1016/j.neo.2016.09.004

69. Lin CY, Sheu MJ, Li CF, Lee SW, Lin LC, Wang YF, et al. Deficiency

in asparagine synthetase expression in rectal cancers receiving concurrent

chemoradiotherapy: negative prognostic impact and therapeutic relevance.

Tumour Biol. (2014) 35:6823–30. doi: 10.1007/s13277-014-1895-z

Frontiers in Oncology | www.frontiersin.org 9 January 2020 | Volume 9 | Article 1480

https://doi.org/10.1007/s00280-014-2402-3
https://doi.org/10.1046/j.1365-2141.2000.02015.x
https://doi.org/10.1046/j.1365-2141.2003.04703.x
https://doi.org/10.1159/000243725
https://doi.org/10.18632/oncotarget.18565
https://doi.org/10.1182/blood-2013-03-493163
https://doi.org/10.1007/s00280-017-3459-6
https://doi.org/10.1080/14737140.2017.1344100
https://doi.org/10.1186/s13045-017-0452-9
https://doi.org/10.3892/or.2014.3237
https://doi.org/10.2147/OTT.S155930
https://doi.org/10.1097/MPA.0b013e318247d903
https://doi.org/10.1042/bj1420027
https://doi.org/10.2165/11632990-000000000-00000
https://doi.org/10.1158/0008-5472.CAN-06-2519
https://doi.org/10.18632/oncotarget.4160
https://doi.org/10.1038/s41591-019-0404-8
https://doi.org/10.1080/00365521.2016.1190399
https://doi.org/10.1158/1535-7163.MCT-12-1190
https://doi.org/10.1002/anie.201904131
https://doi.org/10.1080/15548627.2018.1450708
https://doi.org/10.1158/1535-7163.MCT-06-0447
https://doi.org/10.1158/1535-7163.MCT-08-0589
https://doi.org/10.1002/bab.1383
https://doi.org/10.1038/cgt.2016.28
https://doi.org/10.7554/eLife.09436.022
https://doi.org/10.1093/carcin/bgl091
https://doi.org/10.1111/cbdd.12348
https://doi.org/10.1038/nature25465
https://doi.org/10.1038/sj.bjc.6605491
https://doi.org/10.1111/j.1365-2362.2007.01763.x
https://doi.org/10.1016/j.ajpath.2011.11.030
https://doi.org/10.1038/nature16982
https://doi.org/10.1038/bjc.2013.293
https://doi.org/10.1186/s12876-017-0635-4
https://doi.org/10.1016/j.neo.2016.09.004
https://doi.org/10.1007/s13277-014-1895-z
https://www.frontiersin.org/journals/oncology
https://www.frontiersin.org
https://www.frontiersin.org/journals/oncology#articles


Chiu et al. ASNS and Cancer

70. Duquet A, Melotti A, Mishra S, Malerba M, Seth C, Conod A, et al. A

novel genome-wide in vivo screen for metastatic suppressors in human

colon cancer identifies the positive WNT-TCF pathway modulators TMED3

and SOX12. EMBO Mol Med. (2014) 6:882–901. doi: 10.15252/emmm.2013

03799

71. Du F, Chen J, Liu H, Cai Y, Cao T, Han W, et al. SOX12 promotes

colorectal cancer cell proliferation and metastasis by regulating asparagine

synthesis. Cell Death Dis. (2019) 10:239. doi: 10.1038/s41419-019-

1481-9

72. Krall AS, Xu S, Graeber TG, Braas D, Christofk HR. Asparagine promotes

cancer cell proliferation through use as an amino acid exchange factor. Nat

Commun. (2016) 7:11457. doi: 10.1038/ncomms11457

73. Deitmer JW, Broer A, Broer S. Glutamine efflux from astrocytes

is mediated by multiple pathways. J Neurochem. (2003) 87:127–35.

doi: 10.1046/j.1471-4159.2003.01981.x

74. Ramadan T, Camargo SM, Herzog B, Bordin M, Pos KM, Verrey F.

Recycling of aromatic amino acids via TAT1 allows efflux of neutral

amino acids via LAT2–4F2hc exchanger. Pflugers Arch. (2007) 454:507–16.

doi: 10.1007/s00424-007-0209-3

75. Zhang J, Fan J, Venneti S, Cross JR, Takagi T, Bhinder B, et al. Asparagine

plays a critical role in regulating cellular adaptation to glutamine depletion.

Mol Cell. (2014) 56:205–18. doi: 10.1016/j.molcel.2014.08.018

76. Gwinn DM, Lee AG, Briones-Martin-Del-Campo M, Conn CS, Simpson

DR, Scott AI, et al. Oncogenic KRAS regulates amino acid homeostasis and

asparagine biosynthesis via ATF4 and alters sensitivity to L-asparaginase.

Cancer Cell. (2018) 33:91–107 e6. doi: 10.1016/j.ccell.2017.12.003

77. Ye J, Kumanova M, Hart LS, Sloane K, Zhang H, De Panis DN,

et al. The GCN2-ATF4 pathway is critical for tumour cell survival and

proliferation in response to nutrient deprivation. EMBO J. (2010) 29:2082–96.

doi: 10.1038/emboj.2010.81

78. Tameire F, Verginadis, II, Leli NM, Polte C, Conn CS, Ojha R,

et al. ATF4 couples MYC-dependent translational activity to bioenergetic

demands during tumour progression. Nat Cell Biol. (2019) 21:889–99.

doi: 10.1038/s41556-019-0347-9

79. Cheng CT, Qi Y, Wang YC, Chi KK, Chung Y, Ouyang C, et al. Arginine

starvation kills tumor cells through aspartate exhaustion and mitochondrial

dysfunction. Commun Biol. (2018) 1:178. doi: 10.1038/s42003-018-0178-4

80. Gui DY, Sullivan LB, Luengo A, Hosios AM, Bush LN, Gitego N, et al.

Environment dictates dependence on mitochondrial complex I for NAD+

and aspartate production and determines cancer cell sensitivity to metformin.

Cell Metab. (2016) 24:716–27. doi: 10.1016/j.cmet.2016.09.006

81. Sullivan LB, Gui DY, Vander Heiden MG. Altered metabolite levels in cancer:

implications for tumour biology and cancer therapy. Nat Rev Cancer. (2016)

16:680–93. doi: 10.1038/nrc.2016.85

82. Alkan HF, Walter KE, Luengo A, Madreiter-Sokolowski CT, Stryeck

S, Lau AN, et al. Cytosolic aspartate availability determines cell

survival when glutamine is limiting. Cell Metab. (2018) 28:706–20 e6.

doi: 10.1016/j.cmet.2018.07.021

83. Sullivan LB, Luengo A, Danai LV, Bush LN, Diehl FF, Hosios AM, et al.

Aspartate is an endogenous metabolic limitation for tumour growth. Nat Cell

Biol. (2018) 20:782–8. doi: 10.1038/s41556-018-0125-0

84. Kanai Y, Clemencon B, Simonin A, Leuenberger M, Lochner M, Weisstanner

M, et al. The SLC1 high-affinity glutamate and neutral amino acid transporter

family.Mol Aspects Med. (2013) 34:108–20. doi: 10.1016/j.mam.2013.01.001

85. Bianchi MG, Bardelli D, Chiu M, Bussolati O. Changes in the expression of

the glutamate transporter EAAT3/EAAC1 in health and disease. Cell Mol Life

Sci. (2014) 71:2001–15. doi: 10.1007/s00018-013-1484-0

86. Wong CC, Qian Y, Li X, Xu J, Kang W, Tong JH, et al. SLC25A22 Promotes

proliferation and survival of colorectal cancer cells with KRAS mutations

and xenograft tumor progression in mice via intracellular synthesis of

aspartate. Gastroenterology. (2016) 151:945–60 e6. doi: 10.1053/j.gastro.2016.

07.011

87. Iwamoto S, Mihara K, Downing JR, Pui CH, Campana D. Mesenchymal cells

regulate the response of acute lymphoblastic leukemia cells to asparaginase. J

Clin Invest. (2007) 117:1049–57. doi: 10.1172/JCI30235

88. Kilberg MS, Handlogten ME, Christensen HN. Characteristics of an amino

acid transport system in rat liver for glutamine, asparagine, histidine, and

closely related analogs. J Biol Chem. (1980) 255:4011–9.

89. Mackenzie B, Erickson JD. Sodium-coupled neutral amino acid (System N/A)

transporters of the SLC38 gene family. Pflugers Arch. (2004) 447:784–95.

doi: 10.1007/s00424-003-1117-9

90. Broer S. The SLC38 family of sodium-amino acid co-transporters. Pflugers

Arch. (2014) 466:155–72. doi: 10.1007/s00424-013-1393-y

91. Utsunomiya-Tate N, Endou H, Kanai Y. Cloning and functional

characterization of a system ASC-like Na+-dependent neutral amino acid

transporter. J Biol Chem. (1996) 271:14883–90. doi: 10.1074/jbc.271.25.14883

92. Draoui N, de Zeeuw P, Carmeliet P. Angiogenesis revisited from a metabolic

perspective: role and therapeutic implications of endothelial cell metabolism.

Open Biol. (2017) 7:170219. doi: 10.1098/rsob.170219

93. Cooney DA,MilmanHA, JayaramHN,Homan ER. Inhibition of L-asparagine

synthetase bymucochloric andmucobromic acids. Enzyme. (1976) 21:524–39.

doi: 10.1159/000458905

94. Jayaram HN, Cooney DA, Milman HA, Homan ER, Rosenbluth RJ. Don,

conv and donv–I. Inhibition of L-asparagine synthetase in vitro. Biochem

Pharmacol. (1976) 25:1571–82. doi: 10.1016/0006-2952(76)90466-4

95. Koroniak L, Ciustea M, Gutierrez JA, Richards NG. Synthesis and

characterization of an N-acylsulfonamide inhibitor of human asparagine

synthetase. Org Lett. (2003) 5:2033–6. doi: 10.1021/ol034212n

96. Gutierrez JA, Pan YX, Koroniak L, Hiratake J, Kilberg MS, Richards NG.

An inhibitor of human asparagine synthetase suppresses proliferation of an

L-asparaginase-resistant leukemia cell line. Chem Biol. (2006) 13:1339–47.

doi: 10.1016/j.chembiol.2006.10.010

97. Ikeuchi H, Ahn YM, Otokawa T, Watanabe B, Hegazy L, Hiratake J, et al.

A sulfoximine-based inhibitor of human asparagine synthetase kills L-

asparaginase-resistant leukemia cells. Bioorg Med Chem. (2012) 20:5915–27.

doi: 10.1016/j.bmc.2012.07.047

Conflict of Interest: The authors declare that the research was conducted in the

absence of any commercial or financial relationships that could be construed as a

potential conflict of interest.

Copyright © 2020 Chiu, Taurino, Bianchi, Kilberg and Bussolati. This is an open-

access article distributed under the terms of the Creative Commons Attribution

License (CC BY). The use, distribution or reproduction in other forums is permitted,

provided the original author(s) and the copyright owner(s) are credited and that the

original publication in this journal is cited, in accordance with accepted academic

practice. No use, distribution or reproduction is permitted which does not comply

with these terms.

Frontiers in Oncology | www.frontiersin.org 10 January 2020 | Volume 9 | Article 1480

https://doi.org/10.15252/emmm.201303799
https://doi.org/10.1038/s41419-019-1481-9
https://doi.org/10.1038/ncomms11457
https://doi.org/10.1046/j.1471-4159.2003.01981.x
https://doi.org/10.1007/s00424-007-0209-3
https://doi.org/10.1016/j.molcel.2014.08.018
https://doi.org/10.1016/j.ccell.2017.12.003
https://doi.org/10.1038/emboj.2010.81
https://doi.org/10.1038/s41556-019-0347-9
https://doi.org/10.1038/s42003-018-0178-4
https://doi.org/10.1016/j.cmet.2016.09.006
https://doi.org/10.1038/nrc.2016.85
https://doi.org/10.1016/j.cmet.2018.07.021
https://doi.org/10.1038/s41556-018-0125-0
https://doi.org/10.1016/j.mam.2013.01.001
https://doi.org/10.1007/s00018-013-1484-0
https://doi.org/10.1053/j.gastro.2016.07.011
https://doi.org/10.1172/JCI30235
https://doi.org/10.1007/s00424-003-1117-9
https://doi.org/10.1007/s00424-013-1393-y
https://doi.org/10.1074/jbc.271.25.14883
https://doi.org/10.1098/rsob.170219
https://doi.org/10.1159/000458905
https://doi.org/10.1016/0006-2952(76)90466-4
https://doi.org/10.1021/ol034212n
https://doi.org/10.1016/j.chembiol.2006.10.010
https://doi.org/10.1016/j.bmc.2012.07.047
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
https://www.frontiersin.org/journals/oncology
https://www.frontiersin.org
https://www.frontiersin.org/journals/oncology#articles

	Asparagine Synthetase in Cancer: Beyond Acute Lymphoblastic Leukemia
	Introduction
	ASNS Regulation
	Low ASNS Expression in Acute Lymphoblastic Leukemia: Old Observations and New Perspectives
	Low Expression of ASNS as a Marker of Sensitivity to ASNase in Other Cancers
	High ASNS Expression in Cancer: a Pro-Tumor Enzyme?
	ASNS in Cancer: Beyond Asn Synthesis?
	ASNS Expression as a Metabolic Vulnerability
	Discussion
	Author Contributions
	Funding
	References


