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Abstract

Glutamine metabolism is one of the hallmarks of cancers which is described as an essential role in serving as a major energy
and building blocks supply to cell proliferation in cancer cells. Many malignant tumor cells always display glutamine addic-
tion. The “kidney-type” glutaminase (GLS1) is a metabolism enzyme which plays a significant part in glutaminolysis. Inter-
estingly, GLS1 is often overexpressed in highly proliferative cancer cells to fulfill enhanced glutamine demand. So far, GLS1
has been proved to be a significant target during the carcinogenesis process, and emerging evidence reveals that its inhibitors
could provide a benefit strategy for cancer therapy. Herein, we summarize the prognostic value of GLS1 in multiple cancer
type and its related regulatory factors which are associated with antitumor activity. Moreover, this review article highlights
the remarkable reform of discovery and development for GLS1 inhibitors. On the basis of case studies, our perspectives for
targeting GLS1 and development of GLS1 antagonist are discussed in the final part.
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Introduction

Presently, metabolic reprograming is one of most important
recognized cancer hallmarks. Previous research has shown
that cancer cells could alter their own energy metabolism to
grow rapidly in unfavorable environments. It is closely asso-
ciated with their proliferation, metastasis and drug resistance
[1-3]. Therefore, a comprehensive understanding of meta-
bolic reprogramming will contribute to develop new anti-
cancer drugs. With a deeper understanding of tumor metab-
olism, the glutamine metabolism pathway has attracted
great attention in cancer research, which mainly produces
adenosine triphosphate (ATP), nicotinamide adenine dinu-
cleotide phosphate (NADPH) and supports the synthesis of
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nucleotides and lipids [4]. Moreover, it is found that these
tumors are usually associated with specific genomes, includ-
ing Myc upregulation, KRAS mutation, mTOR upregula-
tion and NRF2 activation [5]. Therefore, the utilization of
glutamine as an anti-cancer strategy is hopeful for the tumor
types of glutamine addiction.

Mitochondrial glutaminase plays an important role in
converting glutamine to glutamate which is regarded as a
key enzyme in glutaminolysis [6]. And it takes effect in
regulating cellular metabolism, maintaining redox balance
and glutathione biosynthesis in cancer cells [6-9]. Interest-
ingly, it was identified two different subtypes in mammals,
the “kidney-type” glutaminase (GLS1) and “liver-type”
glutaminase (GLS2). However, GIS1 played an important
role in cancer progress instead of GLS2 [10, 11]. Compared
to tumor adjacent tissue, the elevated expression of GLS1
has shown an abnormal expression in multiple cancer types,
including colorectal cancer (CRC), prostate cancer and
breast cancer [12-15]. In addition, it is identified that inhib-
iting the activity of GLS1 could reduce the rate of tumor
growth and inhibit tumor progression [16, 17].

Overall, GLS1 may serve as a promising therapeutic
agent in cancer treatment and attract more and more atten-
tion in the past ten years. However, as one of the potential
therapeutic targets for cancer, researchers have investigated
the role of GLS1 in various types of cancer. In this review,
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we summarize the prognosis and function of GLSI1 in a vari-
ety of cancer types and introduce the potential mechanisms
of GLSI1 in pro-tumor effect. Then, we present the regula-
tors and inhibitors of GLS1 and furtherly discuss the drug
resistance mechanism of GLS1 inhibitors and the problem
of non-specificity for patients to promote the development
of clinical anti-tumor drugs.

Prognostic value of GLS1 in multiple cancer
types

As shown in Fig. 1, we analyze the Cancer Cell Line Ency-
clopedia (CCLE) project and find that GLS1 presents dif-
ferent expressions in multiple tumor cell lines. Compared
with adjacent tissues, GLS1 shows higher expression in
tumor tissues through further TCGA database analyses in
some solid tumors like, stomach adenocarcinoma (STAD),
head and neck squamous cell carcinoma (HNSC), thymoma
(THYM), testicular germ cell tumors (TGCT), liver hepato-
cellular carcinoma (LIHC), colon adenocarcinoma (COAD)
and so on (Fig. 2). Besides, the patients’ plasma GLS1 lev-
els showed dramatically expression in some solid tumors
like, hepatocellular carcinoma, non-small cell lung cancer,

colorectal cancer and breast cancer [14, 15, 18, 19]. Intrigu-
ingly, high expression of GLS]1 is also related to tumor pro-
gression and poor prognosis in multiple cancer subtypes,
particularly in gastric, ovarian, hepatoma carcinoma and the
like via TCGA database and Kaplan—Meier plotter (KM)
analysis (Fig. 3a—i). It means that there might be a certain
correlation between the expression of GLS1 and the degree
of tumor deterioration.

Hepatocellular carcinoma

In hepatocellular carcinoma (HCC), it is found that GLSI1 is
relevant to tumor aggressiveness and poor prognosis [15, 20,
21]. Compared with adjacent tissues, GLS1 expression was
highly expressed in HCC tissues and was associated with
clinical features, which could promote the tumor progres-
sion in HCC [22]. When GLS1 is knockdown or blocked,
the growth of liver cancer cells slows down and the tumor
progression is blocked [20-25]. Interestingly, further stud-
ies found that high expression of GLS1 had something to do
with stemness phenotype and advances clinic pathological
features in HCC [25]. In conclusion, GLS1 has a certain
relationship with the malignant progression of liver cancer
and it might serve as a new prognostic factor in HCC.
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Fig. 1 The expression of GLS1 in various cancer cell lines. The data are from the Cancer Cell Line Encyclopedia (CCLE) project (https://porta

Is.broadinstitute.org/ccle/home)
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Fig.2 GLSI is significantly A
overexpressed in some solid
tumors. According to the TCGA
database, GLS1 expression is
higher in tumor tissue (show

in red) compared to normal
tissue (show in black), includ-
ing TCGA normal and GTEX
data, in many cancer types,

such as stomach adenocarci-
noma (STAD, a), head and

neck squamous cell carcinoma
(HNSC, b), thymoma (THYM, :
¢), testicular germ cell tumors
(TGCT, d), liver hepatocel-
lular carcinoma (LIHC, e) and
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colon adenocarcinoma (COAD, D
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Colorectal cancer

In colorectal cancer, it was reported that GLS1 was drasti-
cally over-expressed in human CRC tissues compared to
normal mucosae [12, 26, 27]. In addition, the inhibitors of
GLS1 may suppress tumor growth and induce apoptosis in
CRC cell lines, which indicated that GLS1 plays an impor-
tant role in colon cancer (CRC) tumorigenesis [12, 28].
Subsequently, GLS1 inhibitors also provide therapeutic
benefits in the treatment of CRC by regulating glutami-
nolysis [26]. Due to the functional importance of GLS1
in regulating glutamine metabolism, GLS1 has a critical
association with glucose uptake and tumor progression
[29]. Interestingly, costunolide as an inhibitor of GLS1
might activate p53 to blockade glutaminolysis and inhibit
proliferation in CRC cells [82]. In a nutshell, as a marker
for CRC, GLS1 makes a difference to tumor size, tumor
grade and lymph node status [12, 27, 28]. Researchers also
confirmed that GLS1 is an independent prognostic factor
in overall survival. It is also showed that high expression
of GLS1 is an independent predictor of poor clinical prog-
nosis after surgical treatment of CRC patients and there
is significant correlation between the expression of GLS1
and tumor budding in a patient population.
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Non-small cell lung cancer

In 2016, researchers found that the expression of GLS1 in
non-small cell lung cancer (NSCLC) (N=157) was mark-
edly higher than the pneumocytes from normal lung tissues
(N=15T7), which is inversely proportional to the overall sur-
vival rate of NSCLC [30]. What is more, NSCLC cells rely
on the cytoplasmic NADH to generate ATP through the
NADH transport system malate-aspartate shuttle (MAS)
[31]. This is consistent with previous reports that regard-
less of the rate of glycolysis, oxidative phosphorylation
is the main source of ATP supply [32]. Oxidative phos-
phorylation is the main contribution of ATP generation in
NSCLC through NADH transport. Hence, the inhibition
of GLSI1 or glutamine exhaustion in culture media could
prominently reduce proliferation and ATP production in
NSCLC cell lines [30]. Similarly, the treatment of BPTES,
a specific inhibitor of GLS1, could induce cell death in
NSCLC [30]. It is worth noting that the combination of
GLS1 inhibitors and a variety of drugs will significantly
enhance the effect of GLS1 inhibitors in NSCLC, such
as heat shock protein 90 (HSP90) inhibitor THZ1 and
thymidylate synthase inhibitor 5-fluorouracil (5-FU) [30,
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Fig.3 Elevated GLS1 expression represents a poor prognostic signa-
ture in cancer patients. High GLS1 expression is accompanied by a
short overall survival in gastric (a), ovarian (b) and liver (c¢) carci-
noma based on the KM analysis. GLS1 is a unfavorable prognostic
factor in various cancer types according to TCGA database, including
colon adenocarcinoma (COAD, d), lymphoid neoplasm diffuse large

33]. And we will introduce in detail the mechanism of the
combination of GLS1 inhibitors in the following section.

Other cancers

It is found that GLS1 is associated with poor prognosis of
other types of cancer, such as ovarian cancer, breast can-
cers and neck squamous cell carcinoma (HNSCC) based
on TCGA database. Indeed, GLS1 has a certain impact
on the poor prognosis of ovarian cancer and has gained
some attention. The expression of GLS1 mRNA in tumor
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B-cell lymphoma (DLBC, e), ovarian serous cystadenocarcinoma
(OV, f), stomach adenocarcinoma (STAD, g), thymoma (THYM, h),
liver hepatocellular carcinoma (LIHC, i). The data are analyzed from
TCGA (http://cancergenome.nih.gov/) and Kaplan—-Meier Plotter
(http://kmplot.com/analysis)

tissues is positively relevant to poor prognosis, while the
decreased expression of GLS1 is associated with a high
survival rate in ovarian cancer patients [25, 33]. Inter-
estingly, the deletion of GLS1 could cause cell death in
ovarian cancer [34]. At the same time, targeting glutamine
addiction by inhibiting GLS1 also provides a viable novel
treatment to overcome resistance to PI3K/Akt/mTOR inhi-
bition. Further study demonstrated that inhibition of GLS1
and mTOR (CB839 and PP242) improved the efficacy of
ovarian cancer therapy [25]. GLS1 has a certain influence
on mTOR-related pathways, thus mTOR inhibitors PP242
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could enhance antitumor effect of GLS1 inhibitors in ovar-
ian cancer.

Also, significantly increased GLS1 expression was identi-
fied in tumors in comparison with normal tissues in breast
cancer. GLS1 levels were significantly positively corre-
lated with stage N, lymph node metastasis, stage grouping,
and disease severity, while the higher expression of GLS1
observed in breast cancer patients were not associated with
increased tumor tissue concentrations compared to the con-
trol group [35-37]. Furtherly, tissue microarray of 702 breast
cancer patients and HER2 type showed the highest expres-
sion of GLS1 [37]. The up-regulated GLS1 expression lev-
els have a certain relationship with glutamine metabolism
and it might be the mechanism of ErbB2-induced paclitaxel
resistance [35]. ErbB2 activation could promote the expres-
sion of GLS1 in breast cancer cells via the NF-kB pathway.
It identifies another oncogenic signaling pathway that can
stimulate GLS1 expression, thereby promoting the utiliza-
tion of glutamine in breast cancer cells [36].

It is noted that the use of GLS1 inhibitor BPTES to pre-
vent glutamine consumption could prevent head and neck
squamous cell carcinoma (HNSCC) overgrowth, indicating
that GLS1 seems to be a promising therapeutic target for
the treatment of HNSCC [38]. Besides, when treated with
BPTES, there is a significant increase in the number of dead
cells in HNSCC cell. Previous study also showed that the
combined use of BPTES and metformin has a cumulative
inhibitory effect on the proliferation of HNSCC cells via
induction of cell cycle arrest and apoptosis, but its mecha-
nism is still unclear [39, 40]. Moreover, the study found
that GLS1 is overexpressed in patients with gastric cancer,
which has important clinical value and could be used as a

Fig.4 Roles of GLS1 in cancer
progression. Investigations of
GLSI1 in cancer research mainly
focus on its crucial roles in
genome instability and muta-
tion, cellular energetics, sustain
proliferative signaling and so
on. The data are from Cancer
Hallmarks Analytics Tool
(http://chat.lionproject.net/)

biomarker for the diagnosis and treatment of early gastric
cancer [39]. Considering all the above findings, it shows that
in some cases, high expression of GLS1 in circulating blood
might indicate a poor prognosis for cancer patients and the
mechanism of GLS1 as a tumor biomarker in cancer needs
to be further elucidated.

Function of GLS1 in cancer

As an important rate-limiting enzyme for glutamine metabo-
lism, GLS1 plays a pivotal role in multiple cancers [38].
However, the function of GLS1 in cancer research has not
been fully probed. Based on the Cancer Hallmarks Analyt-
ics Tool (http://chat.lionproject.net/) and the researches of
GLS1, it is implicated in cellular energetics, redox homeo-
stasis, sustaining proliferative signaling, induction of apop-
tosis, driving tumor progression, invasion and metastasis and
conferring bad prognosis (Fig. 4).

Cellular energetics

As is known to all, GAC exists in mitochondria and KGA
is found in the cytoplasm, which has an impact on cancer
metabolism [39]. Generally, glutamine plays an important
role in the growth and synthesis of cancer cells. When GLS1
is inhibited or knockdown, glutamine cannot be converted
into glutamate and a-KG, thereby entering the tricarboxylic
acid cycle. It leads to the obstruction of the energy metab-
olism and biosynthesis pathways of cancer cells, which
induces cancer cell death [2, 5]. The inhibition or block-
ade of GLS1 would decrease the production of ATP, reduce

GLS1
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oxygen consumption rate (OCR) and restrain TCA cycle,
which could lead to cell death and induce apoptosis [40, 41].

Anti-proliferation activity

Glutamine not only provides energy for cancer cells, but
also plays a certain biosynthetic role [39]. When glutamine
is transported into the cell, it is metabolized by glutaminase
and the biosynthesis of cancer cells is enhanced, thereby
promoting tumor cells proliferation [41-43]. In addition to
amino acids, glutamine is also an important raw material
for nucleotides, proteins, and lipids [41, 44]. In addition,
glutamine can also be used as a basis for biosynthesis, pro-
viding carbon and nitrogen sources for cancer cells. GLS1
is the key regulator of glutamine metabolism. Therefore, it
is found that GLS1 could regulate the proliferation in many
tumors. Recent research shows that the increase of GLS1
in the patient’s cancer tissues helped to promote tumor cell
proliferation [22, 24]. At the same time, the knockdown
of GLS1 gene or GLS1 drug blockade could inhibit tumor
growth in multiple mouse xenograft models which indicates
that GLS1 mainly participates in the utilization of glutamine
to promote tumor proliferation [27, 51, 52]. In other aspects,
Kr-POK (POZ domain and Kriippel-like protein associated
with kidney cancer) could inhibit tumor proliferation in vivo
by inhibiting the expression of GLS1 in the xenograft model.
Mechanistically, Kr-POK might activate GLS1 and increase
glutamine uptake to promote rapid tumor growth in can-
cer cells [53]. In addition, GLS1 could also inhibit cancer
cell proliferation by preventing pyrimidine synthesis and
inducing DNA damage [30] which is different from previ-
ous studies.

Redox homeostasis

Generally, glutamine metabolism could produce reactive
oxygen species (ROS) levels in cancer cells [45]. There-
fore, the depletion of glutamine or knockdown of GLS1
could increase the level of ROS and promote endoplasmic
reticulum stress in cancer cells [45]. The process of glu-
tamine metabolism could protect cells from oxidative stress
by reducing glutathione (GSH) levels and providing NADPH
antioxidants [46]. When shRNA was used to knock down
GLS1, the levels of GSH and oxidized glutathione (GSSG)
in cancer cells were significantly decreased, which is con-
sistent with previous research [47]. On the other hand, using
GLSI1 inhibitor BPTES or compound 968 in lung cancer
cells and ovarian cancer, it was found that GLS1 inhibitors
mainly increase ROS levels by inhibiting glutamine flow
into the Kreb’s cycle and reducing oxidative phosphoryla-
tion of mitochondria [48]. Similarly, in ovarian and gastric
cancer, various concentrations of compound 968 caused a
decrease in GLS1 expression and increased ROS levels in

@ Springer

a dose-dependent manner, which further proved that GLS1
may play an important role in ROS and participate in the
progress of oxidative stress to driven tumor progression [49,
50].

Induction of apoptosis

When discussing the apoptotic effect of GLS1 on cancer
cells, it is found that the apoptosis of GLS1 on cells is often
accompanied by the production of ROS and many GLS1
inhibitors have a certain apoptosis effect on cancer cells [19,
38]. When the process of glutamine metabolism is blocked,
the production of ROS was produced more, the expression
of GSH is reduced, and the level of cell redox is promoted to
induce cell apoptosis. Interestingly, GLS1 is a key enzyme
in the process of glutamine metabolism. When it is knocked
down or blocked, tumor cells will show high levels of
apoptosis [19, 35, 39]. For example, after knocking down
GLS1, the apoptosis rate of both THC8307 and THC8307
cell lines increased significantly [19]. Interestingly, GLS1
might induce apoptosis and enhance the drug sensitivity
via affecting the mTOR pathway [19, 35]. Furthermore, the
GLS|1 inhibitor BPTES has a certain effect on the glutamine
metabolism of cancer cells and causes the energy production
of restrictions to induce apoptosis [38], indicating that GLS1
may serve as a role to induce cancer apoptosis and tumor
progression. In conclusion, GLS1 has a close relationship
with tumor cell apoptosis.

Others

Further investigations have also validated that GLS1 may
show an anti-cell cycle action in NSCLC. When combin-
ing BPTES with 5-FU, it was found that the G1 cell cycle
arrest of lung cancer cell A549 increased by approximately
20-30%, and significantly induced NSCLC cell cycle arrest,
leading to cell death [30]. In addition, the research found
that GLS1 has a certain relationship with the metastasis of
cancer cells. When the GLS1 expression in CRC tissues
increases, the tumor node metastasis of CRC cells increases
significantly [30, 54, 55]. High expression of GLS1 could
accelerate the metastatic process of CRC [57], but the mech-
anism still needs to be further investigated.

Regulators of GLS1 in cancer

It is showed that the expression of GLS1 is regulated
by various regulatory factors, thereby promoting glu-
tamine metabolism in various cancer cell lines (Fig. 5).
To be exact, there are many factors related to the induction
of GLS1 during cancer progression, such as Myc [43],
microRNA [58], phosphate (PI) [39], Retinoblastoma (Rb)
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Fig.5 Pathways regulating GLS1 expression in cancer research. The
regulators of GLS1 can be mainly classified into Myc, Rb family
members, MicroRNA, NF-kB and most of them are tumor-promot-
ing factors. Rb: Retinoblastoma protein, NF-kB: nuclear transcrip-
tion factor-kB, ASCT?2: alanine-serine-cysteine transporter 2, GLN:
glutamine, GCLC: Glutamate-cysteine ligase catalytic subunit, Cys:

protein [59] and nuclear transcription factor-kB (NF-xB)
[60]. As a glutamine enzyme in glutamine metabolism,
the regulators of GLS1 have been extensively studied in a
variety of cancer types, but the molecular mechanism of
GLS1 still needs to be further investigated.
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Cysteine, GSH: Glutathione, GDH: glutamate dehydrogenase, GLU:
glutamate, o-KG: alpha-ketoglutarate, OOA: Oxaloacetate, Mal:
Malic acid; OGDH: oxoglutarate dehydrogenase; NADPH: triphos-
phopyridine nucleotide; NAD+: nicotinamide adenine dinucleotide;
IDH: isocitrate dehydrogenase; ME: malic enzyme, ROS: reactive
oxygen species.

Myc
Myc is an oncogene and tumor suppressor which could

cause “glutamine addiction” of a cancer cell and affect-
ing tumor progression. In 2009, it is reported that Myc
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could regulate the expression of GLS, thereby regulating
glutamine metabolism and preventing cancer progression
[43]. Importantly, the Myc oncogene could produce Myc
protein which directly or indirectly regulates the tran-
scriptional expression of GLS1 [43] (Fig. 5). Research-
ers also identified that the dependence of growing cancer
cells on glutamine and showed the depletion of glutamine
potently induced apoptosis in cells with ectopically acti-
vated Myc [60]. In human PC3 prostate cancer cell lines,
when Myc is knocked down, the expression of GLS1 is
also reduced, which showed a certain correlation between
Myc and GLS levels [61]. The levels of glutamine trans-
porters and glutaminolysis decreased upon Myc deacti-
vation (Myc-OFF) [62]. Further studies confirmed that
GLS1 was shown to be positively regulated by Myc, and
Myc could also affect glutamine metabolism via different
pathways [43, 63, 64]. On the other hand, the c-Myc (or
Myc) could regulate miRNAs [58, 65] and stimulate cell
proliferation [66]. Therefore, it is found that Myc could
adjust the transcriptional expression of GLS1 through
miRNAs, and we will discuss in detail in the next sec-
tion. In short, Myc has an important regulatory effect
on glutamine metabolism. It could directly or indirectly
affect the expression of GLS1. At the same time, it also
has a certain effect on the uptake of glutamine which
synergistically affect glutamine metabolism and cancer
progression [43].

MicroRNA

MicroRNA (miRNA) is a type of non-coding RNA that
regulates gene expression by blocking translation or pro-
moting the degradation of mRNA. The study found that
miRNA could regulate GLS1, and miRNA is directly
regulated by Myc. In P493-6 cells, Myc inhibited miR-
23a and miR-23b, thereby inhibiting the expression of
GLS1 [58, 67]. Further research showed that miR-23 a/b
targets and inhibits the activity of GLS via the 3'UTR. On
the other hand, antisense miR-23 RNA could rescue GLS
levels in PC3 cells [43]. It is also found that there is a
negative correlation between the expression miR-145 and
GLS1 in ovarian cancer. The up-regulation of miR-145
could inhibit the decomposition of glutamine by inhibit-
ing the activity of GLS1 in ovarian cancer cells. Mecha-
nistically, miR-145 might bind to the promoter region
of GLS1, thereby promoting the activity of GLS1 [25].
Interestingly, miR-192 and miR-204 also showed a con-
nection with GLS1 [23]. As shown above, microRNAs
could regulate the expression of GLS1 and promote tumor
progression. Nonetheless, the mechanisms of microRNA
in glutamine metabolism and tumorigenesis still remain
unknown.
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GLS1 is also known as "phosphate-dependent glutaminase",
and generally requires a high concentration of phosphate as
a necessary cofactor for activating the enzyme [68]. Inor-
ganic phosphate levels could be used as a sensor for GAC,
and were first discovered and found overexpressed in human
breast cancer cell lines. Early research on kidney-type iso-
enzymes showed that mitochondrial glutaminase is an inac-
tive dimer in organelles and could tetramerize and activate
enzymes in the presence of phosphate [69, 70]. It has been
found that glutamate is competitive with phosphate. Under
hypoxic conditions, F1Fo ATPase activity that uses PI to
produce ATP is significantly reduced, leading to cancer pro-
gression. However, its mechanism has not been elucidated. It
is speculated that PI may affect the activity of GA, thereby
changing the metabolic level of cancer cells, thus affecting
the cancer process [71-76]. In conclusion, PI could play
an important role in activating GLS1 to promote glutamine
metabolism and act as an antagonist of glutamine [39].

Rb

Retinoblastoma (Rb) protein is a tumor suppressor and is
abnormally expressed in multiple cancer types. Rb plays an
anti-tumor role mainly by suppressing the cell cycle-promot-
ing transcription factor E2F family to inhibit cell cycle pro-
gression. The deletion of the Rb genome leads to increased
activity of glutamine transporters ASCT2 and GLSI,
thereby enhancing glutamine metabolism. It promotes the
glutamine-dependent cell proliferation and survival. On the
other hand, isotope experiments show that the deletion of
overall Rb function leads to a significant increase in '*C-glu-
tamine uptake, and promotes the upregulation of glutamine
transporter ASCT?2 expression and the activity of GLS1,
thereby flowing glutamate to TCA cycle [59]. Interestingly,
recombination of Rb-1 in Rb dysfunction cells could reduce
the uptake of glutamine by inhibiting ASCT?2 expression via
E2F-3, thereby inhibiting cancer progression [70] (Fig. 5).

NF-kB

It is found that elevated GAC activity is mainly related to
Rho GTPases and nuclear transcription factor-«B (NF-kB)
expression in transformed fibroblasts and breast cancer
cells [60]. At the same time, the transformed fibroblasts and
breast cancer cells showed glutamine addiction and high glu-
taminase activity, which revealed a previously unrecognized
link between NF-kB activation and cell metabolism [60]. In
addition, the oncomine microarray data set indicates that
NF-kB and GLS1 are co-overexpressed in human liver can-
cer samples. It have demonstrated that glutaminase activity
might mainly rely on the activation of GLS1 and P53, which
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provides a mechanisms for elevating glutamine metabolism
needs [60]. Importantly, in breast cancer cells, ErbB2 could
activate NF-xB and P53 to up-regulate the expression of
GLSI1 [24]. In conclusion, GLS1 is controlled by NF-kB,
thus affecting glutamine metabolism (Fig. 5).

Others

In addition to the above regulatory factors, there is also a
certain correlation between the expression of HIF-1o/2a
and GLS1. Previous studies have shown that HIF-1a stabi-
lization could stimulate glutaminase-mediated glutathione
synthesis and maintain redox homeostasis. Under the cir-
cumstances of hypoxia, HIF activity will usually increase.
It could also regulate oxygen and glutamine metabolism to
maintain cell growth and redox balance [76, 77]. On the
other hand, the HIF-1a signal might increase glycogen stor-
age and prevent energy deficiency during nutrition or oxygen
deprivation [78]. Importantly, HIF-1 could bind to HRE in
the GLS1 gene, thereby increasing the expression of GLS1
[26, 56]. All of these studies indicated that HIF-1o/2a may
regulate glutamine metabolism and glutaminase activity.
Further experiments showed that GLS1 inhibitors might
have a certain effect on the de novo pathway of pyrimidine
biosynthesis of PPP (pentose phosphate pathway) by regu-
lating HIF-10/2a in RCC cells [56]. Therefore, when com-
bining GLS1 inhibitor BPETES with thymidylate synthase
inhibitor 5-fluorouracil (5-FU), the anticancer effect would
be potentiated in tumor cells.

Interestingly, HGF (hepatocyte growth factor) and its
receptor tyrosine kinase MET/HGFR were firstly identi-
fied in the 1980s and they could hyper-activate in multi-
ple HCC types [6-9]. In addition, the HGF-MET signaling
pathway could promote the Warburg effect, glutamine and
biosynthesis by activating GLS Interestingly, drugs target-
ing HGF-MET kinase could only inhibit the Warburg effect
and glutamine decomposition without destroying biogen-
esis, providing a hint to drugs targeting HGF-MET kinase.
In addition, it is speculated that HGF-MET may exert its
inhibitory effect on glutamine decomposition via GLS1
[79]. In fact, previous researches demonstrated that KARS
mutations are also related to the regulation of GLS1 in pan-
creatic cancer [80] and NSCLC [81]. In addition, it is also
found that P53 mutations is related to the activation of GLS1
in CRC cells [82]. Glutamine metabolism serves as a vital
role in cancer cells, and there are multiple pathways for the
regulation mechanism of GLS1 (Fig. 5). When designing
drugs for the GLS|1 target, there is no necessary correlation
between the therapeutic effect of the drug and the expres-
sion of GLS1 and its inhibitors often occur drug tolerance
[30, 33]. Therefore, the research on the mechanism of GLS1
will of great value for the development and clinical use of
GLS]1 inhibitors.

Inhibitors

Based on the widely proven effects on cellular energy,
tumor progression, and redox homeostasis over the past
few decades, GLS1 has become a potential therapeutic
target for certain cancers. A series of inhibitors have been
developed to treat glutamine-dependent cancer patients.
And early therapeutic treatment for glutamine metabo-
lism in cancers mainly focused on the use of glutamine
removal. Clinically, L-ornithine and phenylacetate were
used to reduce the toxicity level of ammonia in cancer
[109]. Recently, it reveals a clinical situation that most
treatments regulate glutamine metabolism by inhibiting
the initial stage of glutamine decomposition. And the
GIS1 inhibitors, such as DON, BPTES, 968, CB-839,
UPGLO00004 and ebselen (Table 1), significantly inhibit
GLS1 by different mechanism and inhibit tumor progres-
sion [14, 49, 83-85]. It is worth noting that CB-839 is
currently the only small molecule inhibitor targeting GLS1
in the clinical trials.

DON

6-diazo-5-oxo-L-norleucine (DON) as a substrate glu-
tamine analog could be used as a competitive inhibitor of
GLS. It mainly covalently binds to the active site of GLS
and modifies the catalytic serine (S291), thereby regu-
lating the biological function of the enzyme [§6]. DON
showed the potential antitumor activity in several animal
tumor models, including the L1210 leukemia model (with
a dose range of 2.5 to 40 mg/kg, life expectancy (ILS)
of more than 50%, and fatal at 80 mg/kg)) and a colon
cancer model of 26 (70% ILS at a dose of 12.5 mg/kg). In
addition, in the xenograft experiment of LX1 lung cancer,
DON might cause significant tumor regression [7]. None-
theless, compared with other GLS inhibitors, the toxicity
and weaker binding selectivity of DON hinder its clinical
research [87]. Given the anti-tumor potential of DON, it
can not only inhibit the growth of tumors, but also regu-
late the tumor microenvironment (TME) to enhance immu-
notherapy. Recently, researchers have developed a lot of
DON prodrugs. These prodrugs are designed to circulate
in the body and have a certain degree of inertness. They
will be activated in TME after enzymatic cleavage of pro-
teins, thereby reducing the toxicity of glutamine antago-
nists to susceptible tissues such as the intestine [88, 89].
Among them, JHUO83, the best prodrug of DON, could
inhibit the oxidation and glycolysis of cancer cells, result-
ing in hypoxia, acidosis, and reduced nutrient consump-
tion in MC38 tumor-bearing mice; at the same time, the
drug can upregulate effector T cells oxidative metabolism,
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enhance immune function. Of note, this drug provides
a new direction for the clinical treatment of DON and
reveals the metabolic plasticity between cancer cells and
effector T cells [90].

BPTES

The GLS1 selective inhibitor bis-2-(5-phenylacetamido-1, 3,
4-thiadiazol-2-yl) ethyl sulfide (BPTES) introduced by Rob-
inson is known to inhibit GAC through an allosteric mecha-
nism by stabilizing inactive tetramers [38, 90]. BPTES has
been shown to inhibit the growth of cancer cells in vari-
ous tumor models, including NSCLC [30, 38], RCC [62],
breast cancer [36], glioblastoma [61] and B cell lymphoma
[91]. For example, when treated with BPTES in NSCLC, it
could induce cell cycle arrest through GLS1 and cause glu-
tamate reduction to decrease ATP levels, which ultimately
leads to cancer cell death [30]. Otherwise, in the xenograft
experiment of A549 mice, when combining treatment with
BPTES and thymidylate synthase (TYMS) inhibitor 5-FU
could significantly inhibit tumor growth. The combination
of GLS1 inhibitor BPETES and thymidylate synthase inhibi-
tor 5-fluorouracil (5-FU) could potentiate the anticancer
effect in NSLCL. Then, it is reported that the activity of
TYMS could affect the function of glutamine metabolism
via two directions. First, the knockdown or inhibition of
GLSI1 could induce significant ATP reduction. ATP plays
an important role in nucleotide synthesis and is regarded
as a major components of building material. The second,
there is ATP-dependent cell cycle checkpoints at G2/M
transition and the decrease of ATP production could delay
the cell cycle progression in G2/M transition [30]. Inter-
estingly, combination of BPTES and metformin could also
prevent HNSCC cell proliferation [14]. Notably, Metformin
could inhibit glycolysis and glycogen synthesis which is a
drug used for the treatment of diabetes [92]. Metabolomics
analyses revealed that surviving tumor cells following glu-
taminase inhibition mainly relied on glycolysis and glyco-
gen synthesis. Therefore, when combining BPTES with
metformin, tumor volume is much more greatly reduced
compared with either drug alone. This review has already
explained that MYC can regulate the expression of GLSI1.
Therefore, in Myc-off renal cell line E28, BPTES could pre-
vent the growth of Myc-induced RCC tumor progression via
the inhibition of GLS1 in vivo and vitro, confirming that
Myc-induced renal adenocarcinoma has a certain depend-
ence on glutamine metabolism [56, 62]. Similarly, BPTES
could also significantly prolong the survival time of animals
with Myc-induced HCC [52]. Nonetheless, BPTES has poor
water solubility and pharmacokinetic characteristics, which
seriously hinders its clinical application, so there is still a
long way for BPTES to carry out clinical trials [94]. It is
worth noting that the researchers have made great progress

in polyethylene glycol nanoparticles containing BPTES.
This nano-capsule can be safely administered and is cur-
rently being tested in a preclinical mouse model [94].

Compound 968

Compound 968 which is also called 5- [3-Bromo-4- (dimeth-
ylamino) phenyl] -2, 3, 5, 6-tetrahydro-2-dimethyl-benzo [a]
phenanth-ridin-4 (1H) -one is known to be a non-competi-
tive allosteric inhibitor of GAC (IC5y~2.5 uM), by interfer-
ing with the interaction of two GAC monomers to form a
GAC dimer. Recent studies showed that compound 968 is
a unique small molecule inhibitor that regulates intracellu-
lar glutamine metabolism by inhibiting GLS1 [18, 95, 96].
When the breast cancer cells showed elevated GLS1 activ-
ity, the sensitivity of GLS1 to small molecule inhibitor 968
increased [97]. Moreover, compound 968 also predicted a
certain effect on the cell cycle of breast cancer cells, but
research on other cancers needs to be furtherly investigated.

CB-839

CB-839 has been more extensively studied for its anti-tumor
activity than the other GLS1 inhibitors discussed above and
is the only small molecule GLS inhibitor being studied in
the clinical trials. CB-839, as a selective inhibitor of GLS1,
is currently undergoing multiple clinical studies including
TNBC, lung, RCC and so on [18, 98]. It is shown that the
sensitivity of GLS1 inhibitors has a certain relationship
with the genetic phenotype of tumors and the expression
of GLS1 levels, but the expression of this enzyme does
not play a decisive role [5, 14, 98]. Given the potential of
GLS]1 for targeting cancer and the lack of reliable biomark-
ers to predict pharmacodynamics, there is an urgent need
for a biomarker that could predict the response of GLS1
inhibitors between various indications, which is consist-
ent with ASCT2. Recently, researchers have discovered
that this drug exhibits anti-proliferative activity on TNBC
cells in vitro [14, 101]. Of note, CB-839 showed anti-pro-
liferative activity in TNBC cells HCC-1806 and MDA-
MB-231, while the anti-proliferation was not observed in
estrogen receptor-positive/HER2-negative (ER*/HER2™)
T47Dcells [101]. On the other hand, CB-839 is currently
in phase 2 clinical trials for advanced TNBC in combina-
tion with paclitaxel (NCT03057600). At the 2017 Keystone
Symposium, Emberly reported that CB-839 had anti-tumor
activity as a treatment for RCC [102]. In addition to solid
tumors, CB-839 has been broadly studied for its activity in
blood cancers and hematologic malignancies, such as MDS,
AML [103], multiple myeloma (MM) [104], and lymphoma
[105]. Interestingly, the combination of heat shock protein
90 (HSP90) inhibitor THZ1 and GLS1 inhibitor CB-839
had a synergistic effect on reducing tumor proliferation and
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cell cycle progression in NSCLC cells. In terms of mecha-
nism, THZ1 could block glucose metabolism and affect the
expression of GLS1. Thus, a combination treatment with
heat shock protein 90 (HSP90) inhibitor THZ1 and GLS1
inhibitor CB-839 in NSCLC cells could enhance the effi-
ciency of NSCLC treatment. Furtherly, a combination treat-
ment could activate mTORC1 and protein toxicity, inhibition
of GLS1 and HSP90 could increase the sensitivity of cell
death by increasing oxidative stress [33].

As discussed above, researchers are currently working on
the development of multiple clinical effects of CB-839. It is
the main drug candidate of the human glutaminase inhibi-
tor program, which could be used for the treatment of vari-
ous cancers. However, the sensitivity GLS1 inhibitor is not
completely relevant to the expression of this enzyme, we
still need to research for biomarkers of GLS1 inhibitors to
achieve precise treatment.

Other inhibitors

The newly discovered inhibitors ebselen, celandine and apo-
morphine have an affinity of 10 to 1500 times higher than
DON and BPTES, and the efficiency of inhibiting GLS1 has
increased by more than 100 times. Although they are non-
selective, it is still worth noting that the affinity of ebselen
for glutaminase is more effective than any other activity that
has not been described. Ebselen, celandine, and apomor-
phine seem to be more effective than DON or BPTES, but
due to the poor selectivity and high toxicity of such com-
pounds, they have not yet entered clinical trials [85]. In addi-
tion, UPGLO00004 is an effective GAC inhibitor and binds
to GAC significantly. Moreover, UPGL00004 could effec-
tively inhibit the proliferation of highly aggressive TNBC
cell lines. When combining treatment with the monoclonal
antibody bevacizumab, this compound could effectively
inhibit tumor growth in a patient-derived xenograft model
for breast cancer [84].

Discussion and prospect

On the basis of the observations above, there are still some
challenges to target GLS1 in cancer research. Due to these
vital roles of GLS1 in tumor-promoting and glutamine
metabolism, GLS1 has gained extensive attention. First,
When GLS1 is inhibited or knockdown, it will cause the
blockade of glutamine metabolism, which will cause the
change of mechanisms and phenomena that glutamine is
blocked in tumor, such as the proliferation pathway related
to mTORC, autophagy caused by NH,* accumulation, and
oxidative stress caused by glutathione reduce [33, 79, 83]
(Fig. 5). Second, it has figured out that glutamine provides
important energy and material basis for cancer cells [5].
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When GLSI is inhibited or knockdown, glutamine cannot
be converted into glutamate and a-KG, thereby entering
the tricarboxylic acid cycle. It leads to the obstruction of
the energy metabolism and biosynthesis pathways of can-
cer cells, which induces cancer cell death and produces a
series of biological effects [2, 5] (Fig. 5). Notably, some
cancer cells might not rely on the glutamine metabolic
pathway, and there is no inevitable relation between the
expression and function of GLS1, such as non-triple-neg-
ative breast cancer cells [101]. When inhibiting glutamine
metabolism, cancer cells will have a certain compensatory
effect. Such problems will affect the clinical progress of
targets which regulate glutamine metabolism, but there is
currently no research report about this problem.

On the other hand, the therapeutic responses of GLS1
inhibitors in cancer research is still not clear. Although
GLSI1 inhibitors have definite curative effects on a variety
of cancers, they still face many challenges. First, due to
the subtype of cancer and metabolic heterogeneity, they do
not have targets specificity. For example, CB-839 showed
anti-proliferative activity in TNBC cells, such as HCC-
1806 and MDA-MB-231, while the anti-proliferation was
not observed in estrogen receptor-positive/HER2-negative
(ER*/HER27) T47D cells [101]. It is found that differ-
ent breast tumor subtypes showed systematic variation in
glutamine dependence, which is related to mammary dif-
ferentiation; basal breast cancer cells showed more glu-
tamine dependence than luminal breast cancer cells [109].
Therefore, if the tumor cells showed high expression of
GLS1 but are not glutamine-dependent, GLS1 inhibitors
might not have a good antitumor effect. However, whether
it is associated with the subtypes of cancer or metabolic
heterogeneity still need to be further investigated. To be
precise, we need find the relevant biomarkers of GLS1
inhibitors, so as to guiding the clinical application of these
inhibitors. The second, since GLS1 could produce certain
anti-tumor effects on cancer cells via multiple metabolic
pathways (Fig. 5), the efficacy of GLS1 inhibitors will
be greatly increased when combining with inhibitors of
related pathways, such as shock protein 90 (HSP90) inhibi-
tor THZ1, thymidylate synthase inhibitor 5-fluorouracil
(5-FU), Metformin [30, 33, 92]. GLS1 inhibitors mainly
enhance the efficacy of combination drugs by influenc-
ing nucleotide synthesis, glycolysis and glycogen syn-
thesis and other pathways. Therefore, the detail research
on the mechanism of GLS1 would be valuable for the
development of combined applications of GLS1 inhibi-
tors. Finally, some GLS1 inhibitors like DON and BPTES,
showed high cell toxicity, weaker binding selectivity or a
poor water solubility, which seriously hinder its clinical
research. Therefore, the researchers synthesized a series of
prodrugs or designed nanocapsule to overcome this prob-
lem [90, 94].
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Overall, GLS1 acts as a poor prognostic target and has
an impact on the pro-tumor activity of a variety of cancers,
especially CRC, breast cancer, HCC and ovarian cancer
[19, 49, 106, 107]. Glutaminase plays a crucial role in new
therapies targeting glutamine metabolism. In conclusion, it
is showed that the target GLS1 is relevant in antagonizing
tumor cell growth and homeostasis. Many characteristic
GLS1 inhibitors have been discovered, but at present, the
discovery of selective and effective small molecule GLS1
inhibitors and glutamine metabolism is limited. In addition,
although the compensation mechanism for inhibiting GLS1
and knocking down cells has been determined, its mode of
action in tumorigenesis still needs to be further elucidated.
In conclusion, we have summarized our understanding of
the functions, modulators, structure and inhibitors of GLS1
in cancer, and hope to have a comprehensive understanding
of GLS1. To continue to study the tissue- and cell-specific
expressions of GLS1, more detailed information on regu-
latory mechanisms and structure—activity relationships can
still be used to update GLS1 inhibitors and their mechanisms
of action involving anti-tumor effects.
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