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Summary

The expression of the urea cycle proteins is dysregulated in multiple cancers, providing
metabolic benefits to tumor survival, proliferation, and growth. Here we review the main
changes described in the expression of UC enzymes and metabolites in different cancers at
various stages and suggest that these changes are dynamic and should hence be viewed in a
context-specific manner. Understanding the evolvability in the activity of the UC pathway in
cancer has implications for cancer-immune cell interactions and for cancer diagnosis and

therapy.
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Introduction

In 1932, Hans Krebs and his assistant Kurt Henseleit made the seminal discovery that ornithine,
in the presence of ammonium salts, can boost the synthesis of urea when added on slices of
animal liver maintained in a buffer that resembles blood composition (Krebs and Henseleit,
1932). They later demonstrated that ornithine and citrulline, in the presence of ammonia, were
part of a cycle of reactions that converged on the generation of urea, which was initially called
the ‘'ornithine cycle’ and it is now referred to as the “Urea Cycle” (UC). The complete UC
operates in the liver, and involves two transporters, five catalytic enzymes, and one cofactor-
producing enzyme- N-acetyl glutamate synthetase (NAGS), to convert two nitrogen molecules,
into one single disposable molecule of urea (Watford, 2003), (Figure 1). The first reaction
occurs within the mitochondria, where CPS1 condensates ammonia and bicarbonate into
carbamoyl-phosphate. The following step, catalyzed by ornithine transcarbamylase (OTC),
produces citrulline from ornithine and carbamoyl-phosphate. At this stage, citrulline leaves the
mitochondria through the ornithine transporter 1 (ORNT1, SLC25A15) to reach the cytosol.
Then, through the subsequent cytosolic reactions, citrulline is first condensed with aspartate by
argininosuccinate synthase (ASS1) to form argininosuccinate. For this reaction, the second
mitochondrial transporter citrin (SLC25A13), provides ASS1 with the aspartate necessary for
the reaction. Argininosuccinate is then broken down by argininosuccinate lyase (ASL) into
arginine and fumarate. Finally, in the last step, arginine is hydrolyzed into urea and ornithine
by ARG 1, regenerating the ornithine necessary to start another round of the cycle (Morris,
2002) (Figure 1). The generation of fumarate by ASL and the utilization of the aspartate
derived from the mitochondria by ASS1 metabolically integrate UC with the tricarboxylic acid
(TCA cycle).

UC enzymes account for the disposal of 85-95% of the waste nitrogen as urea in the urine
(Morris, 2002). After birth, outside the liver, the expression of ASS1 and ASL enables the
kidneys to become the leading site for systemic de novo arginine generation through absorption
of the citrulline produced by the small intestine (Ligthart-Melis et al., 2008). Still, when
exposed to arginine deprivation, most cells can independently synthesize arginine via the
arginine-citrulline cycle (van de Poll et al., 2007). In this cycle, arginine can be converted back
to citrulline by Nitric Oxide (NO) Synthase (NOS), together with NO release. Arginine can
also be used as a substrate to serve the cellular needs for multiple other metabolites such as
agmatine, proline, ornithine, and polyamines (Nagamani et al., 2012).

The ARG enzyme competes with NOS over arginine and regulates both NO and ornithine

levels. It exists in two forms; type 1 is a cytosolic form, highly expressed in the liver, and is

2



thought to be primarily involved in ureagenesis. Type 2 is the mitochondrial form, which is
more widely expressed and involved in ornithine biosynthesis (Cederbaum et al., 2004). Thus,
in extrahepatic tissues, the expression and composition of UC enzymes vary substantially.
The essentiality of arginine and its downstream metabolites to normal physiology necessitates
several levels of regulation. Indeed, decreased arginine availability and increased cellular needs
for its metabolites can upregulate the expression of the arginine-citrulline enzymes ASL and
ASS1. ASL expression was also demonstrated to be regulated via lysine acetylation, which
inhibits ASL activity; while amino acid supplementation decreased ASL acetylation, the
addition of glucose increased it (Zhao et al., 2010). Recently, it was shown that the CLOCK
protein directly acetylated and inactivated ASS1 in vitro and in vivo. ASS1 acetylation by
CLOCK exhibits circadian oscillation in human cells and mouse liver, possibly caused by
rhythmic interaction between the two proteins (Lin et al., 2017). Hence, it is logical to suggest
that the essentiality of UC metabolites at different cellular states, the circadian rhythm, and
glucose levels, all contribute to the canonical regulation of UC enzymes' expression in normal
cells.

Undoubtedly, the ultimate proof for the necessity of the UC enzymes and metabolites to a
healthy state is the severe clinical presentation of children with a malfunctioning UC due to
germline mutations (Erez and DeBerardinis, 2015). In the most detrimental clinical scenario,
these children can present with brain edema and even death due to ammonia accumulation
(Erez et al., 2011b). Furthermore, the chronic remaining long-term complications in children
with UC disorders even after liver transplant highlight the crucial roles of UC enzymes outside
the liver (Erez et al., 2011; Lerner et al., 2019).

Recently, it became evident that alterations in the expression of the UC genes are also actively
involved in tumorigenesis. Indeed, by supporting anabolic routes, favoring the appearance and
selection of specific tumor mutagenic profiles, and affecting the activation of the immune
response, alterations of UC were shown to drive cancer development and progression and affect
the response to therapy (Keshet et al., 2018; Lee et al., 2018a; Lee et al., 2018b).

In this review, we summarize the roles of UC enzymes in cancer, highlighting the dynamic
regulation of their expression in different tumor types and during cancer progression, and the

potential diagnostic and therapeutic implications.

Alterations in expression of the UC genes and metabolites in cancer



Over the years, it was demonstrated that some genes of the UC are either overexpressed or
silenced in different cancer types (Figure 2 and Table 1). These dysregulations were shown
to benefit carcinogenesis by changing the availability of UC-related metabolites. Firstly,
ammonia is commonly accumulated in cancer upon different types of dysfunction of UC
enzymes. In human HepG2 derived cell lines, both UC enzymes ARG1 and OTC
malfunctioning result in excess ammonia levels (Mavri-Damelin et al., 2007). Similarly, acute
lymphocytic leukemia (ALL) cells also show downregulation of OTC expression (Fultang et
al., 2016). Intriguingly, in contrast to the toxic effect of excess ammonia under normal
physiological conditions, cancer cells can utilize ammonia and recycle it for amino acid and
nucleic acids synthesis providing building blocks for proteins and nucleotides that support
tumor proliferation (Spinelli et al., 2017) (Spinelli et al., 2017; Tardito et al., 2015).

A few recent papers demonstrated CPS1 upregulation in several cancer types, including
stomach, melanoma, sarcoma, B-cell lymphoma, lung, glioma, and glioblastoma (Lee et al.,
2018a). High CPS1 levels were further shown to sustain tumor proliferation by increasing the
synthesis of its product carbamoyl-phosphate. In non-small-cell lung cancer (NSCLC),
defective for LKB1 (Liver kinase B1, gene STK11) and mutated in KRAS, CPS1 upregulation
generates an excess amount of carbamoyl-phosphate, which spills to the cytosol where it is
used to boost pyrimidine biosynthesis via carbamoyl-phosphate synthetase 2, aspartate
transcarbamylase, and dihydroorotase (CAD) trifunctional protein. Silencing of CPS1 in these
cells resulted in cell death in vitro and inhibited tumor growth in vivo due to the depletion of
pyrimidine (Kim et al., 2017). Moreover, the silencing of CPS1 synergizes with erlotinib, an
EGFR inhibitor, in suppressing NSCLC cells proliferation. The combined approach was shown
to impair pyrimidine biosynthesis, glycolysis, cellular respiration, creatine, and polyamines
production (Pham-Danis et al., 2019). Notably, the silencing of other UC genes such ARG2,
OTC, and ASS1 was also found to sensitize Non-small cell lung cancer (NSCLC) to EGFR
inhibitors, suggesting that other intermediates of the UC may be essential for the proliferation
of NSCLC. Beyond NSCLC, CPS1 upregulation, together with OTC and ARG1, was linked to
p53 loss in different cancer cells (Li et al., 2019), providing them with improved capability to

maintain a high rate of polyamine biosynthesis.

Another UC enzyme found to be upregulated in cancer is citrin (Lee et al., 2018a; Rabinovich
et al., 2020). In ASS1-deficient osteosarcoma cells, the silencing of citrin restricts aspartate
availability for pyrimidine biosynthesis and, at the same time, reduces the mTOR-dependent

activating phosphorylation of CAD and restricts proliferation (Rabinovich et al., 2015).



Additional studies in melanoma and osteosarcoma cells revealed that citrin could control not
only other metabolic pathways, including glycolysis, OXPHQOS, but also mitophagy, and
invasiveness through intra-organelle regulation of NAD/NADH ratio (Rabinovich et al., 2020).
The observation that citrin is upregulated in multiple cancer types, independent of ASS1
expression, provides further evidence for cancer dependence on the endogenous synthesis of
aspartate (Birsoy et al., 2015; Sullivan et al., 2015). It is likely that in cancers with high ASS1
expression the increased usage of endogenous aspartate could result in increased dependancyon

Glutamic-oxaloacetic transaminase, GOT1/2 for aspartate synthesis.

Other UC enzymes reported to be upregulated in specific tumor types are ASL and ASS1 for
the synthesis of de novo arginine. High ASL levels are present in a few tumor types, including
colon, liver, and breast, and are associated with poor survival (Gong et al., 2019; Huang et al.,
2015, 2017; Huang et al., 2013b). In liver cancer, the silencing of ASL resulted in decreased
proliferation and induction of apoptosis through BAX activation. Differently from ASL, high
ASS1 levels were observed in a more significant cohort of cancers, including ovarian, thyroid,
pancreatic, colorectal, gastric, esophageal, lung, cervical and squamous cell carcinoma
(Bateman et al., 2017; Delage et al., 2010; Keshet et al., 2020; Shan et al., 2015; Szlosarek et
al., 2007; Tsai et al., 2018). The upregulation of ASL and ASS1 in cancer is expected to
increase NO's cellular availability via the arginine-citrulline cycle. In cancer, NO exerts both
pro and anti-tumorigenic effects; e.g., it controls the activation of angiogenic (Jenkins et al.,
1995), mitogenic (ERK, EGFR), and oncogenic signaling cascades (mMTOR and WNT,
EMT,p53), but it can also restrict tumor progression, activate apoptosis and the immune
response against cancer cells (Albaugh et al., 2017; Keshet and Erez, 2018). We have shown
that ASL expression in enterocytes alleviates colitis and that its deficiency decreases NO levels
and consequently increases the severity of inflammation, contributing to inflammation-
associated colon cancers (Stettner et al., 2018). Furthermore, we recently demonstrated that
high ASS1 expression contributes to cancer survival under glucose deprivation in vitro and in
vivo due to increasing cGMP-mediated NO signaling and promoting gluconeogenesis by S-
nitrosylation of PC and PCK2 enzymes (Keshet et al., 2020).

Conversely, multiple other tumor types and hematological malignancies display reduced
expression of ASS1 and, to a lesser extent, of ASL, including myxofibrosarcoma,
hepatocellular carcinoma (HCC), bladder cancer, ovarian cancer, and pancreatic cancers (Allen
et al., 2014; Cao et al., 2019; Delage et al., 2010; Huang et al., 2013a; Kelly et al., 2012; Kim



et al., 2020; Syed et al., 2013; von Stechow et al., 2013). Furthermore, the expression of both
ASS1 and ARG?2 is lost in clear cell renal cell carcinoma (ccRCC), favoring tumor growth by
preserving pyridoxal from consumption and avoiding the accumulation of polyamines
(Ochocki et al., 2018). Another major metabolic consequence of the downregulation in ASS1
is the increase in the availability of its substrate aspartate to promote the activation of CAD,
thus facilitating pyrimidine synthesis and supporting cancer proliferation (Rabinovich et al.,
2015). Indeed, in different cancer types, the downregulation of ASS1 correlates with high
proliferation, increased metastasis and worse prognosis (Kobayashi et al., 2010) (Allen et al.,
2014) (Tan et al., 2014) (Tao et al., 2019).

Via ARG-mediated production of ornithine, the UC is intertwined with polyamine biosynthesis
affecting proliferation, survival, DNA and protein stability in cancer cells (Casero et al., 2018).
Indeed, ARG1 and ARG2 were both found to be expressed at different levels in prostate cancer
cells, and their expression seems to be stimulated by androgens (Gannon et al., 2010;
Mumenthaler et al., 2008; Weis-Banke et al., 2020). Silencing ARG1 and ARG2 in the prostate
cancer line LNCaP impaired their proliferation without affecting NO levels (Gannon et al.,
2010). ARG1 upregulation has also been associated with poor prognosis in colorectal cancers
(Krzystek-Korpacka et al., 2020; Ma et al., 2019), while in vitro, ARG1 overexpression in HCC
cells increased both cell migration and invasion through triggering of the epithelial-to-
mesenchymal transition (EMT) (You et al., 2018). ARG2 was found upregulated in different
tumor types, including breast basal-like tumors and occasionally in Her2* cancer cells (Roci et
al., 2019), malignant follicular thyroid lesions (Cerutti et al., 2006), gastric adenocarcinomas
(Takenawa et al., 2004), and acute myeloid leukemia (AML) (Mussai et al., 2013). In an elegant
work by Roci et al., it was demonstrated that arginine uptake and ornithine synthesis are among
the main metabolic reactions differentially active during the G2/M phase in cancer cells
compared to non-transformed cells. Intriguingly the knockdown of ARG2 in these cells impairs
polyamine synthesis and arrests proliferation in G2/M (Roci et al., 2019). In a pancreatic cancer
mouse model, ARG2 loss was found to push the diversion of excess nitrogen towards producing
other nitrogenous metabolites such as creatine, creatinine, aspartate, and glutamine (Zaytouni
et al., 2017). Furthermore, in a mouse model of pancreatic cancer, the obesity-driven
expression of ARG2 and ASS1 enables tumors to maintain low ammonia generation even in the

presence of a high glutaminolysis rate (Zaytouni et al., 2017).

While the expression of some UC enzymes can be either upregulated or downregulated in

different or even the same cancers, the expression of OTC and CPS1 was uniquely described



to be downregulated or upregulated, respectively. This is likely because both these changes
increase the levels of carbamyl-phosphate. Similarly, citrin expression is mostly upregulated
and is a prevalent phenomenon in many cancers to increase the availability of cytosolic
aspartate. Notably, both cytosolic carbamyl-phosphate and aspartate promote pyrimidine
synthesis by CAD. The observations that ARG and ASS1, and less often ASL, can be either
upregulated or downregulated in cancers can support the notion that their expression is
regulated by NO levels. Such flexibility in the expression of these enzymes occurs mainly in
cancers originating from blood, epithelial or immune cells, likely because these cells need to
dynamically regulate the expression of these enzymes in normal physiology. By analyzing the
cancer genome atlas (TCGA) database, we further found in cancers a prevalent simultaneous
dysregulation in expression of multiple UC enzymes that promotes pyrimidine synthesis by
increasing UC metabolites availability for CAD enzyme, thus supporting cancer proliferation
(Lee et al., 2018a).

Regulation of UC enzymes expression in cancer

The mechanisms for regulating the expression of UC enzymes are mostly shared between
cancer types and seem to be dictated by the nutrient availability in the tumor microenvironment
(Figure 2 and Table 1). Overall, the regulation of UC expression in tumors maximizes

substrate availability for enhancing proliferation.

Increased expression of UC genes in cancer cells can be obtained through different molecular
strategies. In NSCLC, it was demonstrated that LKB1 loss removes the AMPK-mediated
repression on FOXAL binding to the CPS1 gene (Kim et al., 2017). Additionally, silencing of
neurotensin (NTS), IL6, or IL6 signal transducer (IL6ST) leads to suppression of CPS1 in the
same cells (Yue et al., 2021). p53 is also involved in the regulation of CPS1, OTC, and ARG1
in colorectal, hepatic, and prostate cancer cells in which TP53 is mutated or lost (Li et al.,
2019). Of note, p53 was also shown to upregulate ASS1 expression in multiple cancer types
(Miyamoto et al., 2017). Other works proposed that ARG expression is under the control of
some oncogenes such as RAS (Roci et al., 2019), and AKT (Zaytouni et al., 2017) and, as
mentioned above, under the regulation of the androgen receptor in prostate cancer (Gannon et
al., 2010).

In most cancer types such as myxofibrosarcomas, mesothelioma, ovarian cancer, bladder
cancer, and brain tumors such as GBM, downregulation of ASS1 and ASL is attributed to

promoter hypermethylation (Allen et al., 2014; Huang et al., 2013a; Nicholson et al., 2009;



Syed et al., 2013; Szlosarek et al., 2006). In addition to the selection of ASS1 downregulation
to promote pyrimidine synthesis and support cancer proliferation, under hypoxia, ASS1
downregulation is controlled by a HIFla-mediated induction of miR-224-5p, leading to
increased levels of the upstream alkaline metabolites, ammonia, and glutamine. Thus,
following a hypoxia-induced acidic environment, ASS1-depleted cancer cells can maintain a
higher intracellular pH by increasing the levels of alkaline metabolites as glutamine and
glutathione, which provide them with a survival advantage (Silberman et al., 2019).

Yet, arginine deprivation, either by nutritional starvation or exposure to arginine-depleting
agents, induces an adaptive transcriptional upregulation of ASS1 and ASL in multiple tumors
such as GBM, melanoma, and bladder cancer in ex-vivo cultures and cell lines, resulting in
tumor resistance to arginine depleting treatment (Syed et al., 2013; Tsai et al., 2009; Yeon et
al., 2018). More recently, the concept that epigenetic reprogramming linked to nutrient
availability is responsible for regulating ASL and ASS1 expression levels has emerged. Indeed,
in arginine-deprived glioblastoma multiform cells, ASL and ASS1 are upregulated, likely
through a DNA demethylation-mediated process since an artificial gain of methylation at the
genetic locus of these genes prevents their activation by nutrient deprivation (Syed et al., 2013).
Differently, in AML cells, arginine deprivation induces ASS1 through activation of ATF4/
CEBPp axis and requires chromatin remodeling (Crump et al., 2021), while glucose
deprivation drives ASS1 expression in a c-MY C-dependent way (Keshet et al., 2020). Finally,
Long et al. showed that glutamine and arginine starvation indirectly boost ASS1 expression
relieving the transcriptional suppression mediated by HIF1A (Long et al., 2017).

It has been shown that arginine deprivation can induce an adaptive transcriptional upregulation
of both ASS1 and ASL, for example, in glioblastoma multiform ex vivo cultures and cell lines
(Syed et al., 2013). In addition, concurrent methylation in the CpG islands of both ASS1 and
ASL was demonstrated in a subset of glioma cases, indicating that they are not mutually
exclusive (Syed et al., 2013). The contrast between the multiple reports of changes in ASS1
expression in different cancers, and the scarce reports of cancers with changes in ASL
expression, could hence imply that perhaps in comparison to ASS1, ASL basal expression level
is more essential for cancer cells.

The multiple signaling molecules, cytokines and transcription factors that regulate UC enzymes
expression in addition to nutrient availability, further support the notion that their expression

is tightly regulated in a context dependent manner.

Tumor UC alterations have therapeutic implications



The observations that alterations in tumor UC affect metastasis formation suggest that changes
in the expression of UC enzymes in cancer cells can modify the tumor microenvironemt (TME)
finally affecting the immune system and metastasis initiation . In this context, several papers
have shown that dysregulation in the expression of UC genes in cancer can affect arginine
levels in the microenvironment and alter immune cells' activation. For instance, ovarian cancers
release small extracellular vesicles containing ARG1, which inhibits T-cell proliferation
(Czystowska-Kuzmicz et al., 2019), while the lower expression of ARG2 in a subgroup of head
and neck squamous carcinoma positively correlates with the infiltration of both CD11c*
myeloid dendritic cells and FOXP3* T-cells (Bron et al., 2013). Similarly, in prostate cancers,
androgen suppressive treatments boost T-cell activation and IFN-y secretion through
downregulation of ARG2 levels in the tumors (Gannon et al., 2010). Finally, AML cells that
express high levels of ARG2 release the enzyme both in the blood and in vitro leading to
suppression of T-cell proliferation (Mussai et al., 2013). Since immune cells depend on
arginine for their activity and survival, changes in the tumor-UC enzymes can consequently
regulate the immune response against cancer (Geiger et al., 2016; Mussai et al., 2015; Mussai
et al., 2019).

Beyond direct effects on immune cells’ proliferation, activity, and survival, it has been
demonstrated that cancer cells with dysregulated UC indirectly activate alternative strategies
to evade the immune system, with therapeutic implications. For instance, ASS1 highly
expressing cells gain a purine-rich mutational bias signature that generates less immunogenic
tumor-antigens (Keshet et al., 2020). In contrast, several UC changes occurring together in
other cancers were found to augment pyrimidine synthesis and generate a unique genomic
signature at the DNA, RNA, and protein levels. Intriguingly, inducing an imbalance between
pyrimidine and purine pools in favor of pyrimidine for example by using a purine inhibitor,
leads to an increased number of transversion mutations where purine is replaced by pyrimidine.
This mutational bias is associated with increased numbers of hydrophobic and more
immunogenic tumor antigens and a consequent better response to immune checkpoint

inhibitors, independent of mutational load (Lee et al., 2018a).

Interestingly, Zhang et al. used multi-omic analysis to show that within HCC tumors, three
different clusters of the distinct metabolic landscape were found, each harboring a unique
immune response (Zhang et al., 2019). Such heterogeneity in enzymatic expression including
the UC within the same tumor, can be explained by changes in the availability of different

metabolites in different regions within the tumor, leading to various epigenetic manifestations.
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Thus, the nutrient milieu can impose a phenotypic outcome beyond the cell-intrinsic metabolic
preferences (Kim and DeBerardinis, 2019).

Another UC related therapeutic approach against cancer is to directly target the dysregulated
UC enzyme, such as the upregulation of CPS1. Very recently, Yao et al. presenteda novel CPS1
inhibitor, H3B-120, that restricts pyrimidine biosynthesis in cancer cells that express high
CPS1 levels (Yao et al., 2020). In the case of NSCLC cells refractory to standard EGFR
inhibitors, the inactivation of CPS1 synergizes with gemcitabine, pemetrexed, and AZD7762
treatments (Celiktas et al., 2017).

An alternative approach focuses on the secondary metabolic effects that UC dysregulation
imposes on the surrounding cells. In this context, the dysregulated activity of some UC
enzymes within the tumors that induce depletion of arginine from the tumor niche limits T-
cells activation (Crump et al., 2021; Grzywa et al., 2020). To increase arginine availability and
consequently to boost immune cell activation, it has been recently proposed to develop
vaccines containing ARG2 epitopes (Weis-Banke et al., 2020). A few arginase second-
generation inhibitors, with improved pharmacokinetics and efficacy, are currently tested in
vitro and in vivo to treat cancers alone or in combination with other drugs (Grzywa et al., 2020).
In addition, loss of function of ASS1 in cancers abolishes endogenous arginine synthesis,
making the tumors arginine auxotrophic, i.e., depend on external supplementation of arginine.
This discovery led to the emergence of therapies that can induce arginine deprivation
selectively in cancer cells that do not express ASS1, in contrast to non-tumor cells that express
ASS1 and synthesize arginine. A promising agent in advanced clinical trials is the
mycoplasma-derived arginine deiminase (ADI-PEG20), a cloned arginine degrading enzyme
conjugated with polyethylene glycol (PEG), (Alexandrou et al., 2018; Ji et al., 2020;
Thongkum et al., 2017), alone or in combination with other drugs. For instance, Thongkum et
al. found in an in vitro model of HCC that a combination of ADI-PEG20 with 5-fluorouracil
(5-FU) affects pyrimidine synthesis, leading to tumor cells' apoptosis (Thongkum et al., 2017)
while DNA damage inducing apoptosis was achieved when Kim et al. tested in vitro the usage
of ADI-PEG20 with histone deacetylase inhibitor (HDACI) in a PDAC model (Kim et al.,
2020). Additional evidence was provided by Hall et al. that conducted a phase-1 trial for high-
grade glioma (HGG) patients combining ADI-PEG20, Cisplatin, and Pemetrexed, thinking that
ADI-PEG20 disrupts pyrimidine pools in ASS1-deficient HGGs, thereby augmenting the

sensitivity to the antifolate, Pemetrexed (Hall et al., 2019). Harding et al. described a successful
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trial for patients with HCC and other gastro-intestinal malignancies combining treatment with
ADI-PEG20 and modified FOLFOX6 (Harding et al., 2018) whileChang et al. combined ADI-
PEG20 with anti-PD-1 immune checkpoint blockade in various advanced solid tumors and
reported in a phase- 1b trial, encouraging results, further supporting the metabolic cross talk
between cancer and immune cells (Chang et al., 2018). Another agent used to generate arginine
deprivation is pegylated human arginase-1 (rhArglpeg5000, BCT-100). BCT-100 was
preclinically tested and showed efficacy against ASS1-low solid and hematological cancers, as
well as in several phase-1 clinical trials ((De Santo et al., 2018; Yau et al., 2015). ADI and
human arginase (hArg) are currently the two major protein drugs undergoing clinical trials to
induce arginine depletion as a strategy against cancer (Zhang et al., 2021). Both drugs share
side effects like increased immunogenicity and a relatively short half-life, features that were
alleviated with PEG usage. Although both agents deplete arginine levels, hArg and ADI play
different roles in arginine metabolism, and hence the strategy of using these two enzymatic
agents on cancer treatment varies. While ADI directly catalyzes arginine to citrulline and
ammonia, hArg hydrolyses arginine to ornithine. Thus, for the re-generation of arginine after
therapy, following ADI, recycling of accumulated citrulline to arginine requires expression of
ASS1 and ASL, while following hArg, there is an additional requirement of OTC for the
conversion of ornithine to citrulline. Indeed, compared to ADI, hArg displayed anti-cancer
properties in cancers with OTC- negative expression even when ASS1 was expressed (Cheng
et al., 2007). These findings indicate that choosing one drug over the other in the clinic should

be based on expression profiles of cancers, especially for ASS1 and OTC (Zou et al., 2019).

Recently, an additional arginine depleting agent, Arginine decarboxylase (ADC), showed
promising anti-cancer effects (Philip et al., 2003). ADC exists in the mammalian liver and is
responsible for catalyzing the conversion of arginine into agmatine and carbon dioxide. The
advantages of ADC are its low KM and the observation that in both normal and cancer cells, it
can rapidly deplete arginine into agmatine without being converted back to arginine. Yet, the

effects of agmatine on cancer cells require further investigation.

Notably, arginine depleting treatment can restore UC enzymes' expression (Syed et al., 2013;
Tsai et al., 2009; Yeon et al., 2018). Indeed, tumor cells continuously adapt to their changing
environment in order to survive and evade their targeting by drugs and the immune system.
Therefore, all these informations should be taken in account before selecting a specific

therapeutic agents.
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Conclusions and future perspectives

In general, it has been shown that some metabolic genes are consistently expressed in both
tumors and corresponding normal tissues, and their regulatory mechanisms maintained, such
as those driven by epigenetic changes (Gaude and Frezza, 2016; Hu et al., 2013). Yet, a tumor
is not a homogenous group of cells but rather a conglomerate of multiple "clones” of cells, each
clone harboring a potential advantage for tumor survival in response to changing environmental
cues. Following these notions, tumor express UC enzymes similarlyto their tissue of origin but
there is also heterogeneity in the expression of UC enzymes between different clones within
the tumor. Furthermore, there is a requirement for a new metabolic adjustment to support the

evolving tumor needs at each carcinogenic stage (Allen et al., 2014; Tan et al., 2014).

The dynamic nature of alterations in the expression of UC enzymes can be used as a prism to
understand metabolic changes during cancer evolution from the primary site to invasion and
metastasis (Figure 3). It is important to note that such metabolic reprogramming uniquely
promote the survival and growth of cancer cells. For example, high ammonia levels can lead
to neurotoxicity, yet cancer cells recycle ammonia and reuse it for amino and nucleic acid
synthesis. Additionally, although cancer hijacks physiologic-metabolic pathways, it rewires
them continuously for its benefit. Cells with upregulation of UC enzymes' expression can be
selected when UC products are needed for proliferation. Other clones with downregulation of
UC enzymes' expression can be selected to increase the availability of UC substrates. At times,
selection for both upregulation and downregulation of different UC enzymes can occur together
within the same clone, indirectly affecting other metabolic pathways connected through the
metabolic network. This dynamic process is constantly taking place within heterogeneous foci
of the tumor, driven by the microenvironment, at different time points along with cancer

progression.

These metabolic changes that provide tumors with the adaptability potential that enables their
evolution in the changing microenvironment, also make tumors therapeutically challenging.
Thus, treatment protocol needs to evolve alongside cancer progression. Alternatively, targeting
metabolic pathways active in tumors can induce a metabolic vulnerability that will synchronize
tumor heterogeneity and sensitize it to a specific drug. Hence, combining metabolic drugs with

standard anti-cancer drugs can improve the therapeutic outcome.
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Lastly, identifying and targeting this carcinogenic feature that enables metabolic adaptability

holds promise for future therapeutic modalities.
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FIGURE LEGENDS

Figure 1. Schematic representation of the reactions catalyzed by the UC enzymes and the
biological functions of UC intermediates. In hepatocytes, UC enzymes provide cells with the
capability to remove waste ammonia in the form of urea. UC enzymes generate de novo
arginine and ornithine in other cells to synthesize several metabolites, including NO and
polyamines. Purple circles indicate UC enzymes and their associated biological functions,
while pink ones indicate reactions and biological processes associated with the arginine-
citrulline cycle. Dashed black arrows indicate metabolites exchanged between cytosol and
mitochondria. ARG= arginase 1; ASA=argininosuccinate; ASL=Argininosuccinate Lyase;
ASS1=Argininosuccinate Synthase; CP=carbamoyl-phosphate; CPS1=Carbamoyl-phosphate
Synthase; NHs"=ammonia; NOS=Nitric Oxide Synthase; ORNT1=Ornithine Carrier 1,
OTC=Ornithine Transcarbamylase.

Figure 2. Alterations of the UC enzymes in cancer. Upper panel- UC enzymes and
associated reactions (purple circles) are upregulated in different cancer types. The consequent
metabolic changes are highlighted in red and indicated by red dashed arrows. Transcriptional
regulators responsible for the upregulation of the genes of the UC are also depicted (yellow=
activator protein; blue=suppressors). Lower panel- UC enzymes are suppressed in several
cancers (white circles). The UC metabolic reactions are highlighted with dark blue arrows,
while dashed black arrows indicate the metabolites exchanged within different subcellular
compartments. AKT=AKT Serine/Threonine Kinase; AR= androgen receptor; ARG= arginase
1; ASA=argininosuccinate; ASL=Argininosuccinate Lyase; ASS1=Argininosuccinate
Synthase; ATF4=Activating Transcription Factor 4, CAD=Carbamoyl-phosphate Synthetase
2; aspartate transcarbamylase, and dihydroorotase cGMP= cyclic Guanosine monophosphate;
c-MYC=MYC Proto-Oncogene; CP=carbamoyl-phosphate; CPS1=Carbamoyl-phosphate
Synthase; HIFLA= Hypoxia-inducible factor 1- alpha; KRAS= KRAS proto-oncogenes;
NH4+=ammonia; NO=nitric oxide; LKB1= Liver Kinase B1; IL6= interleukin 6; NOS=Nitric
Oxide Synthase; NTS= neurotensin; ORNT1=Ornithine Carrier 1; OTC=Ornithine
Transcarbamylase; PC= Pyruvate Carboxylase; PCK2= Phosphoenolpyruvate Carboxykinase
2; RAS= RAS proto-oncogenes; SNO= S-nitrosylation of cysteine thiol residues; TP53=
Tumor Protein P53.

Figure 3: ASS1 levels dynamically change during tumor evolution. While in the primary
tumor ASS1 downregulation promotes proliferation, as cancer grows and nutrients become

limiting ASS1 expression increases. High ASS1 expression increases NO generation and
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subsequently purine levels, supporting metastasis initiation by decreasing the anti-cancer

immune response.
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