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Abstract

The majority of melanoma cells do not express argininosuccinate synthetase (ASS), and hence
cannot synthesize arginine from citrulline. Their growth and proliferation depend on exogenous
supply of arginine. Arginine degradation using arginine deiminase (ADI) leads to growth
inhibition and eventually cell death while normal cells which express ASS can survive. This
notion has been translated into clinical trial. Pegylated ADI (ADI-PEG20) has shown antitumor
activity in melanoma. However, the sensitivity to ADI is different among ASS(—) melanoma cells.
We have investigated and reviewed the signaling pathways which are affected by arginine
deprivation and their consequences which lead to cell death. We have found that arginine
deprivation inhibits mTOR signaling but leads to activation of MEK and ERK with no changes in
BRAF. These changes most likely lead to autophagy, a possible mechanism to survive by
recycling intracellular arginine. However apoptosis does occur which can be both caspase-
dependent or independent. In order to increase the therapeutic efficacy of this form of treatment,
one should consider adding other agent(s) which can drive the cells toward apoptosis or inhibit the
autophagic process.
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INTRODUCTION

It has been known for years that certain cancers are auxotrophic for particular nonessential
amino acids. By exploiting the differences between normal human cells and cancer cells,
one can target these cancers and potentially reduce the side effects of the drugs. The best
example so far has been the use of asparaginase in the treatment of acute lymphoblastic
leukemia (ALL). ALL cells have a requirement for L-asparagine, a nonessential amino acid
in humans. By depleting this amino acid using asparaginase, ALL cells can be targeted and
drug toxicity reduced.
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BACKGROUND

Reversible inhibition of mitosis in lymphocytes cultures by mycoplasma was first noted by
Copperman and Morton in 1966 [1]. The mechanism behind mycoplasma inhibition of
lymphocyte transformation was later found to be due to arginine deprivation [2]. It was not
until 1990 that Sugimura identified arginine deiminase as the lymphocyte blastogenesis
factor originating from Mycoplasma arginini [3-5]. In the same year Miyazaki et al.
reported on the potent growth inhibition of human tumor cells in culture by arginine
deiminase purified from culture medium infected with mycoplasma [6]. Later, Takaku
described the in vivo antitumor activity of arginine deiminase [7, 8] in melanoma cell lines.

Why Some Tumor Cells are Sensitive to Arginine Deprivation by Arginine Deiminase?

The amino acid arginine is involved in several important cellular functions. These include
polyamine synthesis, creatine production and nitric oxide production [9-11]. Arginine is the
only endogenous source of nitric oxide in humans [9]. In adult humans, arginine is
considered a nonessential amino acid since it can be synthesized from citrulline. However,
endogenous production of arginine may be insufficient under certain circumstances such as
cell proliferation or wound healing. In tumor cells with high proliferation rate, exogenous
arginine is required for their growth. Subsequently, it was discovered that melanoma cells
are more sensitive to arginine deprivation.

Arginine is synthesized from citrulline via the urea cycle (see Fig. 1). There are two key
enzymes involved: (i) argininosuccinate synthetase (ASS) which converts L-citrulline and
aspartic acid to argininosuccinate and (ii) argininosuccinate lyase (ASL) which then
converts argininosuccinate to L-arginine and fumaric acid. L-arginine can also be degraded
by the urea cycle enzyme arginase to L-ornithine. L-ornithine is converted back to L-
citrulline by ornithine carbamoyltransferase (OCT) and then is recycled back to arginine.
Wheatley has suggested that ASS and ASL are tightly coupled [12-14]. The sensitivity of
tumor cells to arginine deprivation may depend on their ability to synthesize arginine from
alternative intermediates in the urea cycle such as citrulline.

We and others have shown that melanoma cells do not express argininosuccinate synthetase
(ASS) and hence are very sensitive to arginine deprivation. Treatment with arginine
deiminase inhibits growth and induces cell death in melanoma cells [15-17]. In tumor or
normal cells which possess ASS, treatment with ADI results in no growth inhibitory effects.
In fact, transfection of ASS mRNA in melanoma cells results in resistance to ADI treatment
[16, 17]. This concept has been exploited to treat tumor cells which lack ASS.

Which Arginine Degrading Enzyme Should be Chosen to Degrade Arginine?

There are three enzymes which can catabolize arginine: arginase, arginine decarboxylase
and arginine deiminase (ADI). Arginase has a low affinity for arginine, and larger amounts
of the enzyme may be required to produce a response. Furthermore, for arginase the optimal
pH is 9.5 which is higher than the physiological value. On the other hand, Wheatley has
shown that arginase may be effective at lower pH of 7.2 to 9 [18]. It is important to note that
arginase catabolizes arginine to ornithine. The liver and small bowel are known to be able to
convert ornithine to citrulline due to the presence of OCT. It is not clear whether other
normal tissues are able to do this since OCT gene is hypermethylated and not expressed in
other normal tissues. Thus, there is the potential for normal tissue toxicity from the use of
arginase. Despite these potential problems, pegylated arginase has been shown to have both
in vitro and in vivo activity in hepatocellular carcinoma [19, 20]. Arginine decarboxylase
converts arginine to agmatine, which cannot be converted back to arginine and is relatively
toxic to normal cells. Therefore, arginine decarboxylase is less favorable. Arginine
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deiminase degrades arginine to citrulline and ammonia. Tumor cells which lack ASS
expression will not be able to synthesize arginine from citrulline while normal cells are able
to do so. Thus, normal tissue toxicity can be avoided by this approach. Another advantage is
that ADI is active at physiological pH and, unlike arginase, has high affinity for arginine
[21]. The major drawback for ADI is that it is not a normal human enzyme but of
mycoplasma origin. Therefore, ADI is highly immunogenic and has a short half-life. One
method to prolong the half-life of the enzyme and reduce immunogenecity is by pegylation.
A number of pegylated forms of ADI have been tested. One pegylated form of ADI has been
developed by Polaris, Inc. (formerly Phoenix Pharmacologics) termed ADI-PEG20. After
extensive toxicology testing, ADI-PEG20 has entered clinical trial, and antitumor activity
has been seen in melanoma and hepatocellular carcinoma [22-26].

Arginine Deprivation Affects mTOR Signaling

Although arginine is a nonessential amino acid in normal cells which possess ASS;
however, in ASS(—) tumor cells, it becomes an essential amino acid. Arginine deprivation
inhibits mTOR, similar to that reported with nutritional deprivation or leucine (essential
amino acid) deprivation. We have found that upon arginine deprivation, ASS(-) cells
activate AMPK, which is known to regulate mTOR activity via energy/nutrient sensing [27-
29]. When cells are deprived of ATP (high AMP/ATP ratio), AMPK is activated through
phosphorylation by LKB or other upstream kinase(s) [30, 31]. Activated AMPK down
regulates energetically demanding processes like translation by inhibiting mTOR [29]. In
this regard, we have studied the effects of ADI-PEG20 treatment on ATP levels and AMPK
activation. Our data showed that the ATP decreased by 30-60% at 72 h in 4 melanoma cell
lines tested (Mel1220, A2058, SK-Mel-2 and A375). However, there are no changes in LKB
level [16]. Thus, other upstream kinases may be involved. Activation of AMPK results in
mTOR inhibition as evidenced by decreased 4E-BP phosphorylation, while p70S6K
phosphorylation shows a decrease in 3 cell lines, but increase in one cell line in which ASS
can be induced (A2058) [16]. It is possible p70S6K is phosphorylated by other upstream
kinases. Our data demonstrated that upon arginine deprivation in ASS(—) melanoma cells,
activation of AMPK occurs which in turn has a negative impact on mTOR activity.

Arginine Deprivation on RAF/MEK/ERK1/2 Signaling

It is known that approximately 60% of melanoma tumors possess BRAF mutation (V600E).
Activation of BRAF has been shown to be one of the major growth signaling for melanoma.
In fact, BRAF inhibitors have been developed to treat melanoma [32, 33] with variable
success depending on the specificity of the compound. We have found that upon treatment
with ADI-PEG20, activated MEK and ERK as detected by the phosphorylated form
increased while no significant changes occurred in BRAF (Fig. 2) [34]. Interestingly, the
addition of MEK inhibitor (U0126) increased both growth inhibitory effect and apoptosis
when used in combination with ADI-PEG20 treatment (Fig. 3). Thus, it appears that
activation of MEK and ERK may be an attempt for the cells to survive upon arginine
deprivation. Therefore, by inhibiting MEK/ERK, the cells can eventually undergo apoptosis.

Arginine Deprivation Leads to Autophagy in ASS(-—) Cells

It is known that nutritional deprivation can lead to autophagy, a lysosomal degradation
pathway in which proteins or organelles are sequestrated into autophagosomes which then
fuse with lysosomes and degraded [35, 36]. This process can be rapidly activated as an
adaptive catabolic process in response to different forms of metabolic stress such as
nutritional deprivation, hypoxia or growth factor withdrawal [37—-39]. The signaling
mechanisms of autophagy are complex and involve multiple pathways, depending upon the
cellular context and type of inducers [40-45]. Two evolutionally conserved nutrient
pathways play a role in autophagy regulation: (i) Inhibition of mMTOR activity which turns
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off the energy consuming translational process during autophagy and (ii) activation of the
eukaryotic kinase initiation factor 20 (GCN2) which represses general translation but
upregulates transcriptional activator ATF4 which is required to transcribe stress related
genes [46, 47]. Downstream of the TOR kinase, there are 17 genes which are involved in the
autophagic process in yeast, termed ATG genes. The ATG gene is involved in the
generation and maturation of autophagosome [48]. It is generally accepted that Vps34 (P13
kinase class I11) and Beclin 1 (ATG6) are involved in the vesicle nucleation process [36, 49].
On the other hand, autophagy can also lead to cell death (program type Il or non-caspase-
dependent cell death) which is characterized by degradation of organelles but preserved
cytoskeletal process [47, 50]. Autophagic cell death is known to occur during developmental
process [51, 52] and recently in cancer chemotherapy and hormonal therapy [53, 54]. We
have found that, upon arginine deprivation, ASS(—) melanoma cells undergo autophagy
(Fig. 4A), most likely as part of the adaptive mechanism to avoid cell death. These findings
also have been shown by Kim et al. in prostate cancer cell lines which do not express ASS
[55, 56]. In fact, our preliminary data also suggest that knock down of Beclin 1 increased
cell death resulting from ADI-PEG20 treatment by 20-30% (Fig. 5). In addition,
augmentation of autophagy using mTOR inhibitor CCI-779 did not result in increased cell
death. Treatment with CCI-779 at 0.05 ug/ml resulted in 4% cell death while ADI-PEG20
(0.1 ug/ml) yielded 9-10% cell death and in combination only 6—7% cell death. It appears
that mTOR inhibitor may have protective effect. Thus, these data do not support the notion
that increased autophagy results in cell death. Overall, ADI-PEG20 or arginine deprivation
treatment induces autophagy in ASS(—) melanoma cell lines; most likely this process
represents a mechanism for survival.

How Arginine Deprivation Induces Cell Death in ASS(—) Melanoma Cells?

Two major forms of cell death, apoptosis and necrosis, have been studied in detail. The
majority of traditional chemotherapeutic agents induce cell death via apoptosis which can be
caspase-dependent or independent. Recently, autophagic cell death has also been described
in tumor cells treated with certain chemotherapeutic agents such as temozolomide [53].
Whether arginine deprivation results in autophagic cell death is not entirely clear. However,
arginine deprivation has been shown to induce apoptosis by Gong et al. in human
lymphoblastic cell lines [57]. Szlosarek et al. also have shown that ASS(—) mesothelioma
cells undergo apoptosis upon arginine deprivation via Bax activation [58, 59]. We have
shown that arginine deprivation induces apoptosis in ASS(—) melanoma cell lines [15, 16].
The pathway to apoptosis is not yet clear. Our data indicate that treatment with ADI-PEG20
(0.1 ug/ml) for 6 days results in apoptosis in ASS(—) melanoma cell lines (Fig. 4B). Please
note that at this dosage, there is no arginine left in the media in 24 h [15]. The exposure time
that lead to apoptosis (ranging from 3—-6 days) as well as the extent of apoptosis are different
among melanoma cell lines and may be related to the antiapoptotic machinery in the cells.
Mel1220 which lacks ASS but has high Bcl-2 undergoes autophagy while apoptosis does not
occur until day 5-6 (Fig. 4A & B). Our results also indicate increased caspase activity upon
ADI-PEG20 treatment which suggests that cell death is caspase-dependent (Fig. 4B). The
addition of caspase 3 inhibitor can block only 80-85% of cell death which implies that
caspase-independent cell death may also take place in a small portion of the cell population
(data not shown). In contrast, Kim et al. have shown that arginine deprivation-induced
apoptosis in prostate cancer cell line is caspase-independent [55, 56]. Thus, apoptosis most
likely occurs via both caspase-dependent and independent pathway depending on the cell
type. Overall, from our data and those reported in the literature, arginine deprivation results
in cell death via apoptosis. The question remains whether autophagy can also lead to
apoptosis or it is a mechanism solely for survival or both is not yet clear. Our preliminary
data and others which showed that silencing Beclin 1 increases cell death support the notion
that autophagy plays a major role in survival. Another indirect evidence from our data is that
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MEK inhibitor U0126 inhibits autophagy and increases cell death (Figs. 2, 3A & B). MEK
and ERK have been shown to be involved in autophagy via noncanonical pathway [60, 61].
Recently, Wang et al. [60] have shown that basal MEK/ERK activation prevents the
disassembly of mMTORC1 and mTORC2 complexes. However, activation of MEK/ERK by
AMPK upon amino acid deprivation stimulates the disassembly of mMTORC1 complex,
which leads to autophagy. Furthermore, sSiRNA of MEK and ERK has been shown to inhibit
the autophagy. On the other hand, Pattingre et al. have shown that amino acids interfere with
ERK1/2-dependent autophagy, via phosphorylation of GAIP [61]. GAIP is a protein
belonging to RGS family, which can stimulate autophagy by increasing the GTPase activity
of the G protein and control the formation of autophagic vacuoles. Overall, from our data as
well as those available in the literature, we propose that treatment with ADI-PEG20 in
ASS(—) melanoma cells results in activation of AMPK, which leads to mTOR inhibition,
MEK/ERK activation, and autophagy as a survival mechanism (Fig. 6). On the other hand,
arginine deprivation also primes the cells to undergo apoptosis as evidenced by Bax
activation [59] and increased DR4/5 expression [62]. When autophagy can no longer
provide arginine, the cell will undergo apoptosis (Fig. 7).

How ASS(—) Cells Evade Apoptotic Cell Death Induced by Arginine Deprivation?

There are two main mechanisms by which cells do not respond to arginine deprivation in
vivo. The first mechanism involves tumor cells which possess high ability to undergo
autophagy but are apoptosis- resistant. The second mechanism involves tumor cells which
can turn on ASS mRNA once they are in arginine-free media. In the second scenario, we
have found tumor cells obtained from patients upon relapse re-express both ASS mRNA and
ASS protein [24]. In the in vitro model we have also found certain cell lines in which ASS
can be induced rather rapidly such as A2058 while in other cell lines such as A375 and
Mel1220, ASS mRNA cannot be induced [16]. We have recently shown that HIF-1a and c-
Myc are important transcriptional factors in ASS regulation [63]. With regard to the first
scenario, we have found that cell lines which overexpress Bcl-2 can undergo autophagy but
are resistant to apoptosis unless there is absolutely no arginine in the media. Total lack of
arginine is often difficult to achieve in vivo due to supply of arginine from endothelial cells
or other normal cells by cell to cell communication. Thus, to overcome this form of
resistance, a second drug must be added to push the cells to apoptosis either through the
extrinsic or intrinsic pathway. In this regard, we have found that combination of ADI-
PEG20 with cisplatin can increase apoptosis in melanoma cell lines (Fig. 8A). The
enhancement effect may also be partly due to increase in DNA damage (Fig. 8B) [64]. Other
agents such as TRAIL or Bcl-2 antagonist should also be taken into consideration.

CONCLUDING REMARK

The majority of melanomas do not express ASS and hence cannot synthesize arginine from
citrulline. Arginine deprivation by the arginine-degrading enzyme arginine deiminase leads
to apoptotic cell death while sparing ASS(+) normal cells. We have found that arginine
deprivation in these ASS(—) tumor cells leads to decreased ATP and activation of AMPK
and eventually inhibition of mMTOR. We have also found activation of MEK/ERK with
minimal changes in BRAF. Inhibition of mTOR leads to autophagy, a mechanism which
enables cells to recycle intracellular arginine. The capability of melanoma cells to undergo
autophagy and adapt to levels of arginine is different among melanoma cell lines and may
depend on the anti-apoptotic as well as autophagic machinery. However, caspase-dependent
and independent apoptosis eventually occur in all ASS(—) melanoma cell lines treated with
ADI-PEG20.

From our data as well as data from other laboratories, it appears that autophagy is a
mechanism for surviving rather than cell death upon arginine deprivation. Combination of
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agent(s) which can inhibit autophagy or overcome antiapoptotic machinery can be used with
arginine deprivation to potentially increase antitumor activity in melanoma.
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Enzymes in urea cycle. The dotted line represents the conversion of arginine to citrulline by

ADI, a mycoplasma enzyme.
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Fig. 2.

Immunoblot of p-ERK1/2, p-MEK and p-BRAF as well as LC3I-11, a marker for autophagy.
The appearance of LC3-11 or an increase of LC3-1 to Il represents autophagic process. Cells
were treated with ADI-PEG20 (0.06 ug/ml) alone, U0126 (5 uM) alone or both for 72 h.
Note: Treatment with ADI-PEG20 increased MEK and ERK phosphorylation while no
changes occurred in BRAF. The addition of MEK inhibitor decreased p-MEK and p-ERK as
well as decreased autophagy as detected by the disappearance of LC3-I1 band.
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Fig. 3.

A. Growth inhibitory effect with ADI-PEG20 alone (15%), U0126 alone (25%), and in
combination (80%) in a melanoma cell line, Mel1220. B. Apoptosis assay by flow
cytometry which detects caspase activity and cell death after treatment with ADI-PEG20
(0.05 ug/ml) and U0126 (5 uM). Note: Treatment with ADI-PEG20 alone or U0126 alone
produced only 3-6% of cells which were positive for caspase activity and less than 10% cell
death (data not shown), while combination treatment produced 26% of cells which are
positive for caspase activity and 30% cell death.

Curr Mol Med. Author manuscript; available in PMC 2011 May 17.



1duasnuey Joyiny vd-HIN 1duasnuey Joyiny vd-HIN

1duasnuey Joyiny vd-HIN

Savaraj et al.

o
N
o ¥
[]
B < =
& bel-2
A Mel1220
0 72h 5d 5
TS Y —  ACtIN
—— LC3-
——Lc3 Caspase Caspase and PI
L 1 B
S
N
~
°
g : / d.
o
i i i
©
2
B gy o i o
2 s
<

Fig. 4.

Page 12

A. Autophagy as detected by increased LC3-11 by western blot and immunofluorescence in
Mel-1220 after treatment with ADI-PEG20 for 72 h, and 5 days at 0.06 ug/ml. B. Apoptosis
as detected by increased caspase activity and cell death after 6 days of treatment at 0.1 ug/ml

of ADI-PEG20 in Mel1220.
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Increased cell death after silencing Beclin 1 mRNA. The percentage of cell death increased
by 20% upon treatment with 0.1 ug/ml of ADI PEG20 for 3 days.
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AUTOPHAGY

Fig. 6.
Growth signaling pathway affected by arginine deprivation in ASS(—) cells which leads to
autophagy.
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Possible mechanism of autophagy and apoptosis upon ADI-PEG20 treatment. Treatment
with ADI-PEG20 which depletes arginine in the media will first lead to autophagy as a
survival mechanism. With longer duration of exposure and higher dose, apoptosis does
occur via Bax/Bak activation. * possible link between autophagy and apoptosis (caspase-

independent cell death).
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A. Apoptosis as detected by increased caspase activity and cell death by PI staining in A375
cells. ADI-PEG20 alone at 0.05 ug/ml showed 10% cell death (data not shown), cisplatin
alone showed 20% of cells positive for caspase activity and 30% cell death as indicated by
P1 staining while for the two drug combination the caspase activity increased to 75% and
90% cell death. B. Immunofluorescence of gamma-H2AX (bright dots) which depicts DNA
damage. Cisplatin alone showed some increase in gamma-H2AX while the two drug
combination showed more cells positive for gamma-H2AX.
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