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Abstract

Deregulating cellular energetics by reprogramming metabolic pathways, including arginine metabolism, is critical for cancer
cell onset and survival. Drugs that target the specific metabolic requirements of cancer cells have emerged as promising
targeted cancer therapeutics. In this study, we investigate the therapeutic potential of targeting colon cancer cells using
arginine deprivation induced by a pegylated cobalt-substituted recombinant human Arginase I [HuArgl (Co)-PEG5000].
Four colon cancer cell lines were tested for their sensitivity to [HuArgl (Co)-PEG5000] as well as for their mechanism of
cell death following arginine deprivation. All four cell lines were sensitive to arginine deprivation induced by [HuArgl
(Co)-PEGS5000]. All cells expressed ASS1 and were rescued from arginine deprivation-induced cytotoxicity by the addi-
tion of excess L-citrulline, indicating they are partially auxotrophic for arginine. Mechanistically, cells treated with [HuArgl
(Co)-PEG5000] were negative for AnnexinV and lacked caspase activation. Further investigation revealed that arginine
deprivation leads to a marked and prolonged activation of autophagy in both Caco-2 and T84 cell lines. Finally, we show
that [HuArgl (Co)-PEG5000] causes cell death by sustained activation of autophagy as evidenced by the decrease in cell
cytotoxicity upon treatment with chloroquine, an autophagy inhibitor. Altogether, these data demonstrate that colon cancer
cells are partially auxotrophic for arginine and sensitive to [HuArgl (Co)-PEG5000]-induced arginine deprivation. They also
show that the activation of autophagy does not play protective roles but rather, induces cytotoxicity and leads to cell death.
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Introduction

Colorectal cancer (CRC) is the third most common type of
cancer and the fourth leading cause of cancer-related mortal-
ity worldwide [1]. CRC death rate has been declining due
to better screening and improved treatment, however, prog-
nosis of patients with stage IV disease remains poor with
an overall 5-year survival rate ranging from 7.4 to 14.2%,
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depending on the age group [1, 2]. Hence, the need for a bet-
ter understanding of CRC and for more potent and selective
therapeutic approaches for the treatment of late stage CRC
[3-6]. One such approach consists of targeting the metabolic
requirements of tumors, which are critical for their onset,
survival and progression. Arginine is a semi-essential amino
acid synthesized from L-citrulline and aspartate by the urea
cycle enzymes, argininosuccinate synthetase-1 (ASS1) and
argininosuccinate lyase (ASL) [7]. Several studies have
shown that the availability of abundant arginine reserves is
critical for the proliferation and survival of cancer cells [8].
Studies have also shown that many tumor types lacking the
ASS1 enzyme rely on extracellular sources of arginine for
survival, hence becoming completely auxotrophic for this
amino acid. Moreover, even in tumors that do express ASS1,
the rate of arginine synthesis is not sufficient to meet the
cells growth and survival requirements of the tumor. This
forces tumor cells to still depend on extracellular sources
of arginine, hence rendering them partially auxotrophic for
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arginine [9-11]. Given arginine’s critical role in providing
the metabolic requirements to both completely and partially
auxotrophic tumor cells, arginine deprivation has emerged
as a promising therapeutic approach for targeting CRC
tumor types that exhibit complete or partial auxotrophy for
arginine.

Arginine deprivation can be achieved using the human
arginine-degrading enzyme: L-arginase I (HuArgl). Native
human arginase hydrolyses arginine to urea and ornithine. It
is conjugated to two Mn>* ion cofactors, which were found
to be rapidly lost in serum, leading to a low saturation con-
stant and a short half-life of the enzyme when administered
systemically [12]. To overcome this, a recombinant human
L-arginase I, in which the Mn>* ions were replaced by Co**
ions was designed. The cobalt-substituted, human L-arginase
I [HuArgI(Co)] recombinant enzyme exhibited a signifi-
cantly higher activity (approximately tenfold higher kcat/
km) as well as a higher serum stability, compared to the
native enzyme [12]. Serum stability was further enhanced
through the addition of polyethylene glycol generating a
recombinant, pegylated, cobalt-substituted, human arginase
I [HuArgl (Co)-PEG5000] with improved catalytic activity,
higher stability and reduced immunogenicity [13, 14].

Targeting cancer metabolic requirements, including
amino-acid restriction, is currently being investigated as a
potential treatment for several tumor types. Human cyst(e)
inase enzyme for instance, is used to induce cysteine depri-
vation in a number of tumors, and L-asparaginase has been
approved for the treatment of acute lymphoblastic leukemia
[15, 16]. Similarly, arginine deprivation using [HuArgl (Co)-
PEGS5000] has shown promising results in the selective tar-
geting of several tumor types, namely, hepatocellular carci-
noma (HCC), T-cell acute lymphoblastic leukemia (T-ALL),
acute myeloid leukemia (AML), glioblastoma (GBM) and
ovarian cancer [10, 11, 17-21].

Despite the large amount of evidence accumulated on
arginine deprivation therapy, the mechanism of cell death,
as well as the contribution of autophagy to the arginine dep-
rivation-induced cytotoxicity in cancer cells remains poorly
understood. Autophagy, a self-degradative process is gener-
ally perceived as a protective survival mechanism that gets
activated in response to nutrient deprivation to allow cells
to manage their energy resources.

Deregulation of autophagy, however, has also been linked
to non-apoptotic forms of programmed cell death [22, 23].
Autophagy activation following amino-acid deprivation
has been well documented, hence the need to examine
autophagy activation in this study. Furthermore, the impact
of the increase in the autophagic flux on the response of can-
cer cells to different therapeutics remains unclear and varied
from protective to death-inducing, depending on the tumor
type. For example, activation of autophagy had a protective
role in cisplatin-resistant ovarian cancer cells targeted with a

sphingosine analog, while it induced autophagic cell death in
drug-resistant Burkitt’s lymphoma cells treated with fluox-
etine [24-26]. We have previously shown that autophagy
plays a protective role at early time points in GBM and AML
cells subjected to arginine deprivation [10, 11]. We have
also recently demonstrated that the long-term activation of
autophagy following arginine deprivation in ovarian cancer
cells is the mechanism which leads to cell death in these
cells [21].

Arginine auxotrophy in colon cancer cells has been exten-
sively studied. However, the potential of targeting this argi-
nine auxotrophy using arginine deprivation, in addition to
the degree of activation of autophagy and its potential impact
on cytotoxic cell death, have not been investigated yet. In
this study, we attempt to target arginine auxotrophy in colon
cancer cells using [HuArgl (Co)-PEG5000]-induced argi-
nine depletion and determine the impact of autophagy acti-
vation on the response of these cells to arginine deprivation.

Materials and methods
Cell culture

Human colon cancer cell lines Caco-2, SK-Co-1, SW837
and T84 were purchased from the American type culture
collection (Manassas, VA, USA). The cells were grown
at 37 °C and 5% CO2 in DMEM (Dulbecco’s Modified
Eagle’s Medium) supplemented with 10% Fetal Bovine
Serum (FBS) (Sigma, Danvers, MA) and 100 U penicillin/
streptomycin.

Proliferation inhibition assay (cytotoxicity)

Pegylated human recombinant Arginase I cobalt [HuArgl
(Co)-PEG5000] (Pegzilarginase) was a kind gift from Aea-
glea BioTherapeutics (Austin, TX, USA). Cytotoxicity of
[HuArgl (Co)-PEG5000] was determined using a prolif-
eration inhibition assay as described previously [27, 28].
Briefly, aliquots of 10* cells/well were plated in 96-well
plates and treated in triplicate with or without [HuArgI (Co)-
PEG5000] at concentrations ranging from 10~ to 1073 M.
Where indicated, L-citrulline, or chloroquine (CQQ) were
added to the wells at fixed final concentrations of 11.4 mM
for L-citrulline and 50 or 100 pM for CQ, respectively before
treatment with [HuArgl (Co)-PEG5000]. Following 24, 48,
72, 96, or 120-h treatment period, XTT cell proliferation
reagent (Roche, Basel, Switzerland) was added to each well
and the plates were incubated for another 4 h at 37 °C and
5% CO,. Absorbance was read at 450 nm using a microplate
reader (Varioskan). Nominal absorbance and percent maxi-
mal absorbance were plotted against the log of concentration
and a non-linear regression with a variable slope sigmoidal
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dose-response curve was generated along with ICs, using
GraphPad Prism 5 software (GraphPad Software, San Diego,
CA).

Analysis of argininosuccinate synthetase 1
expression

The expression of argininosuccinate synthetase-1 (ASS1)
was determined by flow cytometry and western blot, as
described previously [4, 21]. Briefly, for flow cytometry,
cells were fixed in ethanol then incubated with a solution
of anti-ASS1 mouse monoclonal antibody (Sigma, Dan-
vers, MA) diluted to a final concentration of 1/100 for 1 h
at 37 °C. Cells were then incubated for 30 min with FITC-
conjugated rabbit anti-mouse polyclonal antibody (Santa
Cruz Biotechnology, Santa Cruz, CA) diluted to the final
concentration of 1/100. The isotypic control consisted of
cells incubated with a mouse IgG (Sigma, Danvers, MA)
and a FITC-conjugated rabbit anti-mouse polyclonal anti-
body (Santa Cruz Biotechnology, Santa Cruz, CA). After
incubation with the secondary antibodies, cells were washed
once and read using a C6 flow cytometer (BD Accuri, Ann
Arbor, MI). Expression of ASS1 was determined using the
ratio of fluorescence intensity (RFI) between the mean fluo-
rescence intensity (MFI) of the stained cells and the MFI
of the isotypic control. RFI >2.0 was considered positive.
For western blot, cells were lysed using the Qproteome
Mammalian Protein Prep Kit (Qiagen Inc., US), boiled for
5 min, then separated by SDS-PAGE on 12% gels and trans-
ferred to PVDF membranes for 80 min at 85 V. Membranes
were blocked with 5% BSA for 1 h at room temperature
then incubated with an anti-ASS1 mouse monoclonal anti-
body (Sigma, Danvers, MA) overnight at 4 °C. Membranes
were then washed and incubated with an HRP-conjugated
rabbit anti-mouse IgG (Santa Cruz Biotechnology Inc.,
US) for 2 h at room temperature then washed and treated
with western blotting chemiluminescent reagent ECL (GE
Healthcare, UK). Bands were visualized using the Chemi-
Doc XRS +imaging system (BioRad Laboratories Inc., UK).

Cell cycle analysis

Cell cycle distribution was analyzed by flow cytometry
using Propidium lodide (PI)-staining (Molecular Probes,
OR, USA), as described previously [29]. Briefly, colon
cancer cells were plated in six-well plates and treated with
cell media or 107 M of [HuArgl (Co)-PEG5000] for 48 or
72 h. Following, cells were harvested and the cell pellet was
washed with PBS 1X and fixed in 70% ice-cold ethanol over-
night. Cells were then stained in a (50 mg/ml) PI staining
solution for 40 min at 37 °C. The fluorescence intensity was
then measured by flow cytometry using a C6 flow cytometer
(BD Accuri, Ann Arbor, MI). Total cell DNA content was
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measured on FL2-A and the percentage of cell distribution
in GO/G1, S and G2/M phase was determined for control
HuArglI (Co)-PEGS5000 treated cells, respectively. Cells were
gated on width versus forward scatter.

Analysis of the mechanism of cell death

Type of cell death was determined using Annexin V-FITC/
Propidium Iodide (PI) staining (Abcam, Cambridge, MA)
and staining for active caspases through a FITC-conjugated
active caspase inhibitor assay (ApoStat Apoptosis Detection
Kit, R&D Systems, Abingdon, England) on flow cytometry,
in addition to PARP cleavage on western blow, as described
previously [4, 30]. Briefly, for flow cytometry, cells were
incubated with media alone or media containing the high-
est concentration of HuArgl (Co)-PEG5000 (1077 M) for
24 h. After treatment, cells were harvested and incubated
at 37 °C with annexin V-FITC antibody and PI for 45 min
or with ApoStat for 30 min then harvested. Annexin V/PI
was read on FL1-H versus FL2-H scatter plot and active
caspase staining was read on FL1-H. For western blot, cells
incubated with media alone or [HuArgl (Co)-PEG5000]
(10" mol/L) for 24 and 48 h, were lysed using the Qpro-
teome Mammalian Protein Prep Kit (Qiagen Inc., US),
boiled for 5 min, then separated by SDS-PAGE on 12% gels
and transferred to PVDF membranes for 80 min at 85 V.
Membranes were blocked with 5% BSA for 1 h at room
temperature then incubated with an anti-PARP monoclonal
mouse antibody (Sigma, Danvers, MA) overnight at 4 °C.
Membranes were then washed and incubated with an HRP-
conjugated rabbit anti-mouse IgG (Santa Cruz Biotechnol-
ogy Inc., US) for 2 h at room temperature then washed and
treated with western blotting chemiluminescent reagent
ECL (GE Healthcare, UK). Bands were visualized using
the ChemiDoc XRS +imaging system (BioRad Laborato-
ries Inc., UK).

Analysis of autophagy activation

Analysis of the flux through autophagy was performed using
the Cyto-ID autophagosome detection kit on flow cytometry
and LC3 cleavage on western blot, as described previously
[4, 21]. For flow cytometry, cells were incubated with either
media alone or with 0.5 pM rapamycin (positive control),
107 M [HuArgl (Co)-PEG5000], 50 uM of the downstream
autophagy inhibitor chloroquine (CQ), or a combination of
CQ and [HuArgl (Co)-PEG5000]. At 24, 48, 72, 96 and
120 h after treatment, cells were harvested, washed and incu-
bated with the Cyto-ID stain for 40 min before analysis using
the Accuri C6 flow cytometer. Cells were gated on width
versus forward scatter and the percent of cells with increased
Cyto-ID staining (increased autophagosome formation) was
detected on FL1-H. For Western blot, cells incubated with
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media alone, [HuArgl (Co)-PEG5000] (1077 mol/L), chlo-
roquine (50 uM) or a combination of both were lysed using
the Qproteome Mammalian Protein Prep Kit (Qiagen Inc.,
US), boiled for 5 min, then separated by SDS-PAGE on 12%
gels and transferred to PVDF membranes for 80 min at 85 V.
Membranes were blocked with 5% BSA for 1 h at room
temperature then incubated with a rabbit polyclonal anti-
LC3 antibody (Cell Signaling Technology Inc., US) over-
night at 4 °C. Membranes were then washed and incubated
with an HRP-conjugated mouse anti-rabbit IgG (Santa Cruz
Biotechnology Inc., US) for 2 h at room temperature then
washed and treated with western blotting chemiluminescent
reagent ECL (GE Healthcare, UK). Bands were visualized
using the ChemiDoc XRS +imaging system (BioRad Labo-
ratories Inc., UK).

Results

[HuArgl (Co)-PEG5000] is cytotoxic to a panel
of colon cancer cells

Arginine deprivation induced by treatment with [HuArgl
(Co)-PEG5000] at concentrations ranging between 1077 and
10713 M was cytotoxic to all four colon cancer cell lines
tested with ICy, values of 136, 246, 532 and 126 pM, for
Caco-2, Sk-Co-1, SW837 and T84 cancer cells respectively
at 72 h post-treatment (Table 1). Figure 1 further reveals
that arginine deprivation-induced cytotoxicity is concentra-
tion dependent in all cell lines with T84 and SW837 cancer
cells exhibiting most and least sensitivity to treatment with
[HuArgl (Co)-PEG5000], respectively. The cytotoxic effects
in response to treatment with [HuArgl (Co)-PEG5000] were
also time-dependent with results showing little to no cell
death at 24 h post-treatment with [HuArgI (Co)-PEG5000]
as compared to later time points whereby a significant
increase in cytotoxicity is detected starting 48 h and con-
tinuing through the 72, 96 and 120 h time points in all cell
lines (Fig. 1, Table 1).

To determine whether colon cancer cells are completely
or partially auxotrophic to arginine, we treated all colon

cancer cell lines with [HuArgl (Co)-PEG5000] alone or in
combination with excess amounts of exogenous L-citrulline
(11.4 mM), which has been shown to increase the intracel-
lular levels of arginine in partially auxotrophic (express-
ing ASS1) but not completely auxotrophic (not expressing
ASS1) cells [5-7, 17]. Figure 1 and Table 1 both demon-
strate that addition of excess L-citrulline induced a signifi-
cant decrease in cytotoxicity leading to the complete rescue
of cells from the cytotoxic effects of arginine deprivation in
all four cell lines. The ability of exogenous L-citrulline to
rescue these cells indicates that colon cancer cell lines are
partially auxotrophic for arginine.

ASS1 expression demonstrates the partial arginine
auxotrophy of the colon cancer cells studied

To confirm the partial arginine auxotrophy of the different
colon cancer cell lines used in this study, we determined the
expression levels of argininosuccinate synthetase (ASS1),
the rate-limiting enzyme in arginine synthesis which con-
trols cell dependency to the semi-essential amino acid argi-
nine, using both flow cytometry and western blot. As seen in
Fig. 2a, staining for ASS1 on flow cytometry demonstrated
that all four colon cancer cell lines express ASS1, with RFI
values of 3.11, 2.18, 2.26 and 2.49, for Caco-2, Sk-Co-1,
SW837 and T84 cell lines, respectively, as compared to the
isotype control. This was confirmed by western blot, which
also showed that all four cell lines express ASS1 (Fig. 2b).
Expression of ASS1 demonstrates that the tested colon
cancer cells are partially auxotrophic for arginine. This
finding, as well as the rescue observed upon treatment with
exogenous L-citrulline, elucidate the partial auxotrophic
nature of the tested cell lines as well as provide an underly-
ing molecular basis for citrulline rescue from the arginine
deprivation-induced cytotoxicity (Fig. 2, Table 1).

[HuArgl (Co)-PEG5000] treatment induces
differential cell cycle arrest

To understand the mechanisms underlying arginine dep-
rivation-induced cytotoxicity in colon cancer cells, we

Table 1 Time course of the sensitivity of colon cancer cells to [HuArgl (Co)-PEG5000] (ICs, values) and effect of the addition of excess exog-

enous L-citrulline at 72 h to all cell lines

Cell line PEG-hArgl 24 h PEG-hArgl 48 h PEG-hArgl 72h PEG-hArgl+L-cit PEG-hArgl96h PEG-hArgl 120h ASS-1 (RFI)
(ICso pM) (ICso pM) dCsp pM) 72 h (IC5o pM) dCsp pM) dCso pM)

Caco-2 1539 343 136 > 10,000 130 95 3.11(4)

Sk-Co-1 > 10,000 689 246 > 10,000 115 67 2.18 (+)

SW837 > 10,000 779 532 > 10,000 88 45 2.26 (+)

T84 1472 856 126 > 10,000 57 71 2.49 (+)

ASS-1 expression presented as ratio of fluorescence intensity (RFI) of ASS-1 stained cells to isotype controls
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Fig. 1 Cytotoxicity of HuArgl (Co)-PEG5000 to Caco-2 (a), SK-Co-1 (b), SW837 (c) and T84 (d), alone and with L-citrulline (11.4 mM) at 24,

48,72,96 and 120 h

investigated cell cycle changes in response to treatment
with [HuArgl (Co)-PEG5000]. Figure 3 demonstrates that
only the Sk-Co-1 cell line exhibits marked GO/G1 cell
cycle arrest at both 48 and 72 h following [HuArgl (Co)-
PEG5000]-induced arginine deprivation. Specifically, we
observe an increase in the fraction of cells in the GO/G1
phase from approximately 49.8% and 62.6% of the total
cell population in control cells to approximately 79.0%
and 82.5% of the surviving cell population, at 48 and 72 h
post-treatment, respectively. This increase in GO/G1 phase
arrest was accompanied by a corresponding decrease in the
percentage of cells in the G2 phase (Fig. 3). Two of the
remaining cell lines, SW837 and T84 showed cell cycle
arrest at GO/G1 at 72 h but not at 48 h, while the Caco-2
cell line did not show any cell cycle arrest at any time
point following treatment with [HuArgl (Co)-PEG5000]
(Fig. 3). Altogether, the data demonstrates that arginine
deprivation leads to cell cycle arrest in the surviving frac-
tion of a subset of colon cancer cells.
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[HuArgl (Co)-PEG5000] induces cell death
in a caspase-independent, non-apoptotic manner

To determine the contribution of apoptosis to the mecha-
nism of cell death in colon cancer cells following arginine
deprivation, we stained for annexinV/PI as well as for active
caspases on flow cytometry and for PARP cleavage on west-
ern blot. Figure 4a shows that none of the four cell lines
exhibits any significant increase in the percentage of cells
stained with annexinV, as compared to controls, at 24 h fol-
lowing treatment with [HuArgl (Co)-PEG5000]. Caco-2
cells, however, showed an increase in both AnnexinV and
PI staining, suggesting loss of membrane integrity (Fig. 4).
Similarly, staining for active caspases revealed the absence
of caspase activation in all four cancer cell lines (Fig. 4b).
Finally, there was no sign of PAPP cleavage in neither of
the two cells lines, at both 24- and 48-h post-treatment with
[HuArgl (Co)-PEG5000] (Fig. 4c). Altogether, the absence
of caspase activation and PARP cleavage, in addition to the
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Fig. 1 (continued)

lack of staining for annexinV, indicate that arginine dep-
rivation-induced cytotoxicity in colon cancer cell lines is
mediated through a caspase-independent, non-apoptotic cell
death mechanism.

[HuArgl (Co)-PEG5000]-induced arginine
deprivation leads to the activation of autophagy

We next assessed the activation of autophagy in response
to arginine deprivation. To this aim we examined the accu-
mulation of autophagosomes in Caco-2 and T84 cells fol-
lowing treatment with [HuArgI (Co)-PEG5000] and com-
pared it with the level of autophagosomes in untreated
cells and in cells treated with rapamycin, chloroquine
(CQ) or a combination of [HuArgl (Co)-PEG5000] and
CQ using both an autophagosome-specific stain on flow
cytometry and LC3 processing on western blot.[HuArgl
(Co)-PEG5000]-induced arginine deprivation led to an
increase in the formation of autophagosomes, as compared

to untreated cells, starting at 24- and 48-h post-depriva-
tion, in Caco-2 and T84 cells, respectively, and lasting
up to 120 h (Fig. 5a). The data further reveals that the
formation of autophagosomes peaks at 96- and 120-h
post-treatment in both cell lines (Fig. 5a). The activation
of autophagy following treatment with [HuArgl (Co)-
PEG5000] was similar to, and even exceeded at several
time points, that triggered by the positive control rapamy-
cin (Data not shown). Treatment with CQ, an autophagy
inhibitor which prevents the fusion of autophago-
somes with lysosomes, also led to the accumulation of
autophagosomes and treating cells with both [HuArgl
(Co0)-PEG5000] and CQ in combination resulted in an
accumulation of autophagosomes greater than either treat-
ment alone (Fig. 5b). In summary, we demonstrate that
[HuArgl (Co)-PEG5000]-induced arginine deprivation
leads to a marked and sustained activation of autophagy
in colon cancer cells starting as early as 24 and 48 h and
lasting up to 120 h following arginine deprivation.

@ Springer



158 M. Swayden et al.
g AD2 CaCo-2 Isotype Control g A03 CaCo-2ASS-1 A02 CaCo-2 Isotype Control
= _Gate: (R1in all) = _Gate: (R1in all) o Gate: (R1inall)
2 TozuL GZUR) 2 Toz-uL Q70K M
w 0.1% 0.0% @ [0.0% 0.1%
8
g g i
S =3
s =4
8 g 2
< <7 . £s
@ K X 3 RFI=3.11
8
] Q2-LR s LR
o 12% o) il c.
g Tt e P man: T
34 W b B3 A i s H2
FL1-H - FLA-H FL1 H
x A02SK-Co-1 Isotype Ctrl  A03 SK-Co-1 ASS-1 A02 SK-Co-1 Isotype Ctrl
3 _Gate: (R1 in all) pa _Gate: (R1in all) g Gate: (R1inall)
& & TaruL G1-UR ¥
L4 < 0.2% 0.4%
4 8
g
| .
< g <« =& b
83 @ 3 RFI=2.18
=3 s
s 24
s ; CaCo-2  SW837 SKCo-1 T84
2 [o1-£8 Q1-LR 2 [ar Q1-LR
A 3 & Jsa 0% 415 -
5 T T 5 T T BRI,
Tt S uf wl 2 T4 S uf Wl 2 ut ol
- FLIH - FLI-H FLA- H ~
Ll ey S— w—
¥, AD2 SW837 Isotype Crl ¥, AD3 SWB37 ASS-1 A2 SW837 Isotype Ctrl
o _Gate: (R1 in all) bt _Gate: (R1in all) 2 Gate:Riinal)
13 2 1Q1-UL Q1-UR] “
L4 o % 01%
= g8 :
a a
2 27 24
g< €3 "
g 8 2 RFI=2.26
24
b @ e Illnlll lHle TorrTmiT
P W2 a7
FL2H ru H
 AD2T84 Isotype Ctrl  AD3T84 ASS-1 A02 T84 Isotype Ctrl
© _Gate: (R1 in all © Gate: (R1inall) 2 Gate:(Rlinal)
2 102-UL Q2-UR 2 1Q2-UL Q2-UR| “
< 10.3% 0.1% < 10.0% 0.5% 24
8 g 24
=3 S | |
< < x
o7 g 2 RFI=2.49
o w 2
el 02-LR 2l (R
8 Il &5
B frivt g Tt = TrI T
23 WBub2 Ea2 wt BB 2 27 T4
FL1-H ru H

Fig.2 ASSI1 expression in CaCo-2, SK-Co-1, SW837 and T84 cells
by flow cytometry (a). Cells stained for ASS1 are in red and the iso-
typic control in black. Cells are gated on width versus forward scatter.

Impact of autophagy activation on cell cytotoxicity

Having ruled out apoptosis as the mechanism of cell death
induced by arginine deprivation, we investigated the con-
tribution of the prolonged activation of autophagy to the
cytotoxicity induced by [HuArgl (Co)-PEG5000]. This
was done by determining the impact of the inhibition of
autophagy, using the downstream autophagy inhibitor chlo-
roquine (Q), on the cytotoxicity of [HuArgl (Co)-PEG5000]-
induced arginine deprivation in both Caco-2 and T84 cells
at 48- and 72-h following treatment. The findings presented
in Fig. 6 show that addition of CQ significantly decreased
the sensitivity of both Caco-2 and T84 cells to [HuArgl
(Co)-PEGS5000] in a dose-dependent manner, at both the
48- and 72-h after arginine deprivation. Addition of CQ at
a concentration of 50 uM led to an increase in the ICs val-
ues of approximately 3.5 and sevenfold at 48 h and of 3.3
and 5.6-fold at 72 h, in Caco-2 and T84 cells, respectively,
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All cell lines are positive for ASS1 expression (RFI>2.0). b Expres-
sion of ASS1 in Caco-2, SW837, Sk-Co-1 and T84 cells by western
blot

compared to cells treated with [HuArgl (Co)-PEG5000]
alone. Addition of CQ at a concentration of 100 pM CQ led
to complete resistance of both cell lines to arginine depriva-
tion at both time points (Fig. 6). These results demonstrate
that the cytotoxicity of [HuArgl (Co)-PEG5000]-induced
arginine deprivation to colon cancer cells is mediated by
the prolonged activation of autophagy, a case of autophagy-
mediated cell death.

Discussion

Arginine auxotrophy in colon cancer cells has been widely
investigated. However, the therapeutic potential of arginine
deprivation as well as the contribution of autophagy to the
response of cells to arginine deprivation had not yet been
determined. In this study, we demonstrate that all colon can-
cer cell lines assessed are partially auxotrophic for arginine
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and that they exhibit significant sensitivity to treatment with
[HuArgI (Co)-PEGS5000], thus highlighting the potential of
arginine deprivation for the selective targeting of colon can-
cer. The effectiveness of amino-acid restriction for the selec-
tive targeting of auxotrophic tumors has been amply demon-
strated [10, 11, 18, 19, 21, 31, 32]. This includes asparagine
depletion to target AML and acute lymphoid leukemia
(ALL) [33, 34], cysteine restriction to target prostate cancer
[15], as well as arginine depletion to target prostate cancer,
ovarian cancer and GBM. However, unlike in other tumor
types such as AML, GBM and T-ALL, all colon cancer cell
lines tested in this study were partially auxotrophic for argi-
nine [10, 11, 18, 21]. This, however, did not prevent the cells
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are gated M1, M2 and M3, respectively

from being sensitive to arginine deprivation. This could be,
in part, due to the continuing need for exogenous arginine,
in addition to the endogenous arginine, to fully support the
metabolic requirements of these cancer cells. This makes
them dependent on exogenous arginine resources to ensure
their survival, replication and growth. Partially auxotrophic
cells express the ASS1 enzyme and can thus be salvaged
by the addition of excess L-citrulline, which increases the
flux through the urea cycle, and by consequence, increases
the levels of endogenous arginine production circumventing
the need for extracellular arginine. Completely auxotrophic
cells however, do not express the ASS1 enzyme and, sub-
sequently, cannot be rescued by L-citrulline. This ability
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Fig.4 Staining for Annexin V/PI (a) and active caspases (b) of CaCo-2, SK-Co-1, SW837 and T84 cells treated with HuArgl (Co)-PEG5000 for
24 h on flow cytometry. Cells are gated on width versus forward scatter. ¢ PARP cleavage on western blot

of L-citrulline to rescue cells from arginine depletion has
been extensively studied and demonstrated in a number of
tumor types in which the rescue was directly dependent on
the expression levels of the ASS1 enzyme [10, 11, 35, 36].
In addition to cytotoxicity, we show that [HuArgl (Co)-
PEG5000]-induced arginine deprivation triggers a limited
cell cycle arrest in the surviving fraction of some but not
all colon cancer cell lines. This finding was different from
our previous observations in other tumor types, namely in
AML, GBM, and ovarian cancer, in which we reported a
pronounced cell cycle arrest in response to arginine depri-
vation [10, 11, 21]. Such difference can be attributed to the
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fact that all the tested colon cancer cell lines were partially
auxotrophic for arginine as compared the other tumor types
evaluated and which were mainly completely auxotrophic
for arginine.

Investigation of the mechanism of cytotoxicity revealed
that [HuArgI (Co)-PEG5000]-induced arginine depriva-
tion leads to cell death in a non-apoptotic and caspase-
independent manner, which is accompanied with evident
loss of membrane integrity. This is very comparable to the
findings we reported in AML, ovarian cancer and GBM
where no signs of apoptotic cell death were detected in
response to treatment with [HuArgl (Co)-PEG5000] [10,
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Fig.5 CytoID (autophagosome) staining of Caco-2 and T84 cells
at 24, 48, 72, 96 and 120 h following arginine deprivation on flow
cytometry (a). Each panel is an overlay of control cells in black and

11, 21]. Other groups have shown apoptotic cell death
following arginine deprivation, specifically in T-ALL and
hepatocellular carcinoma, which might suggest that the
mechanism of cell death observed might depend in part on
the nature of the tumor type investigated [18, 20].

Autophagy activation in response to amino-acid dep-
rivation is well described in literature. In addition, our
previous work has provided evidence for d a significant
activation of autophagy in ovarian cancer cells follow-
ing arginine deprivation [21]. Therefore, we sought to
investigate the flux of autophagy in colon cancer cells fol-
lowing treatment with [HuArgI (Co)-PEG5000]. Our data
demonstrate that arginine deprivation in colon cancer cells
leads to a marked and sustained activation of autophagy
that lasts up to 120 h following treatment with [HuArgl
(Co)-PEG5000], highlighting thus the role of arginine
restriction in colon cancer in the prolonged activation of
autophagy.

cells treated with [HuArgl (Co)-PEG5000] in red. Cells are gated on
width versus forward scatter. b LC3 cleavage in T84 and Caco-2 cells
at 24, 48, 72, 96 and 120 h following treatment on western blot

In the absence of evidence for apoptotic cell death,
and because we have shown that autophagy is signifi-
cantly activated in these cells upon arginine deprivation,
we sought to investigate the role played by autophagy in
the cytotoxic response of colon cancer cells following
treatment with [HuArgl (Co)-PEG5000]. Inhibition of
autophagy resulted in a marked decrease in cell sensitivity
to arginine deprivation and even led to complete resistance
to [HuArgl (Co)-PEG5000]-induced arginine deprivation
at the highest concentration of CQ, at both 48- and 72-h
post-treatment. This demonstrates that cell death following
arginine deprivation is mediated by the prolonged activa-
tion of autophagy. Recently, investigating the contribution
of autophagy to the cytotoxicity of tumor cells following
treatment with various anti-cancer therapeutic agents has
gained importance [21, 37-40]. However, it is still unclear
whether the increase in the flux of autophagy in cancer
cells following treatment is protective or deleterious to the
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Fig.6 Non-linear regression curves of Caco-2 (a) and T84 (b) cells treated with HuArgl (Co)-PEG5000 alone (square) and in combination with
two different concentrations the autophagy inhibitor chloroquine; 50 pM (triangle) and 100 pM (inverted triangle) at 48 and 72 h post-treatment

cells, with both cases being documented in a number of
tumors types under different treatment conditions, includ-
ing arginine deprivation.

Several studies have so far shown that the activation of
autophagy is protective to cells following arginine depriva-
tion in different tumor types such as GBM, prostate cancer,
sarcomas, lymphomas and laryngeal squamous cell carci-
noma [37, 38, 41-43]. Though this may seem contradictory
to the results obtained in this study, it is worth noting that all
the previous studies had investigated the impact of the acti-
vation of autophagy at early time points while we investigate
the effects of autophagy activation at later time points. On
the other hand, we have previously shown that the cytotoxic-
ity induced by arginine deprivation to ovarian cancer cells is
mediated by the prolonged activation of autophagy [21]. Our
findings are further supported by a study that described cyto-
toxic autophagy in prostate cancer cells following prolonged
arginine deprivation [44]. The authors further described the
autophagy-induced cytotoxicity as an atypical type of cell
death characterized by mitochondrial dysfunction and chro-
matin autophagy, with a lack of caspase activation and other
hallmarks of canonical apoptosis [44]. Therefore, it is likely
that the activation of autophagy following arginine depriva-
tion is protective in some tumor types, while it can leading to
cell death in others. In addition, the impact of the activation
of autophagy may be time-dependent, whereby it exerts a
protective effect against cell death at early time points, but
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leadings to cell death when activated in a sustained manner
for prolonged times.

In this study, we have demonstrated that colon cancer
cells are partially auxotrophic for arginine which makes
them sensitive to [HuArgl (Co)-PEG5000]-induced arginine
deprivation. All cell lines tested expressed argininosuccinate
synthetase-1 (ASS1) and were sensitive to [HuArgl (Co)-
PEG5000]-induced arginine deprivation. Treatment with
exogenous L-citrulline rescued cells from the cytotoxicity of
arginine deprivation suggesting partial arginine auxotrophy.
Mechanistically, cells treated with [HuArgl (Co)-PEG5000]
were negative for AnnexinV, and exhibited signs of loss of
membrane integrity. The lack of caspase activation further
supported the fact that arginine deprivation induces cell
death in a caspase-independent, non-apoptotic manner.

We have also uncovered the mechanism underlying sen-
sitivity to treatment with [HuArgl (Co)-PEG5000] and
revealed that marked, long-term activation of autophagy
induced in response to arginine deprivation, mediates cell
death (death by autophagy) in the tested colon cancer cells.
This was further evidenced by the decrease in cell cytotoxic-
ity upon treatment with chloroquine, an autophagy inhibitor.
Altogether, these data demonstrate that colon cancer cells
are sensitive to [HuArgl (Co)-PEG5000]-induced arginine
deprivation. They also show that the activation of autophagy
does not play protective roles but rather, induces cytotoxicity
and leads to cell death.



Activation of autophagy following [HuArgl (Co)-PEG5000]-induced arginine deprivation... 163

Acknowledgements The authors thank the Lebanese American Uni-
versity for funding and support

Author contributions MS, AB, IF, OEA and JBN performed experi-
ments for this manuscript. ME-S collaborated on the autophagy part
of the study. RJIA-H is the corresponding author, he obtained funding,
designed the study and wrote the manuscript.

Compliance with ethical standards

Conflict of interest All author declares that has no conflict of interest.

References

11.

12.

13.

14.

Cancer Facts & Figures 2018. American Cancer Society journal,
CA: A Cancer Journal for Clinicians [updated 20182020]. https
:/[www.cancer.org/research/cancer-facts-statistics/all-cancer-facts
-figures/cancer-facts-figures-2018.html. Accessed Mar 2020
Araghi M, Soerjomataram I, Jenkins M, et al. Global trends in
colorectal cancer mortality: projections to the year 2035. Int J
Cancer. 2019;144:2992-3000.

Nasrallah A, Saykali B, Al Dimassi S, Khoury N, Hanna S, El-
Sibai M. Effect of StarD13 on colorectal cancer proliferation,
motility and invasion. Oncol Rep. 2014;31:505-15.

Al-Koussa H, Al-Haddad M, Abi-Habib R, El-Sibai M. Human
recombinant arginase I [HuArgl (Co)-PEG5000]-Induced arginine
depletion inhibits colorectal cancer cell migration and invasion.
Int J Mol Sci. 2019; 20(23):6018.

Daaboul HE, Daher CF, Bodman-Smith K, et al. Antitumor activ-
ity of beta-2-himachalen-6-ol in colon cancer is mediated through
its inhibition of the PI3K and MAPK pathways. Chem Biol Inter-
act. 2017;275:162-70.

Shebaby WN, Bodman-Smith KB, Mansour A, et al. Daucus
carota pentane-based fractions suppress proliferation and induce
apoptosis in human colon adenocarcinoma HT-29 cells by inhibit-
ing the MAPK and PI3K pathways. J] Med Food. 2015;18:745-52.
Morris SM Jr. Enzymes of arginine metabolism. J Nutr.
27438;134:2743S-S27472747 (discussion 65S-67S).

Kuo MT, Savaraj N, Feun LG. Targeted cellular metabolism
for cancer chemotherapy with recombinant arginine-degrading
enzymes. Oncotarget. 2010;1:246-51.

Mauldin JP, Zeinali I, Kleypas K, et al. Recombinant human argi-
nase toxicity in mice is reduced by citrulline supplementation.
Transl Oncol. 2012;5:26-31.

. Khoury O, Ghazale N, Stone E, El-Sibai M, Frankel AE, Abi-

Habib RJ. Human recombinant arginase I (Co)-PEG5000 [HuArgl
(Co)-PEG5000]-induced arginine depletion is selectively cyto-
toxic to human glioblastoma cells. J Neurooncol. 2015;122:75-85.
Tanios R, Bekdash A, Kassab E, et al. Human recombinant argi-
nase [(Co)-PEG5000 [HuArgI(Co)-PEG5000]-induced arginine
depletion is selectively cytotoxic to human acute myeloid leuke-
mia cells. Leuk Res. 2013;37:1565-71.

Stone EM, Glazer ES, Chantranupong L, et al. Replacing
Mn(2+) with Co(2+) in human arginase i enhances cytotoxicity
toward I-arginine auxotrophic cancer cell lines. ACS Chem Biol.
2010;5:333-42.

Davis FF, Abuchowski A, van Es T, et al. Enzyme-polyethylene
glycol adducts: modified enzymes with unique properties. In:
Broun GB, Manecke G, Wingard LB, editors. Enzyme engineer-
ing, vol. 4. Boston: Springer US; 1978. p. 169-173.

Harris JM, Chess RB. Effect of pegylation on pharmaceuticals.
Nat Rev Drug Discovery. 2003;2:214-21.

15.

16.

17.

18.

19.

20.

21.

22.

23.

24.

25.

26.

217.

28.

29.

30.

31.

32.

33.

34.

Cramer SL, Saha A, Liu J, et al. Systemic depletion of L-cyst(e)
ine with cyst(e)inase increases reactive oxygen species and sup-
presses tumor growth. Nat Med. 2017;23:120-7.

Wetzler M, Sanford BL, Kurtzberg J, et al. Effective asparagine
depletion with pegylated asparaginase results in improved out-
comes in adult acute lymphoblastic leukemia: cancer and Leuke-
mia Group B Study 9511. Blood. 2007;109:4164-7.

Glazer ES, Stone EM, Zhu C, Massey KL, Hamir AN, Curley
SA. Bioengineered human arginase I with enhanced activity and
stability controls hepatocellular and pancreatic carcinoma xeno-
grafts. Transl Oncol. 2011;4:138-46.

Hernandez CP, Morrow K, Lopez-Barcons LA, et al. Pegylated
arginase I: a potential therapeutic approach in T-ALL. Blood.
2010;115:5214-21.

Cheng PN, Lam TL, Lam WM, et al. Pegylated recombinant
human arginase (rhArg-peg5,000mw) inhibits the in vitro and
in vivo proliferation of human hepatocellular carcinoma through
arginine depletion. Can Res. 2007;67:309-17.

Lam TL, Wong GK, Chong HC, et al. Recombinant human argi-
nase inhibits proliferation of human hepatocellular carcinoma by
inducing cell cycle arrest. Cancer Lett. 2009;277:91-100.
Nasreddine G, El-Sibai M, Abi-Habib RJ. Cytotoxicity of [HuArgl
(co0)-PEG5000]-induced arginine deprivation to ovarian Cancer
cells is autophagy dependent. Invest New Drugs. 2020;38:10-9.
Glick D, Barth S, Macleod KF. Autophagy: cellular and molecular
mechanisms. J Pathol. 2010;221:3-12.

Mizushima N. Autophagy: process and function. Genes Dev.
2007;21:2861-73.

Zhang N, Qi Y, Wadham C, et al. FTY720 induces necrotic cell
death and autophagy in ovarian cancer cells: a protective role of
autophagy. Autophagy. 2010;6:1157-67.

Wang J, Wu GS. Role of autophagy in cisplatin resistance in ovar-
ian cancer cells. J Biol Chem. 2014;289:17163-73.

Cloonan SM, Williams DC. The antidepressants maprotiline and
fluoxetine induce Type II autophagic cell death in drug-resistant
Burkitt’s lymphoma. Int J Cancer. 2011;128:1712-23.
Al-Dimassi S, Salloum G, Saykali B, et al. Targeting the MAP
kinase pathway in astrocytoma cells using a recombinant anthrax
lethal toxin as a way to inhibit cell motility and invasion. Int J
Oncol. 2016;48:1913-20.

El-Boubbou K, Azar D, Bekdash A, Abi-Habib RJ. Doxironide
magnetic nanoparticles for selective drug delivery to human acute
myeloid leukemia. J Biomed Nanotechnol. 2017;13:500-12.
Kassab E, Darwish M, Timsah Z, et al. Cytotoxicity of anthrax
lethal toxin to human acute myeloid leukemia cells is nonapop-
totic and dependent on extracellular signal-regulated kinase 1/2
activity. Transl Oncol. 2013;6:25-322.

Bekdash A, Darwish M, Timsah Z, et al. Phospho-MEK1/2 and
uPAR expression determine sensitivity of AML blasts to a Urok-
inase-activated anthrax lethal toxin (PrAgU2/LF). Transl Oncol.
2015;8:347-57.

Mussai F, De Santo C, Abu-Dayyeh I, et al. Acute myeloid leuke-
mia creates an arginase-dependent immunosuppressive microen-
vironment. Blood. 2013;122:749-58.

Yoon CY, Shim YJ, Kim EH, et al. Renal cell carcinoma does
not express argininosuccinate synthetase and is highly sensi-
tive to arginine deprivation via arginine deiminase. Int J Cancer.
2007;120:897-905.

Agrawal V, Woo JH, Borthakur G, Kantarjian H, Frankel AE.
Red blood cell-encapsulated L-asparaginase: potential therapy of
patients with asparagine synthetase deficient acute myeloid leu-
kemia. Protein Pept Lett. 2013;20:392-402.

Miiller HJ, Boos J. Use of L-asparaginase in childhood ALL. Crit
Rev Oncol Hematol. 1998;28:97—-113.

. Agrawal V, Woo JH, Mauldin JP, et al. Cytotoxicity of human

recombinant arginase I (Co)-PEG5000 in the presence of

@ Springer


https://www.cancer.org/research/cancer-facts-statistics/all-cancer-facts-figures/cancer-facts-figures-2018.html
https://www.cancer.org/research/cancer-facts-statistics/all-cancer-facts-figures/cancer-facts-figures-2018.html
https://www.cancer.org/research/cancer-facts-statistics/all-cancer-facts-figures/cancer-facts-figures-2018.html

164

M. Swayden et al.

36.

37.

38.

39.

40.

supplemental L-citrulline is dependent on decreased argininosuc-
cinate synthetase expression in human cells. Anticancer Drugs.
2012;23:51-64.

Delage B, Fennell DA, Nicholson L, et al. Arginine deprivation
and argininosuccinate synthetase expression in the treatment of
cancer. Int J Cancer. 2010;126:2762-72.

Kim RH, Coates JM, Bowles TL, et al. Arginine deiminase as a
novel therapy for prostate cancer induces autophagy and caspase-
independent apoptosis. Can Res. 2009;69:700-8.

Syed N, Langer J, Janczar K, et al. Epigenetic status of argini-
nosuccinate synthetase and argininosuccinate lyase modulates
autophagy and cell death in glioblastoma. Cell Death Dis.
2013;4:e458.

Periyasamy-Thandavan S, Jiang M, Schoenlein P, Dong Z.
Autophagy: molecular machinery, regulation, and implica-
tions for renal pathophysiology. Am J Physiol Renal Physiol.
2009;297:F244-F256256.

Macintosh RL, Timpson P, Thorburn J, Anderson KI, Thorburn
A, Ryan KM. Inhibition of autophagy impairs tumor cell inva-
sion in an organotypic model. Cell cycle (Georgetown, Tex).
2012;11:2022-9.

@ Springer

41.

42.

43.

44,

Bean GR, Kremer JC, Prudner BC, et al. A metabolic syn-
thetic lethal strategy with arginine deprivation and chloroquine
leads to cell death in ASS1-deficient sarcomas. Cell Death Dis.
2016;7:e2406.

Lin C, Wang Z, Li L, et al. The role of autophagy in the cytotoxic-
ity induced by recombinant human arginase in laryngeal squamous
cell carcinoma. Appl Microbiol Biotechnol. 2015;99:8487-94.
Delage B, Luong P, Maharaj L, et al. Promoter methylation of
argininosuccinate synthetase-1 sensitises lymphomas to arginine
deiminase treatment, autophagy and caspase-dependent apoptosis.
Cell Death Dis. 2012;3:e342.

Changou CA, Chen YR, Xing L, et al. Arginine starvation-asso-
ciated atypical cellular death involves mitochondrial dysfunction,
nuclear DNA leakage, and chromatin autophagy. Proc Natl Acad
Sci USA. 2014;111:14147-522.

Publisher’s Note Springer Nature remains neutral with regard to
jurisdictional claims in published maps and institutional affiliations.



	Activation of autophagy following [HuArgI (Co)-PEG5000]-induced arginine deprivation mediates cell death in colon cancer cells
	Abstract
	Introduction
	Materials and methods
	Cell culture
	Proliferation inhibition assay (cytotoxicity)
	Analysis of argininosuccinate synthetase 1 expression
	Cell cycle analysis
	Analysis of the mechanism of cell death
	Analysis of autophagy activation

	Results
	[HuArgI (Co)-PEG5000] is cytotoxic to a panel of colon cancer cells
	ASS1 expression demonstrates the partial arginine auxotrophy of the colon cancer cells studied
	[HuArgI (Co)-PEG5000] treatment induces differential cell cycle arrest
	[HuArgI (Co)-PEG5000] induces cell death in a caspase-independent, non-apoptotic manner
	[HuArgI (Co)-PEG5000]-induced arginine deprivation leads to the activation of autophagy
	Impact of autophagy activation on cell cytotoxicity

	Discussion
	Acknowledgements 
	References




