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Loss of argininosuccinate synthetase 1 (ASS1), a key enzyme for arginine synthesis, occurs in many
cancers, making cells dependent on extracellular arginine and targetable by the arginine-degrading
enzyme pegylated arginine deiminase (ADI-PEG 20). We evaluated ASS1 expression and effects of
ASS1 loss in bladder cancer which, despite affecting >70,000 people in the United States annually,
has limited therapies. ASS1 loss was identified in conventional and micropapillary urothelial carci-
noma, small cell, and squamous cell carcinoma subtypes of invasive bladder cancer, as well as in T24,
J82, and UM-UC-3 but not in 5637, RT112, and RT4 cell lines. ASS1-deficient cells showed preferential
sensitivity to ADI-PEG 20, evidenced by decreased colony formation, reduced cell viability, and
increased sub-G1 fractions. ADI-PEG 20 induced general control nonderepressible 2—dependent
eukaryotic initiation factor 2o phosphorylation and activating transcription factor 4 and C/EBP
homologous protein up-regulation, associated with caspase-independent apoptosis and autophagy.
These effects were ablated with selective siRNA silencing of these proteins. ASS1 overexpression in
UM-UC-3 or ASS1 silencing in RT112 cells reversed these effects. ADI-PEG 20 treatment of mice
bearing contralateral flank UM-UC-3 and RT112 xenografts selectively arrested tumor growth in
UM-UC-3 xenografts, which had reduced tumor size, reduced Ki-67, and increased terminal deoxy-
nucleotidyl transferase-mediated dUTP nick-end labeling staining. This suggests that ASS1 loss occurs
in invasive bladder cancer and is targetable by ADI-PEG 20. (Am J Pathol 2017, 187: 200—213;
http://dx.doi.org/10.1016/j.ajpath.2016.09.004)

Identification of metabolic pathways that confer growth or
survival advantages during cancer progression has emerged
as a unique approach to determine potential novel thera-
peutic targets.' Arginine synthesis and utilization represents
a unique metabolic target in cancer. In humans, arginine is a
semiessential amino acid that is synthesized from citrulline
in two steps of the urea cycle: citrulline and aspartate
are converted to argininosuccinate via argininosuccinate
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synthetase (ASS1), followed thereafter by conversion of
argininosuccinate to arginine and fumarate via arginino-
succinate lyase; the ASSl-catalyzed reaction is the rate-
limiting step in this process.” Arginine is essential for
production of proteins, polyamines, nitric oxide, urea,
creatinine, proline, glutamate, and agmantine; hence, it
plays a key role in tumor biology.” Loss of ASS1 occurs in
some cancers such as hepatocellular carcinoma, melanoma,
myxofibrosarcoma, mesothelioma, prostate cancer, and
renal cancer, rendering the cancer cells dependent on
extracellular arginine (arginine auxotrophs).” Despite its
critical role in cell growth and function, ASS1 has been
proposed to also function as a tumor-suppressor gene, thus
explaining its paradoxical loss in cancer cells.”

Arginine-degrading enzymes, such as arginase and argi-
nine deiminase (ADI), show promise as a novel therapy for
cancers lacking ASS1.” ADI is derived from a mycobacte-
rium and shows high affinity for arginine, thus effectively
catabolizing arginine in the extracellular milieu. Pegylation of
ADI (ADI-PEG 20; Polaris Pharmaceuticals, San Diego, CA)
renders the enzyme less immunogenic, thereby increasing its
pharmacokinetic half-life.” ADI-PEG 20 is currently being
evaluated in a phase 3 trial for hepatocellular carcinoma and is
under investigation for use in melanoma’ "~ and mesotheli-
oma.'’ A number of other cancer types may also show
response to ADI-PEG 20—directed therapy, including
pancreatic cancer,'' prostate cancer,'> small cell lung
cancer,'” lymphoma,” and glioblastoma.'*

We examined arginine metabolism in bladder cancer, a
disease that affects >180,000 new patients worldwide each
year, including >70,000 patients in the United States.'”'°
We assessed ASS1 loss in human bladder cancers and
tested functional effects of arginine deprivation and ADI-
PEG 20 in vitro and in vivo. Our results suggest that argi-
nine deprivation may be a useful strategy for treating
bladder cancer and show that ADI-PEG 20 functions
through a novel signaling mechanism that includes the
nutrient-sensing general control nonderepressible 2 (GCN2)
kinase pathway that controls autophagy and apoptosis.

Materials and Methods

Patient Specimens and Tissue Microarray Construction

The study was approved by The Cleveland Clinic and the
University of California, San Diego institutional review
boards. Specimens included archived paraffin blocks from
patients who underwent radical cystectomy or cys-
toprostatectomy for muscle-invasive bladder cancer (path-
ologic stage pT2 or greater) between November 1988 and
May 2008. All specimens were re-reviewed by one of the
authors (D.E.H.) for diagnostic accuracy. Whole sections
were used to evaluate normal urothelium, and cancers were
analyzed using tissue microarray that included four separate
regions per specimen. Nineteen specimens were from pa-
tients who underwent radical cystectomy for non-neoplastic
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processes. Bladder cancers assessed for ASS1 expression
included 148 invasive high-grade urothelial carcinomas, 27
micropapillary urothelial carcinomas, 39 pure squamous cell
carcinomas, 19 pure adenocarcinomas, and 19 pure small
cell carcinomas (SCCs).

IHC

Immunohistochemistry (IHC) was performed on 4-um sec-
tions of formalin-fixed paraffin-embedded tissue using a
Discovery XT automated stainer (Ventana Medical Sys-
tems, Tucson, AZ). Antigen retrieval consisted of incuba-
tion in CC1 buffer (Tris/borate/EDTA buffer, pH 8.0—8.5;
Ventana Medical Systems) for 8 minutes at 95°C, 28 mi-
nutes at 100°C, and then an 8-minute cool down to room
temperature. The slides were then incubated with an anti-
ASS1 mouse monoclonal antibody (dilution 1:20; gift from
Polaris Pharmaceuticals) for 60 minutes at room tempera-
ture, followed by three rinses in phosphate-buffered saline
and application of secondary antibody (Ventana OmniMap
anti-Mouse HRP) for 20 minutes at 37°C. Chromogenic
development was performed using ChromoMap DAB
(Ventana Medical Systems) for 5 minutes at room temper-
ature. Slides were counterstained with Hematoxylin II and
Bluing Reagent (Ventana Medical Systems) and visualized
by light microscopy. The optimal antibody concentration
was determined by testing different concentrations on con-
trol tissues on an automated stainer and chosen based on
strong signal with minimum background. Semiquantitative
analysis of IHC intensity was performed using a range of 0
(absent staining), 1+ (weak staining), 2+ (moderate stain-
ing), and 3+ (intense staining). Immunostaining in at least
10% of the cells was considered positive. Normal urothe-
lium showed 2+ to 3+ staining and was used as an internal
control when present; renal proximal tubules showed
3+ staining intensity and were used as an internal slide
control in tissue microarray studies. Comparison of immu-
nolabeling between populations was performed using the
Fisher exact test.

Cell Lines, Arginine Deprivation, and ADI-PEG 20,
5-Aza Administration

RT4, SCaBER, UM-UC-3, T24, J82, and Jurkat cell lines
were purchased from ATCC (Manassas, VA). RT112 and
5637 cells were a kind gift from Dr. P. Szlosarek (Queen
Mary University of London, London, England) and
immortalized normal urothelial UROtsa cells were obtained
from Deutsche Sammlung fur Mikroorganismen und Zell-
kultur (Braunschweig, Germany). Cells were grown in
RPMI-1640 (Gibco, Life Technologies, Grand Island, NY)
supplemented with 10% fetal bovine serum (Gibco). For
arginine deprivation, we used arginine-free RPMI-1640
(Sigma-Aldrich Corp., St. Louis, MO) supplemented with
dialyzed fetal bovine serum (Life Technologies, Carlsbad,
CA). All cell lines were maintained at 37°C in 5% CO,.
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ADI-PEG 20 was diluted in serum-free media and applied to
cells as described below. For demethylation assays, J82
cells were treated with 0.3 pumol/L 5-azacytidine (5-Aza)
(Sigma-Aldrich Corp.) for 10 days, with the drug replen-
ished every 3 days. For citrulline (Sigma-Aldrich Corp.)
rescue experiments, cells were treated with indicated con-
centrations for 48 hours before analysis.

Immunoblot Analysis, Plasmids, and siRNA

Whole-cell lysates were extracted with RIPA buffer con-
taining protease and phosphatase inhibitor cocktails (Roche,
Basel, Switzerland) and were subjected to Western blot
analysis as previously described.'’ Proteins were separated on
4% to 15% gradient polyacrylamide—sodium dodecyl sulfate
gels (Bio-Rad Laboratories, Inc., Hercules, CA), transferred
to Supported Nitrocellulose membranes (Bio-Rad, Inc.) using
a Bio-Rad Mini-PROTEAN Tetracell system, followed by
incubation for 1 hour in a bovine serum albumin/Tween-
20—based blocking solution. Primary antibodies included
ASS1 (dilution 1:200) from Polaris Pharmaceuticals; and
phosphorylated eukaryotic initiation factor 2 o (p-elF2a;
Ser51; dilution 1:1000), elF2a (dilution 1:1000), GCN2
(dilution 1:1000), activating transcription factor 4 (ATF4;
dilution 1:1000), C/EBP homologous protein (CHOP; dilu-
tion 1:1000), LC3A/B (dilution 1:1000), actin (dilution
1:1000), poly (ADP-ribose) polymerase (PARP), and pro-
and cleaved-caspase 3, 7, and 9 (all dilutions 1:1000) from
Cell Signaling Technology (Danvers, MA). Control lysates
for PARP and caspase cleavage were from Cell Signaling
Technology. Blots were incubated with primary antibody
overnight and then were incubated for 1 hour with horseradish
phosphatase—conjugated anti-rabbit or anti-mouse secondary
antibodies (dilution 1:10,000; Jackson ImmunoResearch
Laboratories, Inc., West Grove, PA). Blots were developed
using the Enhanced Chemiluminescence Kit (Pierce, Thermo
Fisher Scientific, Waltham, MA) followed by autoradiog-
raphy. For ASS1 overexpression, Lipofectamine 3000 Re-
agent (Invitrogen, Life Technologies) was used to transfect an
overexpression vector plasmid with cytomegalovirus pro-
moter (ASS1/pCMV) (Origene, Rockville, MD) or empty
vector plasmid after which a stable population was generated
by selection with geneticin (Gibco). For ASS1, GCN2, ATF4,
and CHOP siRNA and control transfection, the Lipofect-
amine RNAIMAX Reagent (Invitrogen, Life Technologies)
was used to transfect either iGENOME pooled nontargeting
control (NTC) siRNA or siGENOME SMARTpool gene-
specific siRNA (all from GE Dharmacon, Lafayette, CO).

Colony Formation Assay

Cells were plated, allowed to attach overnight at 37°C, and
then treated with either arginine-free medium or indicated
concentrations of ADI-PEG 20 in complete medium. All
media were replenished twice weekly. Colonies formed in
6 days for J82 cells, 10 days for UM-UC-3 and RT112 cells,
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and 11 days for 5637 cells. The colonies were fixed with
100% methanol at 4°C for 5 minutes, stained with 0.5%
crystal violet for 30 minutes at room temperature, and
washed twice in phosphate-buffered saline; they were then
photographed and counted.

Cell Viability Assay

Cell viability was assessed using the Vybrant MTT Cell
Proliferation Assay Kit (Molecular Probes, Life Technolo-
gies). Cells were plated onto 96-well plates and treated with
indicated concentrations of ADI-PEG 20 for 48 hours before
analysis. Results for test samples were normalized to those
of untreated (control) samples. Absorbance readings were
measured at 540 nm, using a SpectraMax M2° Microplate
Reader (Molecular Devices, Sunnyvale, CA) with SoftMax
Pro software version 6.3 (Molecular Devices).

Flow Cytometric Analysis

Cell-cycle analysis was performed as previously
described.'® Briefly, cells were treated with indicated
concentrations of ADI-PEG 20 for 48 hours, trypsinized,
and fixed in 70% ethanol/30% phosphate-buffered saline
v/v solution at 4°C. Signal acquisition was performed after
staining with 20 pg/mL propidium iodide in phosphate-
buffered saline containing 0.1% Triton X-100 and
100 pg/mL RNase for 30 minutes at room temperature. For
analysis of apoptosis, cells were harvested, stained with
propidium iodide and fluorescein isothiocyanate annexin V
using the fluorescein isothiocyanate Annexin V Apoptosis
Detection Kit I (BD Biosciences, San Jose, CA), and
analyzed using a BD FACSCanto II flow cytometer with
BD FACSDiva software version 6.1.3 (BD Biosciences).

Chloroquine Treatment and Immunofluorescence

Cells were treated with 25 pmol/L chloroquine (TCI
America, Portland, OR) singly or in combination with
ADI-PEG 20 at indicated concentrations for 6 hours and
were subjected to Western blot analysis or immunofluo-
rescence. For the latter, cells were plated on chamber slides
(Nunc, Labtek, Thermo Scientific), treated as described,
fixed in ice-cold 100% methanol, incubated with LC3A/B
(dilution 1:200; Cell Signaling Technology), followed
by anti-rabbit Alexa-conjugated secondary antibodies
(Invitrogen, Carlsbad, CA), and mounted with Prolong
Gold Antifade reagent with DAPI (Molecular Probes, Life
Technologies).

Mouse Flank Xenograft Model and ADI-PEG 20
Administration

All studies were approved by the University of California,
San Diego Institutional Animal Care and Use Committee.
Six-week-old BALB/c nude/nude female mice (University
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of California Animal Care Program) were injected with
1 x 10° cells in Matrigel (BD Biosciences) into the sub-
cutaneous tissue of the flank. The left flank was injected
with UM-UC-3 cells (ASS1-deficient), and the right flank
was injected with RT112 cells (ASSI-expressor). Cells
were allowed to grow for 8 days until a palpable nodule was
present on each side; thereafter, the mice received once
weekly intraperitoneal injections of saline (control mice) or
5 IU of ADI-PEG 20 dissolved in saline (drug-treated
mice)."' "7 Tumors were measured every 4 days using
vernier calipers (Thermo Fisher Scientific) by two authors
(D.S. and K.N.), and the results were averaged. Tumor
volumes were calculated using the formula: 0.5 x (smaller
dimension)® x (larger dimension). At the completion of the
study, animals were euthanized using carbon dioxide
asphyxiation, followed by bilateral thoracotomy. Tumors
were excised, photographed, and formalin-fixed and
paraffin-embedded. They were used to generate hematox-
ylin and eosin—stained slides for light microscopic analysis,
Ki-67 immunostains (prediluted antibody; Ventana Medical
Systems), and terminal deoxynucleotidyl transferase-
mediated dUTP nick-end labeling (TUNEL) labeling
using in situ Cell Death Detection Kit Fluorescein (Roche).
The slides were mounted with Prolong Gold Antifade
reagent with DAPI (Molecular Probes).

Data Extraction from TCGA

Data from the Cancer Genome Atlas Project (TCGA)
project related to human bladder cancer were mined via the
publically available University of California at Santa Cruz
Cancer Genomics Browser,'® 2! and box plots of relative
mRNA expression of the genes ASS/ and ASL between
tumor and normal tissue were obtained. Statistical analysis
was performed within the browser using the Wilcoxon test
option. Survival data from TCGA were obtained via the
publically available cBioPortal’*** and was plotted on
GraphPad Prism 5 (GraphPad Inc., San Diego, CA), with
cases stratified according to mRNA expression either higher
or lower than the median expression level, designated as
high ASS1 and low ASS1, respectively.

Results

Loss of ASS1 Is Evident in Selected Subtypes of
Bladder Cancer

We performed IHC to assess ASS1 protein expression in
normal urothelium and invasive bladder cancers that
included urothelial carcinoma, pure bladder adenocarci-
noma, pure squamous cell carcinoma, and pure SCC.
Normal urothelium demonstrated robust ASS1 expression
throughout the full thickness of the urothelium by immu-
nohistochemical analysis, whereas many invasive urothelial
carcinomas and invasive squamous cell carcinomas of the
bladder show reduced ASS1 expression (Figure 1A).

The American Journal of Pathology m ajp.amjpathol.org

Categories of invasive bladder cancer that showed a sig-
nificant reduction in ASSI expression compared with
normal urothelium included urothelial carcinoma, SCC, and
squamous cell carcinoma which had only 47.9% (71 of
148), 26.3% (5 of 19), and 10.2% (4 of 39) samples,
respectively, that retained moderate-to-intense ASSI
expression (2+ or 34+ by IHC). In contrast, moderate-to-
intense ASS1 expression (24 or 3+ by IHC) was retained
in 84.2% (16 of 19) of invasive bladder adenocarcinomas
and 77.7% (21 of 27) of invasive micropapillary urothelial
carcinomas, which represent an uncommon but aggressive
subtype of urothelial carcinoma (Figure 1B). We next
queried publicly available human bladder cancer data
(n = 426) in TCGA database™ using the University of
California at Santa Cruz Cancer Genomics browser to assess
relative mRNA expression of ASS/ and ASL genes in
normal bladder tissue and muscle-invasive bladder cancer.
Relative mRNA expression of ASS! was significantly lower
(Wilcoxon test; P < 0.05) in human bladder tumors than in
normal tissue (Figure 1C). By contrast, ASL was signifi-
cantly higher (Wilcoxon test; P < 0.05) in tumor samples
than in normal tissue (Figure 1C). We analyzed the role of
ASS1I expression in affecting survival in this cohort of pa-
tients through cBioPortal (n = 413). Survival was signifi-
cantly lower (log-rank and Gehan-Breslow-Wilcoxon tests;
P < 0.05) in patients with low ASS1 expression than in
patients with high ASS1 expression (Figure 1D).

ADI-PEG 20 Reduces Colony Formation and Cell
Viability in ASS1-Deficient Bladder Cancer Cells

We identified by immunoblot analysis that the immortalized
normal urothelial UROtsa cells and the invasive urothelial
carcinoma-derived RT4, RT112, and 5637 bladder cancer
cells retained ASS1 expression; several bladder cancer lines
such as UM-UC-3, T24 and J82 cells expressed little to no
ASS1 (Figure 1E). Jurkat cells were used as a positive
control.” In colony formation growth assay performed with
ADI-PEG 20 application over 6 to 11 days, ASS1-deficient
UM-UC-3 and J82 cells formed few to no colonies when
treated with ADI-PEG 20, whereas ASS1-expressing RT112
and 5637 bladder cancer cells formed colonies even in the
presence of ADI-PEG 20, although colony number and size
were diminished (Figure 2, A and B, and Supplemental
Figure S1).

We next tested the effect of ADI-PEG 20 on cell viability
with 48-hour application. Both J82 and UM-UC-3 cells,
which showed reduced ASS1 protein expression, were
growth inhibited by low ADI-PEG-20 concentrations [con-
centration that inhibits 50% (ICsp) of 0.1 and 0.34 pg/mL
and area under the curve (AUC) of 13.7 and 33.69 for J82
and UM-UC-3 cells, respectively] (Figure 2, C—E). In
contrast, RT112 cells, which expressed the most ASSI1
protein by immunoblot, demonstrated little cell death on
exposure to ADI-PEG-20 (ICsg > 1.2 ng/mL, AUC of 77)
(Figure 2, C and F). The 5637 cells, which expressed an
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intermediate amount of ASS1 protein, showed intermediate
sensitivity to ADI-PEG-20 (ICsq of 0.27 pg/mL, AUC of
51.3) (Figure 2, C and G).

To test if J82 and UM-UC-3 cells functioned as arginine
auxotrophs, we cultured these cells in the presence of the
arginine precursor citrulline and concurrently treated these
cells with ADI-PEG 20. Citrulline was unable to rescue the
cells from arginine deprivation caused by ADI-PEG 20
(Supplemental Figure S2), indicating that the cells are un-
able to synthesize arginine endogenously to compensate for
microenvironmental depletion.

ADI-PEG 20 Induces Caspase-Independent Apoptosis
and Autophagy in ASS1-Deficient Bladder Cancer Cells

To study the mechanism whereby ADI-PEG 20 induces cell
death, we performed propidium iodide cell-cycle analysis in
ASS1-expressing and ASS1-deficient bladder cancer cells
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Figure 1  ASS1 expression is reduced in some
human bladder cancers and cell lines. A: Normal
urothelium, urothelial carcinoma, and squamous
cell carcinoma were assessed for ASS1 expression
by immunohistochemistry. B: The percentage of
cells showing 0 or 14 ASS1 expression (on a scale
of 0—3) is shown for a series of Nl and invasive
carcinomas, consisting of Adeno, MP, UCa, SCC,
and Squam. C: Box plots representing relative
mRNA expression levels of ASS1 and ASL in human
bladder tumors compared with normal, from the
TCGA database. The data for ASL were split into
two subcolumns because two probes map onto the
same gene. D: Overall patient survival plotted
related to ASS1 expression; high ASS1 (above
« median) versus low ASS1 (below median).
E: Representative immunoblot of ASS1 in benign
and malignant bladder cells; Jurkat cells were used
as a positive control. n 19 NL (B); n = 19
Adeno (B); n = 27 MP (B); n = 148 UCa (B);
n = 19 SCC (B); n = 39 Squam (B). *P < 0.05
compared with normal urothelium, Fishers test
(B); *P < 0.05 compared with normal, Wilcoxon
test (C); P = 0.0082, log-rank (Mantel Cox) text,
P = 0.0072, Gehan-Breslow-Wilcoxon text (D).
Original magnification, <100 (A). Adeno, adeno-
carcinoma; ASL, argininosuccinate lyase; ASS1,
argininosuccinate synthetase 1; Ca, carcinoma;
H&E, hematoxylin and eosin; IHC, immunohisto-
chemistry; MP, micropapillary urothelial carci-
noma; NL, normal urothelium; SCC, small cell
carcinoma; Squam, squamous cell carcinoma;
TCGA, the Cancer Genome Atlas Project; UCa,
urothelial carcinoma.
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after ADI-PEG 20 treatment for 48 hours. A dose-dependent
increase in the sub-G1 fraction was demonstrated with ADI-
PEG 20 in ASS1-deficient UM-UC-3 cells (3.7% sub-Gl1
fraction in untreated versus 31.9% sub-Gl fraction with
1.2 pg/mL. ADI-PEG 20 treatment). A similar effect was
seen in ASSI-deficient J82 cells. However, ASSI-
expressing RT112 and 5637 cells did not show a shift to a
sub-G1 fraction on applying ADI-PEG 20 (Figure 3A and
Supplemental Figure S3A). We next used fluorescence-
activated cell sorting analysis to verify that the sub-Gl
population represented apoptotic cells, which were detected
as the sum of early apoptotic (annexin V—positive and
propidium iodide—negative) and late apoptotic (annexin V
and propidium iodide double positive) cells (Figure 3, B
and C, and Supplemental Figure S3B).

Consistent with our fluorescence-activated cell sorting
analysis results, we found that 48 hours of treatment with
ADI-PEG 20 induced PARP cleavage in ASS1-deficient cells
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Figure 2

ADI-PEG 20 reduces colony formation growth and cell viability in ASS1-deficient bladder cancer cells. A: Representative images are shown

for colony formation in J82 and RT112 cells treated with increasing concentrations of ADI-PEG 20 for 6 to 10 days. B: Quantification of surviving fraction
of colonies from colony formation assays in UM-UC-3, J82, RT112, and 5637 cells. C: Results from three independent MTT assays to calculate IC5o and AUC.
D—G: Cell viability in UM-UC-3, J82, RT112, and 5637 cells, respectively, treated with increasing concentrations of ADI-PEG 20 for 48 hours. *P < 0.05
compared with untreated control, t-test. ADI-PEG 20, pegylated arginine deiminase; ASS1, argininosuccinate synthetase 1; AUC, area under the curve; ICsq,

concentration that inhibits 50%.

but not in ASS1-expressing cells (Figure 3, D and E, and
Supplemental Figure S3, C and D). The apoptosis and PARP
cleavage induced by ADI-PEG 20 likely occurs via a caspase-
independent mechanism, because we found no evidence of
caspase 3, 7, or 9 cleavage in ADI-PEG 20—treated cells
(Figure 3, D and E, and Supplemental Figure S3, C and D).
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ADI-PEG 20 can elicit autophagy in some tumor types,’
which may be assayed by increased conversion of LC3I to
LC3II. We identified that treatment with both increasing
concentrations of ADI-PEG 20 as well as arginine-free culture
medium for 6 hours could increase the conversion of LC3I to
LC3I1I, in ASS1-deficient UM-UC-3 and J82 cells compared
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Figure 3  Arginine deprivation therapy leads to caspase-independent apoptotic cell death in ASS1-deficient cells. A: PI-based cell-cycle analysis in UM-UC-3
and RT112 cells treated with increasing concentrations of ADI-PEG 20 for 48 hours. B: PI/annexin V flow cytometric analysis in UM-UC-3 and RT112 cells treated
with increasing concentrations of ADI-PEG 20 for 48 hours. C: Quantification of PI/annexin V flow cytometric analysis of UM-UC-3, J82, RT112, and 5637 bladder
cancer cells. D and E: Immunoblot of PARP and caspase cleavage in ASS1-deficient and -expressing cell lines treated with increasing concentrations of ADI-PEG 20
for 48 hours. Cytochrome C lysate was used as positive control. Data from a single experiment, representative of three independent experiments are presented (B).
ADI-PEG 20, pegylated arginine deiminase; ASS1, argininosuccinate synthetase 1; Cyt C, cytochrome C; PARP, poly (ADP-ribose) polymerase; NA, not applicable;
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with untreated cells (Figure 4A). ASS1-expressing RT112
and 5637 cells did not show this response. The autophagy
inhibitor chloroquine also increased LC3II accumulation, and
this effect was enhanced on co-treatment with ADI-PEG 20 in
ASS1-deficient cells but not in ASSI-expressing cells
(Figure 4A). Thus, ADI-PEG 20 appears to increase auto-
phagy in ASS1-deficient bladder cancer cells. Finally, in
support of this result, we observed an increase in LC3-positive
punctae by immunofluorescence in UM-UC-3 and J82 cells
after either ADI-PEG 20 or chloroquine treatment
(Figure 4B). This finding has been associated with a redis-
tribution of LC3 to autophagosomes and an increase in
autophagy.'” The greatest increase in punctae occurred with
co-incubation with both drugs.

ADI-PEG 20 Induces GCN2-Dependent eIF2¢.
Phosphorylation (Ser51) and ATF4-CHOP Induction in
ASS1-Deficient Bladder Cancer Cells

Because arginine deprivation can cause cell stress, we
evaluated the effects of arginine deprivation and ADI-PEG
20 application on expression and activity of elF2. elF2 is an
environmental stress response protein that mediates growth
arrest and apoptosis through downstream transcriptional

regulators as part of the amino acid response pathway,z(’
including ATF4 and CHOP.”’** ADI-PEG 20 application
for 6 hours induced p-elF2a in ASSI1-deficient UM-UC-3
and J82 cells, slightly in RT112 cells, and none in 5637
cells. It led to expression of both ATF4 and CHOP in ASS1-
deficient UM-UC-3 and J82 cells but not in ASSI-
expressing RT112 and 5637 cells (Figure 5A). Complete
arginine deprivation using arginine-free media resulted in
variable elevation of elF2a phosphorylation and ATF4 and
CHOP expression in all cells (Figure 5A).

Modulation of ASS1 Expression by Overexpression/
Silencing Reverses Response to ADI-PEG 20 in
ASS1-Deficient/Expressing Bladder Cancer Cells

To test the correlation between ASS1 expression and
sensitivity to ADI-PEG 20, we overexpressed ASS1 in
ASS1-deficient UM-UC-3 cells (Figure 5B) and used
siRNA to silence ASS1 in ASSl-expressing RT112 cells
(Figure 5C). ASS1-overexpressing UM-UC-3 cells showed
less growth inhibition by ADI-PEG 20, compared with
empty vector—transfected control cells; in contrast, RT112
transfected with ASSI1-targeting siRNA showed greater
growth inhibition by ADI-PEG 20 than cells transfected with
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Figure 4

Arginine deprivation or ADI-PEG 20 treatment leads to autophagy in ASS1-deficient bladder cancer cells. A: Representative immunoblots of LC3I

ADI-PEG 20 + CQ

LC3 DAPI

and LC3II in UM-UC-3, J82, RT112, and 5637 cells after ADI-PEG 20 administration alone, or with CQ, for 6 hours. Arginine-free media were used as arginine
deprivation control. B: LC3 punctae were increased in UM-UC-3 and J82 cells on ADI-PEG 20 or CQ treatment for 6 hours, compared with untreated cells.
Co-incubation of cells with both ADI-PEG 20 and CQ caused the greatest increase in punctae. DAPI was used to counterstain the nucleus. ADI-PEG 20,
pegylated arginine deiminase; ASS1, argininosuccinate synthetase 1; CQ, chloroquine.
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NTC siRNA (Figure SE). Methylation of the ASS1 promoter
represses ASSI gene expression,’ and we found that the
demethylating agent 5-Aza induced ASS1 expression in
ASS1-deficient J82 cells (Figure 5D). 5-Aza also decreased
the sensitivity of the cells to ADI-PEG 20 compared with
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DMSO-treated control cells (Figure SE). We observed
decreased viability in cells treated with 5-Aza alone, which
can be because it is a nonspecific global demethylating agent
that can affect numerous pathways as well as cause DNA
damage, both of which can lead to decrease in viability.
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We also found increased conversion of LC3I to LC3II on
6 hours of treatment with ADI-PEG 20 or arginine-free
media in empty vector—transfected UM-UC-3 cells, which
was decreased in ASS1-overexpressing cells (Figure 5B and
Supplemental Figure S4A). In contrast, RT112 cells con-
taining ASS1-targeting siRNA showed greater conversion
of LC3I to LC3II when incubated with ADI-PEG 20 or
arginine-free media compared with cells transfected with
NTC siRNA (Figure 5C and Supplemental Figure S4B).
ASS1 overexpression in ASSI-deficient UM-UC-3 cells
ablated ADI-PEG 20 application-induced p-elF2a and
expression of both ATF4 and CHOP (Figure 5B), whereas
ASS1-silenced RT112 cells showed ATF4, CHOP, and
p-elF2a expression (Figure 5C).

elF2a Phosphorylation (Ser51) and CHOP Induction
after ADI-PEG 20 Treatment Is Due to GCN2 Kinase
Activation

Reduced tRNA charging in response to amino acid depri-
vation is regulated by GCN2 kinase. We evaluated if
GCN2 kinase expression contributed to elevated elF2a.
phosphorylation in response to arginine deprivation in
ASSI1-deficient cells. Whereas transfection of the ASSI1-
deficient J82 and UM-UC-3 cells with NTC siRNA caused
an increase in elF2o phosphorylation and ATF4 and
CHOP expression after 6 hours of incubation in ADI-PEG
20 or arginine-free media, these changes were ablated
when GCN2 was selectively silenced (GCN2-siRNA)
(Figure 6A). Separate experiments in which ATF4 or
CHOP was silenced in UM-UC-3 cells were performed.
ATF4-silenced cells showed a slight increase in elF2a.
phosphorylation in response to incubation in ADI-PEG 20
or arginine-free media for 6 hours but no expression of
ATF4 and CHOP. CHOP-silenced cells showed no in-
duction of elF2a phosphorylation and modest ATF4
expression on ADI-PEG 20 treatment, whereas arginine-
free media caused no induction of elF2a phosphorylation
but induction of ATF4 expression. Both treatments did not
induce CHOP. This suggests a possible feedback mecha-
nism (Figure 6B). The GCN2-ATF4-CHOP pathway has
been reported to control autophagy,”’ and we observed
reduced autophagy in GCN2-, ATF4-, or CHOP-silenced
cells with incubation of ASS1-deficient cells in ADI-PEG
20 or arginine-free media, as evident from decreased
LC3II to LC3I ratios (Figure 6, A—D). A summary of this
pathway is presented in Figure 6E.

ADI-PEG 20 Administration Reduces Tumor Growth

in Vivo

We next assessed the effect of ADI-PEG 20 on tumor
growth in vivo. We inoculated nude mice with ASSI-
expressing RT112 cells and ASSl1-deficient UM-UC-3

cells into the subcutaneous tissue on opposite flanks of the
same animal. When tumors reached a palpable size (average
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40 mm’ after 8 days), we initiated weekly intraperitoneal
injections of either 5 IU of ADI-PEG 20 or an equivalent
volume of saline for 3 weeks, based on optimal concentra-
tions from previous studies.''~'* No statistically significant
difference in tumor size was noted between control and
treatment groups at initiation of treatment (¢-test; P > 0.05).
Mice treated with ADI-PEG 20 showed a marked decrease
in ASS1-deficient UM-UC-3 tumor growth, in contrast to
saline control animals (t-test; P < 0.05) (Figure 7A).
Contralateral ASS1-expressing RT112 tumors showed only
a minor and nonsignificant trend toward reduced tumor
volumes when treated with ADI-PEG 20 (#-test; P > 0.05).
Differences in tumor size were evident on both external
examination (Figure 7B) and in dissected tissue (Figure 7C).
Histologic review of mouse xenografts showed that UM-
UC-3 tumors treated with ADI-PEG 20 had a reduction in
tumor cell number, a 90% reduction in Ki-67 proliferation
index relative to saline-treated tumors (#-test; P < 0.05), and
a 60% increase in TUNEL labeling relative to saline-treated
tumors (z-test; P < 0.05) (Figure 7, D—F).

Discussion

Despite the high incidence of bladder cancer, limited op-
tions for targeted treatment are available for this patient
population. We evaluated the potential of ADI-PEG 20,
which degrades extracellular arginine and reduces cell
growth in ASS1-deficient cells, as a potential new targeted
therapy in bladder cancer. Although ADI-PEG 20 is effec-
tive against various ASS1-deficient tumor cell types in vitro
and is currently in clinical trials for melanoma and hepato-
cellular carcinoma,*®?!'* its role in bladder cancer requires
further investigation.

We evaluated ASS1 expression in normal urothelium and
invasive human bladder cancers, including urothelial carci-
noma, pure squamous cell carcinoma, pure adenocarcinoma,
and pure SCC. Conventional urothelial carcinoma, SCC,
and squamous cell carcinoma subtypes of bladder cancer all
showed significantly reduced levels of ASS1 compared with
normal urothelium. This finding suggests that these three
major subtypes of bladder cancer, which account for >90%
of all bladder cancers, may potentially respond to ADI-PEG
20. Furthermore, limited alternative therapies have been
historically available for either SCC or squamous cell car-
cinoma of the bladder, further highlighting the importance
of ASS1 loss and the actionable role of ADI-PEG 20 in this
scenario. Although one prior study has also shown an as-
sociation between ASS1 reduction and decreased survival in
bladder cancer patients,”” the grade and stage of the patients
included for study were not specified. We specifically
focused our analysis on the association between ASS1 loss
and survival using a large publicly available data set of
invasive urothelial carcinoma and show that ASS1 loss may
also be a putative prognostic factor in this bladder cancer
group. Future studies that address in depth the association
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between ASS1 expression and nonmuscle invasive bladder
cancer could potentially expand the spectrum of ADI-PEG
20—targetable bladder cancers and better delineate the
onset of ASS1 loss during bladder cancer progression. The
loss of ASS1 by DNA methylation has been reported,” and
we have confirmed this in our invasive bladder cancer cell
lines. An additional mechanism of ASS1 loss in human
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bladder cancers may be due to loss of chromosome 9q
which contains ASS1.”"

ADI-PEG 20 selectively targets ASS1-deficient cells by
degradation of arginine in the extracellular milieu, thereby
inducing cell death in ASS1-deficient arginine auxotrophs.
We focused our in vitro assays on the urothelial carcinoma
subtype of bladder cancer, which represents most bladder
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Figure 7  ASS1 deficiency results in reduced tumor growth in a xenograft model of bladder cancer. A: Athymic nude mice containing UM-UC-3 xenografts
(left flank) and RT112 xenografts (right flank) showed reduced UM-UC-3 volume after ADI-PEG 20 administration. B: Image of mouse xenografts after
treatment with saline or ADI-PEG20. C: Grossly dissected mouse tumors after saline and ADI-PEG 20 treatment. D: H&E staining showed reduced cell numbers
in ADI-PEG 20—treated tumors that correlated with reduced Ki-67 proliferation index and increased TUNEL stain. E: Quantification of Ki-67 staining.
F: Quantification of TUNEL staining. *P < 0.05, t-test. Original magnification, x20 (D). ADI-PEG 20, pegylated arginine deiminase; ASS1, argininosuccinate
synthetase 1; H&E, hematoxylin and eosin; TUNEL, terminal deoxynucleotidyl transferase-mediated dUTP nick-end labeling.

cancer cases and which has numerous cell lines available for
in vitro analysis, in contrast to the other major subtypes of
bladder cancer. Several bladder cancer cell lines, including
J82, UM-UC-3, and T24, showed loss of ASS1 expression.
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In comparison with ASS1-expressing bladder cancer
cell lines, ASSI1-deficient bladder cancer cells showed a
significant increase in sensitivity to ADI-PEG 20 applica-
tion. Specifically, a dose-dependent reduction in colony
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formation and cell survival were seen in ASS1-deficient cell
lines after ADI-PEG 20 application. Cell death secondary to
ADI-PEG 20 administration in ASS1-deficient cells was
accompanied by a significant increase in the sub-G1 fraction
that was associated with caspase-independent apoptosis.
This result is consistent with that of a prior study, which
showed caspase-independent apoptotic cell death in ADI-
PEG 20—treated prostate cancer cellslz; however, other
studies in different cancer types have shown caspase-
dependent mechanisms of cell death after ADI-PEG 20
application.'' This suggests that the downstream apoptotic
mechanism in response to ADI-PEG 20 may be cell-type
specific. We expanded the analysis on cell death to
include testing of LC3I to LC3II conversion and analysis of
LC31I accumulation, suggesting that autophagy may occur
in association with apoptotic cell death in the context of
ADI-PEG 20 application.

We further investigated the signaling mechanism
responsible for apoptosis in ASS1-deficient bladder cancer
cells after ADI-PEG 20 administration. ADI-PEG 20
increased phosphorylation of the regulatory subunit of elF2,
a stress-response protein activated during amino acid
deprivation,”” which activates the amino acid response
pathway. Increased eIF2 activity has been shown to
decrease translation of most mRNAs but stimulates selected
translation pathways containing genes having the amino
acid response element,z(’ such as increase in translation of
the ATF4 transcription factor and its downstream pro-
apoptotic target CHOP.”® Upstream regulation of e[F2 can
be influenced by a number of proteins, including GCN2,
protein kinase double-stranded RNA-activated, protein
kinase double-stranded RNA activated—like endoplasmic
reticulum kinase, and heme-regulated inhibitor.>' —* We
selectively tested the role of GCN2, which couples amino
acid starvation to the e[F-ATF4 pathway and regulates elF2
phosphorylation,””*? as a potential mediator of eIF2a.
phosphorylation and apoptosis in the context of arginine
auxotrophic bladder cancer cells. The results from our study
suggest that the GCN2-ATF4-CHOP pathway can regulate
autophagy during arginine deprivation in ASSI-deficient
bladder cancer cells. This also suggests the potential to
couple ADI-PEG 20 therapy with other mediators of the cell
stress response, such as the mammalian target of rapamycin
pathway,”® which has been shown to be critical to bladder
cancer cell proliferation and survival.'’

To validate our results in a xenograft model, we used dual
inoculation of RT112 and UM-UC-3 cells on contralateral
mouse flanks to test the effects of intraperitoneal ADI-PEG
20 administration on differential growth of ASSI-deficient
and ASSI-expressing bladder cancer cell lines. ADI-PEG
20 arrested bladder cancer cell growth selectively in ASS1-
deficient cells. These ASSI1-deficient xenograft tumors
showed tumor cell dropout, markedly reduced Ki-67 pro-
liferation rates, and increased apoptosis that likely account
for reduced tumor volumes and that are consistent with
other studies in different cancer types.''”'* We used a
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single concentration to test the effects of ADI-PEG 20
administration on bladder cancer growth; however, future
studies that expand the therapeutic range of ADI-PEG 20
could refine dosing of this drug. One interesting finding is
that a subset of ASSl-expressing RT112 xenografted
bladder tumors showed a partial response to ADI-PEG 20
administration. Although we have not tested the mechanism
underlying this partial response, one possibility is that
severe arginine depletion in the context of high-dose ADI-
PEG 20 administration may result in nonspecific metabolic
cell stress and a reduction in cell growth in ASSI-
expressing cells, similar to what was noted in the colony
formation assay. In such an instance, however, one potential
means to enhance ADI-PEG 20 effect may be to combine
this treatment with chemotherapy to stress partial arginine
auxotrophs and to enhance response rate.” This strategy is
currently being used in several studies in which ADI-PEG
20 is being used in combination with single or multiple
chemotherapy in other cancer types (https.//clinicaltrials.gov,
identifiers NCT01497925, NCT02029690, NCT02101593,
NCT02102022, NCT02101580, NCT02006030, NCTO1-
948843, NCT01665183, and more that are not currently
active).

There is a major unmet need to identify additional ther-
apies for bladder cancer patients that include agents that can
target both conventional urothelial carcinoma and less
common subtypes of bladder cancer. We identified ASS1
loss in a large proportion of bladder cancers and showed that
ASS1-deficient bladder cancer cells undergo apoptosis in
response to ADI-PEG 20 in vitro and in vivo. These findings
suggest that arginine dependency in bladder cancer may be a
useful mechanism to selectively target a subset of these
cancers using ADI-PEG 20, although further investigation
into the mediators of this effect and the role of combination
therapy to enhance efficacy is required. In addition,
expansion of these studies to include patients with non-
muscle invasive bladder cancer may be of value in deter-
mining whether systemic or intravesical ADI-PEG 20
administration could be a novel therapeutic approach in this
setting. Finally, the results from this study suggest that
arginine-derived metabolites may be important in bladder
cancer growth and survival and are of interest in future
studies of this disease.
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