












lines associated with downregulation of thymidine kinase 1
(TK1; ref. 23), with no effect in RT112 control cells (Fig. 4D and
E). Notably, cotreatment with MG132, a proteosome inhibitor
that blocks protein degradation, abrogated the ADI-PEG20–
induced suppression of TS and TK1 levels (Fig. 4F). More
generally, similar data on thymidine salvage and de novo syn-
thesis pathways were obtained in a panel of ADI-treated ASS1-
negative (methylated) mesothelioma cell lines (Supplementary
Fig. S2). Finally, we assessed whether in vivo imaging of thymi-
dine uptake could provide an early biomarker of response to
ADI-PEG20 therapy using UMUC-3 xenografts. Consistent with
our in vitro studies, there was a 66% decrease in the maximum
standardized uptake value (SUVmax) on [18F]FLT-PET after 24
hours of ADI-PEG20 therapy (Fig. 4G).

Enhanced effect of ADI-PEG20 and pemetrexed in
bladder cancer

To exploit our findings in the clinic, we used the multi-
targeted antifolate pemetrexed, which blocks enzymes, includ-
ing TS and DHFR, and is reported to have modest activity in
bladder cancer (24). High TS expression, in particular, has been
linked to poor clinical outcome and resistance to antifolates in
cancers of the bladder, lung, mesothelium, and colon (25–29).
Moreover, bladder TMA analysis revealed that ASS1 loss was
associated with a reciprocal increase in TS and DHFR expres-
sion—both linked to poor outcome for disease-specific and
metastasis-free survival—emphasizing the interdependence

between arginine auxotrophy and modulation of nucleotide
biosynthesis (Supplementary Fig. S3 and S4; and Supplemen-
tary Table S1). Thus, we hypothesized that ADI-PEG20 may
potentiate the cytotoxicity of pemetrexed in ASS1-negative
tumor cells via modulation of folate-dependent enzymes. First,
we showed that pemetrexed and ADI-PEG20 enhanced apo-
ptosis compared with either agent alone by increasing PARP
cleavage and Annexin V binding in vitro in ASS1-methylated
tumor cell lines (Fig. 5A and B). Secondly, ADI-PEG20 signif-
icantly reduced tumor growth of the UMUC-3 cell line (P <
0.001) in xenografted nude mice. Although pemetrexed alone
had no effect, the combination was more effective than ADI-
PEG20 alone (P < 0.05; Fig. 5C and D). Analysis of tumors from
the xenograft studies confirmed reduced TS, DHFR, and TK1
levels in ADI-PEG20–treated animals (Fig. 5E). Finally, to
validate our results we executed an [18F]-FLT microPET/CT
imaging study of the combination therapy in the UMUC-3
xenograft tumor model. Our SUVmax data showing the super-
ior efficacy of the ADI-PEG20 and pemetrexed drug combina-
tion over that of ADI-PEG20 alone are consistent with our
earlier tumor volumetric measurements (Fig. 5F). Notably,
there was a lack of effect on SUVmax of pemetrexed in animals
that had not been pretreated with ADI-PEG20.

Discussion
Progress in the targeted therapy of advanced urothelial

carcinoma has lagged behind other urological malignancies,
especially prostate and renal cancer. For the first time, we have
identifiedASS1 as a novel bladder cancer biomarker withwider
implications for the therapy andmonitoring of cancers depen-
dent on exogenous arginine for survival. We show that despite
exhibiting a poorer prognosis, ASS1-negative bladder cancer is
amenable to dual targeting with ADI-PEG20 and antifolates
with early treatment response monitoring by [18F]FLT-PET.

Our bladder cancer cell line studies reveal that unmethy-
lated ASS1 functions as a bona � de tumor suppressor and is
consistent with recent studies in osteosarcomas and myxofi-
brosarcomas (11, 12). Exactly how ASS1 promoter methylation
leads to a requirement for exogenous arginine, which promotes
increased tumor cell proliferation and invasion is unclear.
Interestingly, previous studies have associated exogenous
arginine with DNA synthesis in Burkitt lymphoma cells and
with increased proliferation of caco-2 colon cancer cells via a
glutamine-dependent effect (30, 31). Yamauchi and colleagues
proposed that under conditions of limited arginine supply
intracellular glutamine is diverted for arginine synthesis as
supplying exogenous arginine was shown to promote nucle-
otide synthesis. We found for the first time that upon depletion
of arginine in ASS1-negative tumor cells, glutamine levels
increased indicative of a block on nucleotide synthesis. Thus,
our metabolomic experiments with ADI-PEG20 support the
hypothesis that theASS1 epimutation reprograms extracellular
arginine so that it is sparing for glutamine in nucleotide
metabolism. Additional metabolomic flux studies are under
way to explore further the interdependence of arginine and
glutamine in the context of tumoral ASS1-deficiency. Exoge-
nous arginine has also been shown to stimulate intestinal cell

Figure 3. ADI-PEG20 is cytotoxic toASS1-methylated bladder cancer cell
lines. A, bladder cancer cell line viability following exposure to varying
doses of ADI-PEG20 (0–20,000 ng/mL) was assessed byMTT assay at 6
days. B, overexpression of ASS1 in ASS1-methylated cell lines induced
resistance to ADI-PEG20 by 6 days of ADI-PEG20 treatment, most
marked in the T24 cell line, validating ASS1 loss as a biomarker of
sensitivity to arginine deprivation.
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Figure 4. ADI-PEG20 modulates pyrimidine metabolism in ASS1-methyated cancer cells. A, cell extracts from ASS1-negative bladder cancer lines and the
RT112 control treated with ADI-PEG20 (750 ng/mL) for 24 hours were subjected to metabolomic analysis by LC/MS. Arginine decreased in all cell lines;
however, the reduction was at least 1-log fold greater in the ASS1-negative tumor cells. Glutamine and thymine increased whereas thymidine
decreased specifically in the ADI-treated ASS1-negative bladder cell lines with no effect in RT112 control cells. Data, mean and SE (n ¼ 6). ADI-PEG20
downregulated TS and DHFR mRNA (B) and protein (C) by 24 hours specifically in the ASS1-methylated cell lines. In contrast, the DNA synthetic
enzyme ribonucleotide reductase subunit p53R2was unaltered, confirming the specific downregulatory effect of ADI-PEG20 on TS andDHFR proteins; b-actin
was used as the loading control (50). D, [3H]thymidine uptake in bladder cancer cells after treatment with ADI-PEG20 (750 ng/mL). The cells remaining after
ADI treatment decreased their uptake of thymidine by 24 hours in all ASS1-negative cell lines except the T24 bladder cell line, which showed a reduction by
72 hours (�, P < 0.05; ��, P < 0.005). In contrast, [3H] thymidine uptake was unchanged in the control RT112 cell line after ADI treatment. Data, mean and
SE (n¼ 9). E, ADI-PEG20 reducedTK1protein levels by 24 hours specifically in ASS1-negative bladder cancer cell lines.b-actinwasusedas the loading control.
F, ADI-PEG20–mediated loss of TS and TK1 can be abrogated by inhibiting the proteasome with MG132. UMUC-3 cells were plated and incubated
overnight; subsequently, cells were exposed to DMSO (Con), ADI-PEG20 (750 ng/mL), ADI-PEG20, and MG132 or MG132 (1 mmol/L) for 24 hours with
immunoblotting as shown. G, [18F]-FLT microPET/CT imaging in a UMUC-3 bladder tumor-bearing CD1 nude mouse (i) before treatment showing uptake in
tumor (red arrow), and increased tracer concentration in intestine (white arrow) and also gall bladder. Transverse views before (ii) and 24 hours after (iii) treatment
with 5 IU ADI-PEG20 show a reduction in tumor SUVmax after treatment (3.2 vs. 1.1 after treatment), indicating a decrease in tumor cell proliferation.
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motility via activation of NO and focal adhesion kinase sig-
naling (32, 33). In particular, arginine is a dominant amino acid
modulator of mTOR, a nodal pathway that integrates cell
growth, proliferation, invasion, and metastasis of various
cancers, including urothelial malignancy (34–36); moreover,
arginine deprivation has been shown to repress mTOR and its
downstream substrates p70 S6 kinase and 4E-BP1 in ASS1-
negative cancer cells (6, 37). Indeed, it is becoming clear that

arginine deprivation has multiple effects on gene expression
and that this is likely to be determined not only by cell type but
also by the status of the ASS1 gene (38).

The ADI-PEG20–induced suppression of the folate-depen-
dent enzymes TS andDHFR and sensitization of ASS1-negative
tumor cells to the cytotoxic effects of pemetrexed provide a
novel metabolic approach to retargeting cytotoxic chemother-
apy (39). Our results also validate the work of Cheng and

Figure 5. ADI-PEG20 sensitizes ASS1-methylated cancer cells to pemetrexed. ASS1-negative bladder cancer cells (UMUC-3) and malignant mesothelioma
cells (MSTO) were treated with fixed doses of ADI-PEG20 and pemetrexed (PEM; Supplementary Table S4) with enhanced cell killing in vitro and in vivo:
increased PARP cleavage by Western blotting (A) and increased Annexin V (B) staining by FACS were observed in the combination drug treatment
compared with either drug alone by 96 hours (n ¼ 6). C and D, xenograft experiment showing enhanced control of UMUC-3 cells with the combination
comparedwith either drugalone (#,P<0.05). ADI-PEG20, but not pemetrexed, hadsignificant single agent activity comparedwith vehicle control (�,P<0.001).
E, representative TS, DHFR, and TK1 IHC (X400) showing reduced expression of all three enzymes in ADI-treated UMUC-3 xenograft tumors; residual
strong DHFR staining in stromal cells compared with negative tumor cells with ADI-PEG20 treatment. Pemetrexed and ADI-PEG20 treatments reduce and
relocate TK1 expression from the nucleus to the cytoplasm; the drug combination further reduces TK1 expression compared with either drug alone.
F, [18F]-FLT microPET/CT imaging response to treatment of ASS1-negative UMUC-3 tumors to ADI-PEG20 combined with pemetrexed. The ADI-treated
animals showed a decrease in [18F]-FLT SUVmax compared with PBS as seen previously (P < 0.05; Fig. 4G). Imaging at 7 days showed a significant
decrease in SUVmax for the PEM þ ADI treatment group vs. PBS control (P < 0.01) as well as PEM þ ADI vs. ADI alone (P < 0.05).
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colleagues, who showed that the irreversible TS inhibitor 5-
fluorouracil wasmore effective when combinedwith pegylated
human arginase in a hepatocellular carcinoma xenograft (40).
It is noteworthy that the ADI-PEG20 and antifolate doublet has
a wide therapeutic window in the xenograft studies. Moreover,
our experience from an ongoing clinical trial of arginine
depletion in mesothelioma (NCT01279967) includes a patient
treated concurrently with ADI-PEG20 and the antifolate meth-
otrexate for an unrelated condition; the combination was safe
and led to a prolonged period of disease control (manuscript in
preparation) (51).
Furthermore, the decreased uptake of thymidine following

ADI-PEG20 treatment as shown by the 3H-thymidine and FLT
tracer studies may be exploited as an early therapeutic bio-
marker for imaging ASS1-methylated tumors. This is in contrast
to recent work with ADI-PEG20 in ASS1-negative melanoma
xenografts in which there was no effect on TK1 expression and
FLT-PETmetabolic responseswerenot detected (41). These and
previous results using 2[18F]fluoro-2-deoxy-D-glucose tracers
may be explained in part by the differential regulation of ASS1
promoter withHIF-1a–mediated repression inmelanoma com-
pared with epigenetic silencing identified in several other
arginine auxotrophic cancers (9, 16, 42).
Thus, arginine deprivation with ADI-PEG20 suppresses both

the de novo and salvage pathways of nucleotide synthesis in
ASS1-negative bladder cancer cells, whichmay be exploited for
therapy and imaging, respectively (Fig. 6). In addition to ADI-
PEG20 modulating protein turnover as indicated by the
MG132-mediated recovery of TS and TK1 enzymes, several
other mechanisms may underlie the reduced levels of target
proteins, including chemical attack by peroxynitrite, a potent
oxidant and nitrating species generated by arginine depriva-
tion (43–45). More generally, the reciprocal relationship
between thymidine and glutamine in ASS1-negative tumors
reinforces several other preclinical approaches targeting ami-

no acid utilization in cancer, including methionine, glycine,
and serine (46–49). Significantly, we observed that ASS1 down-
regulation was linked to the reciprocal upregulation of the
serine biosynthetic pathway enzymes, PHGDH, PSAT1, and
PSPH, in bladder cancer (data not shown), and this warrants
further evaluation in view of the important roles of serine in
tumor cell proliferation and bioenergetics.

In conclusion, our studies linking the biology of arginine
auxotrophic bladder cancer to adverse clinicopathologic vari-
ables accentuate ASS1 loss as a novel biomarker for evaluation
in patients with urothelial cancer. Specifically, targeted mod-
ulation of pyrimidine synthesis—via suppression of the de novo
and salvage nucleotide pathways—using arginine-depleting
drugs combined with antifolates has the potential to improve
the management of urothelial and related cancers with meth-
ylated ASS1.
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