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Because of deficiencies in L-arginine biosynthesis, some cancers
are susceptible to therapeutic intervention with arginine deiminase
(ADI), an enzyme responsible for consuming the dietary supply of
L-arginine to deprive the disease of an essential nutrient. ADI is
currently being evaluated in several clinical trials, and fully realizing
the drug’s potential will depend on invoking the appropriate met-
rics to judge clinical response. Without a clear biologic mandate,
PET/CT with 18F-FDG is currently used to monitor patients treated
with ADI. However, it is unclear if it can be expected that 18F-FDG
responses will indicate (or predict) clinical benefit. Methods: 18F-
FDG responses to ADI therapy were studied in preclinical models
of melanoma in vitro and in vivo. The molecular mechanism of
response to ADI therapy was also studied, with a particular em-
phasis on biologic pathways known to regulate 18F-FDG avidity.
Results: Although proliferation of SK-MEL 28 was potently in-
hibited by ADI treatment in vitro and in vivo, no clear declines in
18F-FDG uptake were observed. Further investigation showed
that ADI treatment induces the posttranslational degradation of
phosphatase and tensin homolog and the activation of the PI3K
signaling pathway, an event known to enhance glycolysis and
18F-FDG avidity. A more thorough mechanistic study showed that
ADI triggered a complex mechanism of cell death, involving apo-
ptosis via poly (ADP-ribose) polymerase cleavage—independent
of caspase 3. Conclusion: These findings suggest that some
unexpected pharmacologic properties of ADI preclude using
18F-FDG to evaluate clinical response in melanoma and, more
generally, argue for further studies to explore the use of PET
tracers that target apoptotic pathway activation or cell death.
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Nutrient depletion therapy with arginine deiminase (ADI)
has shown some promise in treating metastatic melanoma
and hepatocellular carcinoma, in addition to preclinical
models of renal, prostate, and pancreatic cancers (1–5).
Sensitivity is believed to be associated with the deficient
expression of argininosuccinate synthetase (ASS), a rate-
limiting enzyme in the biosynthesis of L-arginine (6). Despite
encouraging preclinical studies showing acute sensitivity
to ADI, the clinical data for metastatic melanoma has been
mixed—approximately 25% of patients respond to ADI
treatment (2). It is, to date, unclear why only a subset of
patients responds, and it is currently not possible to make
projections about how a patient population will stratify.

Akin to the manner in which 18F-FDG uptake has simplified
the interpretation of response in gastrointestinal stromal tu-
mors after imatinib therapy (7), a molecular imaging tool
could, in principle, more clearly define (or predict) tumor
response to ADI therapy. Indeed, PET/CT with 18F-FDG has
recently been adopted alongside other criteria (e.g., Response
Evaluation Criteria in Solid Tumors) to guide the clinical as-
sessment of ADI therapy (8). However, there is so far no report
demonstrating that 18F-FDG can document tumor response to
ADI therapy. Consequently, the purpose of this study was to
more systematically examine 18F-FDG responses in preclinical
models demonstrated to be sensitive to ADI therapy.

MATERIALS AND METHODS

Materials
The melanoma cell lines SK-MEL 10 and SK-MEL 28 were

obtained from Memorial Sloan-Kettering Cancer Center (MSKCC)
and maintained in glucose-containing RPMI and Dulbecco modified
Eagle medium, respectively, supplemented with 10% fetal calf serum,
L-glutamine, and penicillin–streptomycin (100 mg/mL) at 37�C and
5%CO2. Transcript levels were determined with the following primers
(IDT): ASS (forward: 59-CCTAGCCCTGAGTGTGAATTTGTCC-39;
reverse: 59-AGTGACCTTGCTCTGGAGACGATGA-39) and p53
(forward: 59-TACTCCCCTGCCCTCAACAAG-39; reverse: 59-
CTCAGGCGGCTCATAGGG-39). Commercial primers were used
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to determine phosphatase and tensin homolog (PTEN) and glucose
transporter 1 (GLUT1) expression levels (Superarray Biosci-
ences). ADI-PEG 20 (DesigneRx Pharmaceuticals Inc., a subsid-
iary of Polaris Group) and MG-132 (Calbiotech) were obtained
and used without further purification. For immunoblot analysis of
protein expression levels, a-ASS (BD Biosciences), a-caspase 3
(Cell Signaling Technologies), a-poly (ADP-ribose) polymerase
(PARP) (Promega) or a-actin (AC-15, GeneTex), a-PTEN (Santa
Cruz Biotechnology), a-phosphoAkt (S473, Cell Signaling Tech-
nologies), a-Akt (Cell Signaling Technologies), a-GLUT1 (Abcam),
and a-mouse and a-rabbit IgG-horseradish peroxidase secondary
antibodies (Santa Cruz Biotechnology) were used according to
manufacturer’s instructions. Statistical analysis of all data (Stu-
dent t test) was performed with Prism 5.0 (GraphPad) and Micro-
soft Excel 2008 for Mac (version 12.0). A P value of less than 0.05
was regarded as significant. Error bars represent SEM.

In Vitro Proliferation Studies
SK-Mel 10 and SK-MEL 28 cells (5 · 103) were plated in 96-

well plates and assayed in triplicate. Cells were treated with vehicle
or ADI-PEG 20 (4.3 mU/mL) daily for 1 wk or once a week for
8 wk. The dose was backcalculated from the optimum biologic dose
(160 U/m2) for melanoma patients (2) with the following equation:
160 U/m2 5 approximately 300 U/1.86 m2 (body surface area of
a 70-kg/177-cm human [70 kg 5 70,000 cm3]), resulting in 300 U/
70,000 cm3 5 4.3 mU/cm3 (~0.48 mg of ADI-PEG 20 per cubic
centimeter). After the indicated period, proliferation was assessed
with the WST-1 proliferation kit (Roche Diagnostics GmbH) ac-
cording to manufacturer’s instructions, and absorption was read in
a microplate reader (Safire; Tecan) at 450 nm (reference wavelength
of 690 nm).

ADI Dosing Studies in Xenograft Models
All animal studies were conducted in accordance with the

institutional guidelines established at MSKCC. Subcutaneous SK-
MEL 28 xenografts were established by injecting 4 · 106 cells in
Matrigel (BD Biosciences) in the shoulder region of 6- to 8-wk-old
female nonobese diabetic–severe combined immune-deficient (SCID)
mice (NOD.CB17-Prkdcscid/J; Jackson Laboratory). The mice were
randomized into control (phosphate-buffered saline [PBS], n 5 3)
and ADI groups (n5 5). Seven days after inoculation (average tumor
volume, ~500 mm3), the mice received weekly intramuscular injec-
tions of ADI (160 U/m2, ~17.8 mg/m2) or PBS. Body weight, tumor
volume (calculation: 2/3 p · [(diameter 1 1 diameter 2)/2]3) were
measured, and blood was withdrawn once a week over 8 wk.

Metabolite Analysis of Blood Samples
To determine the effect of ADI treatment in vivo, amino acid

analysis of murine plasma samples was performed using high-
performance liquid chromatography. L-Arginine and L-citrulline
were resolved with a PCX 5200 postcolumn derivitization instru-
ment (Pickering Laboratories) at 39�C reaction temperature and a
fluorescence detector. All reagents, including the buffer and col-
umn, were used as suggested by Pickering Laboratories and as
described previously (1,2,9).

Reverse-Transcription Polymerase Chain Reaction
To identify the ASS expression levels of our cell lines, reverse

transcription polymerase chain-reaction was performed. RNA
isolation was performed using the Ambion RiboPure Kit (Applied
Biosystems Inc.) according to the manufacturer’s protocol. Com-
plementary DNA was prepared using M-MLV reverse transcrip-
tase (Invitrogen) according to the manufacturer’s instructions.

Immunoblot Analysis of Protein Expression Levels
SK-MEL 10 and SK-MEL 28 cells were harvested for protein

analysis using M-PER (Thermo Scientific) supplemented with pro-
tease and phosphatase inhibitors (Calbiochem). Protein concen-
tration was determined with a Bradford protein assay (Bio Rad)
and bovine serum albumin standards. Samples were prepared in
lithium dodecyl sulfate sample buffer (Invitrogen), and cell lysates
(25–75 mg/lane) were resolved by gel electrophoresis. Lysate sam-
ples were transferred, blocked (SuperBlock Blocking Buffer; Thermo
Scientific), and probed for expression with primary antibodies for
12 h at 4�C. After incubation with the appropriate secondary antibody
(1 h at room temperature), proteins were visualized with chemo-
luminescence (ECL, SuperSignal West Pico; Thermo Scientific).

Annexin V Detection
SK-MEL 28 cells were treated with ADI over a period of 7 d

in 6-well plates as described. Annexin V and 49,6-diamidino-2-
phenylindole (DAPI) staining was used to differentiate apoptotic
from dead cells per the manufacturer’s recommended protocols
(BD Biosciences). For fluorescence-activated cell sorting (FACS),
cells were trypsinized, washed in ice-cold PBS, and placed in
FACS tubes. After being washed in FACS buffer (PBS with
0.5% bovine serum albumin and 0.1% sodium azide), about 1 ·
106 cells/mL were incubated for 30 min at 4�C with fluorescein
isothiocyanate–labeled annexin V and DAPI in the dark and
washed twice with FACS buffer. The stained cells were resus-
pended in FACS buffer and analyzed (annexin V–positive, annexin
V–negative, DAPI-positive, and DAPI-negative) on a FACSCalibur
LSR II flow cytometer (BD Biosciences) with CellQuest Pro,
DiVA (BD Biosciences), and FlowJo software (TreeStar).

18F-FDG Uptake In Vitro
SK-MEL 28 cells (2 · 106) were plated in culture flasks and

assayed in triplicate. Cells were treated with vehicle or ADI-PEG
20 (4.3 mU/mL) daily for 2 wk, followed by an incubation period
with 10 mL of culture medium containing 3.7 MBq (0.1 mCi) of
18F-FDG. After 1 h of incubation, the cells were harvested and
a liquid scintillation counter was used to assay the radioactivity in
the medium and in the cell pellets. Percentage uptakes of 18F-FDG
in cells were determined using the following formula: (net counts
in cell pellet)/(net counts in cell pellet 1 net counts in medium) ·
100%. A sample of cells from each flask was withdrawn after
harvest to determine the number of viable cells in each group.
Finally, the activity measured in each cell sample was normalized
to the number of viable cells.

PET of Xenograft Models
PET was performed also once a week before each treatment.

Therefore, mice were kept fasting for 4 h and subsequently injected
with about 11.1 MBq (0.3 mCi) of 18F-FDG via a lateral tail vein.
After 1 h of tracer uptake, in which the animals were kept anes-
thetized with 1%–2% isoflurane (Baxter Healthcare) and kept at an
environmental temperature of 22�C–25�C, PET was performed on
an R4 microPET (Concorde Microsystems Inc.), a dedicated 3-di-
mensional small-animal PET scanner. An energy window of 350–
750 keV and a coincidence timing window of 6 ns were used, with
a minimum of 20 million events, typically acquired over 5 min. The
resulting list-mode data were sorted into 2-dimensional histograms
by Fourier rebinning, and transverse images were reconstructed by
filtered backprojection into a 128 · 128 · 63 (0.72 · 0.72 · 1.3
mm) matrix. The reconstructed spatial resolution for 18F is 2.2 mm
in full width at half maximum at the center of the field of view to
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3.2 mm in full width at half maximum offset 5 cm from the center
of the field of view. The image data were corrected for nonunifor-
mity of response of the small-animal PET, dead-time count losses,
and physical decay to the time of injection, but no attenuation or
scatter correction was applied. An empirically determined system
calibration factor (i.e., MBq/cm3/cps/voxel) for mice was used to
convert voxel counting rates to activity concentrations, and the
resulting image data were then normalized to the administered ac-
tivity to determine by region-of-interest analysis the maximum per-
centage injected dose per gram of tumor corrected for radioactive
decay to the time of injection in the tumors, using the ASIPro VM
software (Concorde Microsystems Inc.). To further analyze the PET
data, we also corrected the region-of-interest values to the partial-
volume effect, applying an empirically determined equation (mea-
sured activity concentration · {1 – e20.80 · (source diameter – 2.90)}).

Immunohistochemistry
Immunohistochemistry was performed on sections of paraffin-

embedded SK-MEL 28 xenografts after up to 7 wk of either ADI
or PBS treatment. Briefly, sections were first deparaffinized in
xylene and then rehydrated in a series of graded alcohols. As
primary reagents, murine monoclonal antibody clone 195-21-1 to
ASS and murine anti-PTEN monoclonal antibody clone 6H2.1
(Dako) were used. After an initial blocking step, primary anti-
bodies were applied overnight at 5�C. Both a negative control (no
primary antibody) and a positive control (liver for ASS, kidney for
PTEN) were used. The primaries were detected with a biotinylated
horse-antimouse secondary antibody (Vector Labs), followed by
an avidin–biotin complex tertiary (ABC Elite; Vector Labs). Di-
aminobenzidine (Liquid DAB; Biogenex) served as a chromogen.

RESULTS

We first examined the sensitivity of 2 melanoma cell lines,
SK-MEL 28 and SK-MEL 10, to ADI treatment in vitro.
Consistent with the model of ADI potency, proliferation of
SK-MEL 28 (ASS-negative; Supplemental Figs. 1A and 1B;
supplemental materials are available online only at http://jnm.
snmjournals.org) was greatly inhibited by ADI therapy,
whereas SK-MEL 10 (ASS-positive, Supplemental Figs. 1A
and 1B) was unaffected (Fig. 1A; 1 wk, daily dose study). We
next examined the effects of ADI in SK-MEL 28 in vivo. ADI
or vehicle (PBS) was administered once weekly for several
weeks. We observed reductions of tumor volume among the
ADI-treated group out to 4 wk (Fig. 1B), a time point at
which durable reductions of serum L-arginine levels (Fig.
1C) and elevations in L-citrulline (the precursor of L-arginine
within the urea cycle) levels (Supplemental Fig. 2) had been
achieved. ASS expression in the xenografts remained un-
changed and was not influenced by ADI (Supplemental Fig.
3). Collectively, these results suggested that SK-MEL 28 is
a suitable model to study ADI-sensitive melanoma.
We next asked if ADI therapy could trigger acute or

durable declines in tumor uptake of 18F-FDG. To this end,
subcutaneous SK-MEL 28 xenografts were established, and
mice were imaged before initiating therapy. Mice were sub-
sequently randomized and treated with vehicle or ADI, and
animals were imaged with 18F-FDG 1 time per week for
several weeks. The results from the PET study showed
visually obvious differences in tumor uptake of 18F-FDG

in the vehicle versus ADI-treated groups (Fig. 2A). How-
ever, quantitative analysis of the PET data showed that the
differences were due to an increase in 18F-FDG uptake in
the vehicle group over time, rather than a decrease associ-
ated with ADI treatment (Fig. 2B). Indeed, tumor avidity
for 18F-FDG in the ADI-treated animals remained un-
changed over time, despite clear regressions in tumor vol-
ume. This observation persisted with further refinements of
the image analysis methodology (Supplemental Fig. 4).

This surprising result suggested to us that, despite its
therapeutic benefit, ADI might affect an aspect of the bi-
ology that promotes 18F-FDG uptake. A large body of liter-
ature has shown that activation of the PI3K/Akt signaling
axis can result in elevated glycolysis, via posttranslational
and transcriptional mechanisms (10–12). We therefore exam-

FIGURE 1. Profiling sensitivity of melanoma models to ADI. (A) SK-

MEL 28 (ASS-negative) and SK-MEL 10 (ASS-positive) were treated

with ADI (4.3 mU/mL) or vehicle (PBS) for 7 d (daily dose study), and
proliferation was evaluated daily. Proliferation of SK-MEL 28 steadily

declined out to 7 d with ADI treatment, whereas SK-MEL 10 was un-

affected. (B) Subcutaneous SK-MEL 28 xenografts were established in

female SCID mice, and animals were treated weekly with intramuscu-
lar injections of ADI (160 U/m2) or vehicle (PBS). Tumor volume de-

clined continuously from 1 to 4 wk of ADI treatment. Blood was drawn

weekly (before next dosing) to confirm decrease in arginine levels (C)

associated with effective therapeutic intervention. Bars represent
SEM (*P , 0.05, **P , 0.01). abs 5 absorption; L-arg 5 L-arginine.
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ined the expression of components of this pathway and found
that ADI treatment rapidly downregulated PTEN expression
in vitro (Fig. 3A). Moreover, pAkt levels were elevated (Fig.
3A), suggesting that PTEN loss promotes downstream signal-
ing through the PI3K/Akt/mTOR signaling axis. Loss of
PTEN was also observed in ADI-treated xenografts (Fig.
3B), likely accounting for the results from the 18F-FDG study.
To better appreciate the functional consequences of ADI-

triggered PTEN loss, we measured the expression levels of

GLUT1 and glucose transporter 4 after ADI treatment and
found that transcript and protein levels were elevated (Figs.
3A and 3C). 18F-FDG uptake was also significantly elevated
in ADI-treated SK-MEL 28 in vitro, consistent with the
in vivo study (Fig. 4). Probing the mechanism by which ADI
regulates PTEN, we found no change in PTEN message level
associated with ADI treatment over 2 wk (Fig. 3C), suggesting
that ADI may downregulate PTEN through a posttranslational
mechanism. Consistent with this hypothesis, we observed that

FIGURE 2. 18F-FDG PET does not reveal early tumor response to ADI therapy in SK-MEL 28 xenografts. (A) Subcutaneous SK-MEL 28

xenografts were established in female SCID mice, and mice were imaged immediately before (week 0) ADI therapy (160 U/m2) and once

weekly for 4 wk. Representative PET images before onset of treatment and from end of the study are shown. Arrowheads indicate region of
18F-FDG uptake associated with xenograft. (B) Region-of-interest analysis of intratumoral 18F-FDG uptake did not show metabolic response

in proportion to tumor volume reductions associated with ADI therapy (Fig. 1B). Bars represent SEM.%ID/g5 percentage injected dose per

gram; ROI 5 region of interest.

FIGURE 3. ADI treatment induces degra-
dation of PTEN, resulting in downstream

signaling events that promote 18F-FDG up-

take. (A) ADI treatment (4.3 mU/mL) acutely

decreases PTEN expression and elevates
PI3K (p85) and pAkt levels (S473). (B) Loss

of PTEN was also observed in treated SK-

MEL 28 xenografts (right) when compared
with vehicle-treated tissue (left) by immuno-

histochemistry. (C) Alterations in PI3K/Akt

signaling also increased expression of

GLUT1 protein levels, in addition to GLUT1
and glucose transporter 4 transcript levels in

vitro (see also part A of this figure), likely

accounting for inability of 18F-FDG to distin-

guish effects of ADI therapy. (D) To explore
mechanism of PTEN loss, SK-MEL 28 cells

were treated with ADI for 6 d, at which time

proteasome inhibitor MG132 was added.
PTEN levels were partially rescued by

MG132 treatment, suggesting that ADI reg-

ulates PTEN levels via posttranslational

mechanism. Consistent with this hypothe-
sis, in vitro PTEN transcript levels were un-

affected by ADI treatment over 2 wk (see

also part C of this figure). Bars represent

SEM. GLUT4 5 glucose transporter 4; IHC 5
immunohistochemistry.
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the proteasome inhibitor MG132 rescued PTEN expression in
SK-MEL 28 treated with ADI (Fig. 3D). Collectively, these
findings suggest that, for melanoma, the cross reactivity with
the PI3K-signaling axis may preclude the use of 18F-FDG for
documenting clinical response to ADI treatment.
To advance alternative radiotracers better suited to doc-

umenting response to ADI therapy, we more thoroughly
studied the mechanism of cell death associated with ADI
treatment. Many radiotracers have been developed to detect
tumor apoptosis; consequently, we probed for evidence of
apoptosis by FACS analysis in SK-MEL 28 after ADI
treatment. Clear evidence of apoptotic cell death was ob-
served, as more than 90% of cells showed combined staining
for annexin V and DAPI 7 d after treatment (Fig. 5A; Sup-
plemental Fig. 5). SK-MEL 10 showed minimal staining at
this time point, confirming the fidelity of the assay (Supple-
mental Fig. 6). We next probed for the specific pathway in-
voked to initiate apoptosis by immunoblot. We observed early
and sustained PARP cleavage in SK-MEL 28 over a treatment
period of 7 d (daily dose study) and no evidence of cleaved
PARP in the untreated control (Fig. 5B). Conversely, caspase-
3 did not seem to be involved in ADI-mediated cell death,

because we observed no evidence of cleaved caspase over a
similar dosing course of ADI (Fig. 5B).

DISCUSSION

Although the antitumor effects associated with nutrient
deprivation have been known for several years, there has been
little progress in the development of noninvasive markers to
project response (13–16). In this study, we have shown that
18F-FDG, a radiotracer currently involved in clinical trials to
evaluate ADI, may not accurately reflect effective therapeutic
intervention with ADI, because of an unexpected proglyco-
lytic response associated with PTEN degradation and up-
regulation of PI3K signaling. These results underscore the
importance of developing a thorough mechanistic character-
ization of drug pharmacology to select an appropriate diag-
nostic test.

Our findings raise the possibility that loss of PTEN may
also attenuate the antiproliferative effects associated with
ADI therapy in melanoma. Indeed, our preliminary work com-
bining ADI and PI3K pathway–directed therapies shows
enhancement of cell death beyond that conferred by sin-
gle-agent therapy (data not shown). Because many patients

FIGURE 4. 18F-FDG uptake in vitro is sig-

nificantly increased among ADI exposure.
After PTEN loss and upregulation of GLUT1,

SK-MEL 28 clearly enhances intracellular
18F-FDG uptake in weeks 1 and 2 of ADI
treatment (bar graph), underlining inability

of 18F-FDG PET to monitor effects of ADI

therapy. As cell viability significantly de-

creased on treatment (dash graph), cellular
18F-FDG uptake was normalized to corre-

sponding cell number and is expressed in

percentage uptake. Bars represent SEM.

FIGURE 5. SK-MEL 28 undergoes caspase 3–independent apoptosis. (A) FACS analysis of ADI-treated SK-MEL 28 cells showed evi-

dence of apoptotic cell death by day 7 (gray bars indicate annexin V–positive and DAPI-positive cells). Small percentage of dying cells did

not show evidence of apoptosis (black bars indicate annexin V–negative and DAPI-positive cells). (B) Mechanism of apoptosis was in-

vestigated by immunoblotting, and ADI-triggered apoptosis in SK-MEL 28 appears to be caspase 3–independent, because no evidence of
cleaved caspase 3 was detected over 7 d of treatment. Alternatively, ADI does induce PARP cleavage, suggesting its involvement in

apoptotic cell death.
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progress on ADI therapy despite compelling evidence of
target inhibition (reduced serum levels of L-arginine levels)
(1,2,9), the findings from this study may uncover a prosur-
vival mechanism operative in patients. Future studies are
required to elaborate this point more clearly.
The mechanism by which ADI degrades PTEN is unclear.

There are several reports that have characterized aspects
of PTEN recycling via ubiquitination and proteasomal deg-
radation, including the recent identification of NEDD4, an
E3 ubiquitin ligase, as a key regulator of PTEN stability (17–
19). Other reports have shown PTEN phosphorylation by the
serine/threonine kinase CK2 (20), or the kinase PLK3 regu-
late ubiquitinylation of PTEN (21). We have found no evi-
dence in the literature linking L-arginine biosynthesis to any
of these events, and this remains a frontier in the commu-
nity’s understanding of PTEN regulation.

CONCLUSION

We demonstrate that caution should be approached in the
use of 18F-FDG for the evaluation of ADI therapy. Alterna-
tively, the molecular features of cell death reported herein
seem to suggest that a radiotracer measuring proliferation
(e.g., 39-deoxy-39-18F-fluorothymidine) or apoptotic cell death
(e.g., 124I-annexin V) could more accurately report the antitu-
mor activity associated with nutrient depletion, and we are
actively exploring these possibilities.
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