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L-Asparaginase is important in the induction regimen for
treating acute lymphoblastic leukemia.Cytotoxic complications
are clinically significant problems lacking mechanistic insight.
To reveal tissue-specific molecular responses to this drug, mice
were administered asparaginase from either Escherichia coli
(clinically used) orWolinella succinogenes (novel, glutaminase-
free form). Both enzymes abolished serum asparagine, but only
the E. coli form reduced circulating glutamine. E. coli asparagi-
nase reduced protein synthesis in liver and spleen but not pan-
creas via increased phosphorylation of the translation factor
eIF2. In contrast, treatment withWolinella caused no untoward
changes in protein synthesis in any tissue examined. Treating
mice deleted for the eIF2 kinase, GCN2, with the E. coli enzyme
showed eIF2 phosphorylation to be GCN2-dependent, but only
initially. Furthermore, although eIF2 phosphorylation was not
increased in the pancreas or byWolinella asparaginase, expres-
sion of the amino acid stress response genes, asparagine synthe-
tase and CHOP/GADD153, increased as a result of both
enzymes, even in tissues demonstrating no change in eIF2 phos-
phorylation. Finally, signaling downstream of the mammalian
target of rapamycin kinase was repressed in liver and pancreas
by E. coli but not Wolinella asparaginase. These data demon-
strate that the nutrient stress response to asparaginase is tissue-
specific and exacerbated by glutamine depletion. Importantly,
increased expression of asparagine synthetase and CHOP does
not require eIF2 phosphorylation, signifying alternate or auxil-
iary means of inducing gene expression under conditions of
amino acid depletion in the whole animal.

Asparaginase is used in the treatment of both pediatric and
adult forms of acute lymphoblastic leukemia (ALL)2 (1, 2). The
anti-leukemic properties of asparaginase are ascribed to the
depletion of circulating asparagine, which is thought to be
essential for the survival of malignant lymphoblastic cells (3).
Overall treatment efficacy for ALL is limited by drug resistance
and by secondary complications (4). Complications resulting
from asparaginase treatment outside of allergic reactions
include coagulation abnormalities (leading to thromboembo-
lism), hepatic and pancreatic dysfunction, and immunosup-
pression (5–8). Defects in coagulation appear to result from
reduced synthesis of important plasma proteins by the liver (9).
Aberrant immune cell and pancreatic cell function following
treatment are also serious complications, because infection and
pancreatitis are among the most common causes of treatment-
related morbidity and mortality in patients with ALL (10).
Deciphering the mode of asparaginase action in anti-cancer

therapy is complicated by the observation that asparaginase
preparations also possess glutaminase activity, rapidly reducing
circulating concentrations of glutamine in the plasma of
patients (11). Glutamine deamination values are highly corre-
latedwith serum asparaginase activity (12). Several reports sug-
gest that the cytotoxic effects of asparaginase are related to
reductions in cellular glutamine (11, 13, 14). Preclinical testing
of a novel, glutaminase-free formof asparaginase (isolated from
the Vibrio succinogenes microbe, subsequently reclassified as
Wolinella succinogenes) found this enzyme to retain anti-lym-
phoma properties while lacking hepatotoxicity and immuno-
suppressive actions (7, 15–18). These studies suggest that
depletion of glutamine may be one reason for asparaginase
toxicity.
Amino acid deprivation is known to inhibit growth and pro-

tein synthesis via increased phosphorylation of the � subunit of
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the translation factor, eukaryotic initiation factor 2 (eIF2). In
response to nutrient depletion, phosphorylation of eIF2 by the
GCN2 kinase reduces global translation, allowing cells to con-
serve resources and initiate a reconfiguration of gene expres-
sion to either alleviate cellular conditions of stress or trigger
programmed cell death (19, 20). Transcription factors whose
expression increases in response to amino acid starvation
includes asparagine synthetase and the CAAT/enhancer-bind-
ing protein homologous protein (CHOP, also known as growth
arrest DNA damage-inducible gene 153, GADD153) (21–24).
Microarray analysis of mRNA from leukemic cells treated with
asparaginase report induction of both asparagine synthetase
and CHOP. Expression of asparagine synthetase was consid-
ered experimentally for many years both a marker of asparagi-
nase efficacy and developing drug resistance, but recent work
has challenged the concept of using asparagine synthetase as a
diagnostic indicator (25–27). There are no data examining
asparagine synthetase or CHOP levels in non-tumor tissues of
whole organisms treated with asparaginase.
Dietary amino acid deprivation also mediates translational

control via the mammalian target of rapamycin (mTOR)
kinase. These events include decreased phosphorylation of
eukaryotic initiation factor 4E-binding protein (4E-BP1) and
ribosomal protein S6 kinase (S6K1) that function to stimulate
mRNA translation and regulate cell size (28) (917). Asparagi-
nase has been suggested to inhibit S6K1 phosphorylation in
leukemic cell lines (29). Yet, although the effects of rapamycin
in the whole animal are well documented (30–32), there are no
studies reporting the effects of asparaginase on mTOR signal-
ing in vivo.
Although the inhibition of protein synthesis has been impli-

cated as the basis for altered function of several non-target tis-
sues following asparaginase treatment, mechanisms by which
asparaginase reduces protein synthesis remain unknown.
Herein we report comparative effects of two forms of asparag-
inase (differing in the ability to degrade glutamine) on the reg-
ulation of protein synthesis in tissues that are associated with
secondary complications, namely the liver, pancreas, and
spleen. This study is the first to show tissue-specific changes in
protein synthesis, eIF2� phosphorylation, andmTOR signaling
following asparaginase treatment in the whole animal. We also
show that prevention of glutamine depletion by the use of a
novel glutaminase-free enzyme prevents some but not allmeas-
ured stress responses elicited by a contemporary asparaginase.
Specifically, both asparagine synthetase and CHOP are in-
duced by both enzymes, in an apparent eIF2 phosphorylation-
independent manner. Finally, unlike dietary amino acid depri-
vation, phosphorylation of eIF2 following asparaginase is
initially but not solely dependent onGCN2. These data provide
important insight into the cellular stress mechanisms elicited
by asparaginase and support testing of Wolinella asparaginase
in chemotherapeutic regimens to treat ALL.

EXPERIMENTAL PROCEDURES

Measurement of L-Asparaginase Activity—The activity of
experimental L-asparaginase derived from Escherichia coli
(Elspar� product from Merck, passed thru a gel-filtration col-
umn to remove residual endotoxin as described (33)) or W.

succinogenes (prepared and purified under GMP standards
within the NIH/NCI-RAID Developmental Therapeutics pro-
gram) was determined by the Nesslerization technique, as pre-
viously described (17, 34). Briefly, the production of ammonia
by L-asparaginase over time was expressed relative to the slope
of known ammonia standards. The resulting value represented
the activity of the enzyme in international units (IUs), in which
one IU equaled the amount of enzyme that catalyzed the for-
mation of 1 �mol of ammonia permin. Enzyme activity of L-as-
paraginase was determined prior (�1 h) to administration.
Animals—The following study protocol was approved by the

InstitutionalCare andUseCommittee at the IndianaUniversity
School of Medicine-Evansville. Six to 8 week old male and
female C57BL/6J mice (also referred to as GCN2�/�) and
GCN2 null mice (also referred to as GCN2�/�; backcrossed
onto the C57BL/6J genetic background 8–10 generations (35))
were maintained on a 12-h light:dark cycle and provided free
access to commercial rodent chow (PMI International, Brent-
wood, MO) and tap water prior to the experiment. On the day
of the experiment, mice were given a single injection of phos-
phate-buffered saline that contained an enzyme activity of 0,
1.5, or 3.0 IU of L-asparaginase (from E. coli or Wolinella) per
gram body weight. It is reported that mice are resistant to L-as-
paraginase immunosuppression and hepatotoxicity up to 2.0
IU/g (36), so these doses were chosen to represent enzyme
activities below and above this threshold.Allmicewere injected
in the morning and allowed free access to food and water
throughout the day. At the indicated times (usually 6 h later but
15 min and 1 h were also studied), mice were euthanized by
decapitation, and the liver, pancreas, and spleen were dis-
sected carefully, rinsed in ice-cold phosphate-buffered saline,
weighed, and frozen immediately in liquid nitrogen. Trunk
blood was collected to obtain serum for analysis of amino acid
profiles. In a separate experiment, C57BL/6J mice were given a
single intraperitoneal injection of 200 mg/kg ammonium chlo-
ride or 0 or 3 IU/g BW E. coli asparaginase and euthanized 30
min later. Bloodwas collected tomeasure serum ammonia con-
centrations, and the liver was examined for phosphorylation of
eIF2� (see below for description of analyses).
Amino Acid Profiles—Serum was obtained by centrifugation

of clotted blood and then snap-frozen and stored at �20 °C.
Serum samples were sent to the Indiana University School of
Medicine Quantitative Amino Acid Core Facility (under the
direction of Dr. Edward Liechty) for the determination of
amino acid profiles by the ninhydrin method, using standard
ion-exchange chromatography with a Beckman 6300 auto-
mated amino acid analyzer.
Tissue Amino Acid Concentrations—Frozen powdered tissue

was incubated in 3% perchloric acid on ice and then centrifuged
for 10min at 10,000� g. The collected supernatant was applied
onto a cation exchange column (Dowex AG 50W-X8 resin,
100–200 mesh hydrogen form, Bio-Rad), eluted with ammo-
nium hydroxide, and dried to completion using a Savant evap-
orator. Free amino acid analysis was performed using aWaters
2690 high-performance liquid chromatographic separation
module (Waters, Milford, MA) and 474 fluorescence detector
with pre-column derivatization (ortho-phthalaldehyde/3-mer-
captopropionic acid). The internal standard used was methio-
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nine sulfone. The separation column used was a Synergi 4�
MAX-pro, 250 � 4.6 mm (Phenomenex, Torrance, CA) heated
at 40 °C.
Plasma Ammonia—Ammonia concentrations were meas-

ured using a commercial enzymaticmethod (DiagnosticChem-
icals Limited, Oxford, CT). Duplicate 100-�l samples were
added to 3.0 ml of a buffer mixture that contained (in mM) 2.2
ADP, 3.5 �-ketoglutarate, and 0.2 NADPH. Subsequent addi-
tion of 20 �l of glutamate dehydrogenase (1200 IU/ml) cata-
lyzes the formation of glutamate from glutamine and oxidation
ofNADPH toNADP� at room temperature. Absorbance at 340
nm was measured before the addition of enzyme (t � 0) and
following reaction completion (t � 6 min). The change in
absorbance was used to calculate plasma ammonia concentra-
tion using ammonia standards and blanks assayed alongside
samples.
Quantitative Reverse Transcription-PCR of Asparagine Synthe-

tase—Total RNA was extracted from frozen tissue using
TriReagent (Molecular Research Center, Inc., Cincinnati, OH)
followed by DNase treatment (VersaGene DNase kit, Gentra
Systems). The A260/280 ratio was between 1.8 and 2.0 following
RNA clean-up. mRNA expression was determined by quantita-
tive real-time PCR using TaqMan chemistry. The relative
expression levels of asparagine synthetase mRNA was deter-
mined using the Eurogentec RTqPCR mastermix (Eurogentec,
Belgium) and ABI PRISM 7700 Sequence Detection System.
The PCR mix contained 1� master mix and 0.125 �l of
Euroscript�RT and RNase Inhibitor (reverse transcription,
0.125 unit/�l and RNase inhibitor, 0.05 unit/�l). Asparagine
synthetase and �-actin primers and probes were added at final
concentrations of 200 nM and 100 nM, respectively. The primers
used for asparagine synthetase were: forward, 5�-GGAGAGG-
GGTCAGATGAACTT-3� and reverse, 5�-CTCCTCCTCGG-
CCTTCTC-3�. 1 �g of total RNA was used per reaction in a
25-�l reaction volume. All samples were run in duplicates. The
thermal cycler conditions were 48 °C for 30 min, 95 °C for 10
min, and 45 cycles of 95 °C for 0.15 min and 60 °C for 1 min.
Data were analyzed using Sequence Detection System software
version 1.9.1. Results were obtained as Ct (threshold cycle) val-
ues. Ct is inversely proportional to the starting template copy
number. �-Actin was used as reference gene and normalizer.
Relative expression of asparagine synthetase gene in five sam-
ples treated with 3 units of ASNase was calculated in compari-
son to untreated three control samples using the ��Ct method
(User Bulletin no. 2, Applied Biosystems Inc.). Results were
expressed as -fold changewith respect to the experimental con-
trol. The data were analyzed by Student’s t test with one-tail
distribution and two-sample unequal variance. Statistical sig-
nificance was set at p � 0.05.
Protein Synthesis—Fifteen minutes before they were eutha-

nized, mice were intraperitoneally injected with a bolus solu-
tion of L-phenylalanine (250mg/kg), comprising 60% unlabeled
L-phenylalanine (Sigma-Aldrich) and 40% phenylalanine
labeled with deuterium (L-[2H5]phenylalanine, Cambridge Iso-
topes, Andover, MA) for the measurement of tissue protein
synthesis as previously described (37, 38). Each tissue sample
was processed to determine the enrichment of labeled pheny-
lalanine into liver protein as previously described (39). Tissue

L-[2H5]phenylalanine enrichments were measured bymonitor-
ing the ions atm/z 336 and 341 of the tertiary butyldimethylsilyl
derivative on a model MD800 GC-MS (Fisons Instruments)
operated under electron impact (40). The intraperitoneal route
of injection to ensure constant precursor enrichment has been
previously validated for use in visceral tissues (35, 38, 41).
Tissue Preparation for Immunoblot Analysis—Tissues were

homogenized as previously described (35) using a glass-on-
glass homogenizer in 7 volumes of buffer A consisting of (in
mM) 20 N-2-hydroxyethylpiperazine-N�-2-ethanesulfonic acid
(pH 7.4), 100 KCl, 0.2 EDTA, 2 EGTA, 1 dithiothreitol, 50
sodium fluoride, 50 �-glycerophosphate, 0.1 phenylmethylsul-
fonyl fluoride, 1 benzamidine, and 0.5 sodium orthovanadate.
The homogenates were immediately centrifuged at 10,000 � g
for 10 min at 4 °C for analysis of protein expression and phos-
phorylation state as described below.
Phosphorylation of eIF2�—Phosphorylation of eIF2� was

assessed using an antibody that recognizes the protein only
when it is phosphorylated at Ser-51 (Cell SignalingTechnology,
Inc., Beverly,MA). Resultswere normalized for total eIF2�with
an antibody that recognizes the protein irrespective of phos-
phorylation state (Santa Cruz Biotechnology, Santa Cruz, CA).
PEK/PERK Activation—Frozen samples were homogenized

in a detergent-containing buffer (50mMTris-HCl (pH 7.9), 150
mM NaCl, 1% Nonidet P-40, 0.1% SDS, 50 mM NaF, 37 mM
�-glycerolphosphate, and 1 mM dithiothreitol) supplemented
with protease inhibitors (100 �M of phenylmethylsulfonyl fluo-
ride, 0.15 �M aprotinin, 1 �M leupeptin, and 1 �M pepstatin)
and centrifuged for 10 min at 10,000 � g. Resulting aliquots of
equal protein concentration were added to SDS sample buffer
and loaded onto polyacrylamide gels for resolution by SDS-
PAGE. PEK activation was measured as a shift upwards in
migration as detected by immunoblot analysis, using a poly-
clonal antibody prepared against PEK (42).
Phosphorylation of 4E-BP1—Phosphorylation of 4E-BP1 was

measured as a change in migration during SDS-PAGE as
detected by immunoblot analysis as described previously (43).
Briefly, an aliquot of the 10,000 � g supernatant was boiled for
10 min and centrifuged at 10,000 � g for 30 min at 4 °C. The
resultant supernatant was added to SDS sample buffer and sub-
jected to protein immunoblot analysis using a polyclonal
4E-BP1 antibody (Santa Cruz Biotechnology, Santa Cruz, CA).
Phosphorylation of S6K1—Phosphorylation of S6K1 was

measured as a decrease in mobility during SDS-PAGE as
described previously (43). Briefly, an aliquot of the 10,000 � g
supernatant was added to SDS sample buffer. Immunoblot
analysis was then performed using a polyclonal S6K1 antibody
(Santa Cruz Biotechnology).
Protein Expression of CHOP/GADD153—10,000 � g super-

natant aliquots of equal protein concentration were added to
SDS sample buffer and loaded onto 12.5% polyacrylamide gels
for resolution by SDS-PAGE. Resolved proteins were electro-
transferred onto polyvinylidene difluoride membranes, and
immunoblot analysis was then performed using a monoclonal
anti-CHOP/GADD153 antibody (Santa Cruz Biotechnology).
Statistics—All data were analyzed by the STATISTICA sta-

tistical software package for theMacintosh, volume II (StatSoft,
Tulsa, OK). Data were analyzed using two-way analysis of vari-
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ance to assessmain effects, with drug and dose as the independ-
ent variables. When a significant overall effect was detected,
differences among treatment groups were assessed with Dun-
can’s Multiple Range post-hoc test. The level of significance
was set at p � 0.05 for all statistical tests.

RESULTS

Although asparaginase has been an integral component of
remission induction therapy for over 40 years, its exact mech-
anism of action remains unclear. This is particularly true with
regard to understanding the basis of asparaginase-induced
complications. Physicians using asparaginase today are still not
sure how to achieve maximal efficacy with this agent (2). Their
decisions are guided by data on the pharmacokinetics and phar-
macodynamics of the enzyme, because approaches to explain
themechanism of action byway of signal transduction have not
yet been explored (44). A clear lack of fundamental information
about the underlying biology of asparaginase precludes itsmax-
imally safe and effective use.

Glutamine Is Reduced in Liver
and Spleen following a Single Injec-
tion of L-Asparaginase Derived from
E. coli but Not W. succinogenes—As
expected, both forms of asparagi-
nase reduced the concentration of
asparagine in the blood below the
detectable levels of our instrument
(below 5�mol/liter) at both enzyme
doses (Fig. 1A). As a result, the
amount of aspartic acid increased
substantially in the circulation of all
asparaginase-treated mice irrespec-
tive of dose or form of enzyme (Fig.
1B). Asparaginase from E. coli har-
bors glutaminase activity, which is
reported to catalyze the breakdown
of glutamine at 3–5% the rate of
asparagine hydrolysis (45). Consist-
ent with this idea, treatment with
E. coli asparaginase incrementally
reduced circulating glutamine con-
centrations, resulting in �3-fold
and 6-fold increases in serum glu-
tamic acid in the 1.5 and 3.0 IU/g
groups, respectively (Fig. 1, C and
D). In contrast, treatment with
Wolinella asparaginase did not
reduce serum glutamine, although a
significant increase in circulating
glutamate was noted at the higher
dose of enzyme. An explanation for
this result is that even though gluta-
mine is not being enzymatically
cleaved byWolinella, its turnover in
the body is increased in response to
simple asparagine depletion. By way
of the asparagine synthetase reac-
tion, glutamine would provide the

NH3 group to make more asparagine, leading to a greater pro-
duction of glutamate in the blood. Although no changes in urea
were noted across enzyme doses, circulating ammonia
increased 2-fold following administration of the higher dose of
E. coli asparaginase (Fig. 2, E and F). In contrast, treatment with
Wolinella did not significantly alter ammonia concentrations.
There were no changes in serum concentrations of any of the
essential or other non-essential amino acids by either enzyme
(data not shown).
To determine if the reduction in circulating glutamine by

E. coli asparaginase was reflected at the tissue level, we exam-
ined intracellular concentrations of asparagine, glutamine,
aspartate, and glutamate in the liver, pancreas, and spleen over
time (Table 1). Intracellular concentrations of aspartate and
glutamate did not change over time and remained similar to
control values, which were (nanomoles/g tissue) as follows:
aspartate, 354 	 57 (liver), 1600 	 201 (spleen), and 253 	 70
(pancreas); and glutamate, 2077 	 386 (liver), 2809 	 484
(spleen), and 2295 	 169 (pancreas). Asparagine concentra-

FIGURE 1. Circulating concentrations of asparagine (A), aspartic acid (B), glutamine (C), glutamic acid (D),
ammonia (E), and urea (F) 6 h following a single intraperitoneal injection of L-asparaginase at 0, 1.5, or
3.0 units/g BW from E. coli or Wolinella. Values are means 	 S.E., n � 4 –5 per group. BDL, below detection
limits. *, different from 0 IU/g BW, p � 0.05; #, different from 1.5 IU/g BW, p � 0.05.
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