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Abstract

We and others have reported that the anticancer activity
of L-asparaginase (ASNase) against asparagine synthetase
(ASNS)-positive cell types requires ASNase glutaminase activ-
ity, whereas anticancer activity against ASNS-negative cell
types does not. Here, we attempted to disentangle the rela-
tionship between asparagine metabolism, glutamine metab-
olism, and downstream pathways that modulate cell viability
by testing the hypothesis that ASNase anticancer activity is
based on asparagine depletion rather than glutamine deple-

tion per se. We tested ASNase wild-type (ASNaseWT) and its
glutaminase-deficient Q59L mutant (ASNaseQ59L) and found
that ASNase glutaminase activity contributed to durable
anticancer activity against xenografts of the ASNS-negative
Sup-B15 leukemia cell line in NOD/SCID gamma mice,
whereas asparaginase activity alone yielded a mere growth
delay. Our findings suggest that ASNase glutaminase activity
is necessary for durable, single-agent anticancer activity
in vivo, even against ASNS-negative cancer types.

Introduction
Escherichia coli L-asparaginase (ASNase) is a standard agent for

treatment of acute lymphoblastic leukemia (ALL) and is being
tested against other cancer types. As early as 1978, glutaminase
activity was reported to contribute positively to the drug's anti-
cancer activity (1) but also to toxic side effects (2). Because side
effects often prevent patients from completing the full treatment
regimen necessary to achieve durable remission (3) the research
community is actively pursuing development of glutaminase-
deficient ASNase variants (4–6). We previously reported that one
such mutational variant, ASNaseQ59L, retains anticancer activity
against asparagine synthetase (ASNS)-negative leukemia cell
types in vitro (4). However, we and others have also noted that
glutaminase activity appears to be a major determinant of anti-
cancer activity against ASNS-positive cell types (1, 4, 7, 8) prompt-

ing the question: Do glutaminase-deficient ASNase variants retain
anticancer activity in vivo?

The expression of asparagine synthetase (ASNS) inmost cells in
the body poses a serious challenge to therapy with ASNase.
Although asparagine levels were not found in one report to be
increased in the bone marrow during asparaginase therapy (9),
others have suggested that production of asparagine by the
liver (10) and cells of the tumor microenvironment (e.g., mes-
enchymal stem cells, refs. 11, 12; and adipocytes, ref. 13) may
contribute significantly to ASNase resistance in vivo. Here, we
asked whether glutaminase-deficient ASNase can exert anticancer
activity against an ASNS-negative human leukemia cell line, Sup-
B15, in an ASNS-positive environment inNSGmice. Accordingly,
we examined the in vivo anticancer activity associated with the
asparaginase and glutaminase activities of ASNase by comparing
wild-type enzyme (ASNaseWT) with a glutaminase-deficient
mutant, ASNaseQ59L, which we designed through molecular
dynamics calculations, generated by saturation mutagenesis, and
characterized in kinetic and pharmacologic assays (4).

Materials and Methods
ASNase variants

Escherichia coli L-asparaginase II (ASNase) recombinant
proteins (wild-type (WT) and mutant Q59L) were produced as
described previously (4).

Determination of asparaginase and glutaminase enzymatic
activity

Asparaginase and glutaminase activities of ASNase were mea-
sured as described previously (4).One unit (U) of asparaginase or
glutaminase activity is defined as the amount of enzyme required
to generate 1 mmol of aspartate or glutamate per minute from
100 mmol/L asparagine or 2 mmol/L glutamine, respectively, in

1Department of Bioinformatics and Computational Biology, The University of
Texas MD Anderson Cancer Center, Houston, Texas. 2Department of Molecular
and Cellular Oncology, The University of Texas MD Anderson Cancer Center,
Houston, Texas. 3Department of Leukemia, The University of Texas MD Ander-
son Cancer Center, Houston, Texas. 4Department of Biology, University of
Maryland, College Park, Maryland. 5Center for Biological and Engineering
Sciences, Sandia National Laboratories, Albuquerque, New Mexico.

Note: Supplementary data for this article are available at Molecular Cancer
Therapeutics Online (http://mct.aacrjournals.org/).

Corresponding Author: Philip L. Lorenzi, The University of Texas MD Anderson
Cancer Center, 7435 Fannin Street, Room 2SCR3.3029, Unit 0950, Houston, TX
77054. Phone: 713-792-9999; E-mail: PLLorenzi@mdanderson.org

Mol Cancer Ther 2019;18:1587–92

doi: 10.1158/1535-7163.MCT-18-1329

�2019 American Association for Cancer Research.

Molecular
Cancer
Therapeutics

www.aacrjournals.org 1587

D
ow

nloaded from
 http://aacrjournals.org/m

ct/article-pdf/18/9/1587/1862416/1587.pdf by guest on 19 M
ay 2023

http://crossmark.crossref.org/dialog/?doi=10.1158/1535-7163.MCT-18-1329&domain=pdf&date_stamp=2019-8-16
http://crossmark.crossref.org/dialog/?doi=10.1158/1535-7163.MCT-18-1329&domain=pdf&date_stamp=2019-8-16


23 mmol/L Tris buffer at pH 8.5 and 37�C. Specific activity is
defined as units/mg of enzyme.

Mouse leukemia tumor model
Mouse studies were performed in a pathogen-free vivarium at

The University of Texas MD Anderson Cancer Center under an
approved Institutional Animal Care and Use Committee
study protocol (ACUF #00001658-RN00). We injected
0.5 � 106 luciferase-engineered Sup-B15 cells in 100 mL
phosphate-buffered saline (PBS) into each NSG mouse [NOD.
Cg-PRKDC(scid) IL2RG(tm1Wjl); The Jackson Laboratory stock
#005557] via the tail vein. After 2 weeks, leukemia burden was
monitoredusingbioluminescence imaging (IVIS Imaging System,
PerkinElmer), which was recently reported to be superior to
peripheral blood monitoring of leukemia burden (14). We
administered 100 mL 40 mg/mL D-potassium luciferin in PBS
(Gold Biotechnology) i.p. and measured leukemia burden
10minutes later. After confirmation of engraftment (signal inten-
sity �1.0 � 105 p/s/cm2/sr), mice were randomized into 3
treatment groups (N ¼ 5/group): (i) ASNase WT (ASNaseWT),
(ii) ASNaseQ59L, and (iii) PBS as a negative control. Treatments
were administered intraperitoneally at 20,000U/kg/day in 100mL
PBS for 2 weeks. Leukemia burden was assessed weekly using
bioluminescent imaging (�9 weeks). Survival was monitored
until termination of the study at day 234.

ASNase pharmacokinetics/pharmacodynamics mouse study
Asparagine, aspartic acid, glutamine, and glutamic acid in

mouse whole blood were measured by liquid chromatography–
tandem mass spectrometry (LC-MS/MS). After administering
20,000 U/kg of either ASNaseWT or ASNaseQ59L (or a matched
volume of PBS lacking ASNase) to healthy NSG mice by i.p.
injection, we serially sampled whole blood from individual mice
to permit longitudinal analysis. Blood samples were collected
immediately prior to treatment (t ¼ 0) and at 1, 2, 4, 12, and
23hours after treatment.Wholebloodwas centrifugedat 3,000� g
for 3 minutes to separate plasma and red blood cells, and a 2 mL
aliquot of the plasma layer was immediately quenched with
formic acid, combined with stable isotope-labeled internal stan-
dards, and analyzed by LC-MS/MS. ASNase enzymatic activity in
mouse whole blood were determined by a colorimetric activity
assay describedpreviously (4). Paired t test analysis was performed
on all pharmacokinetics/pharmacodynamics (PK/PD) data (Sup-
plementary Table S1).

Results
We performed a series of pilot experiments to optimize the

dosage of ASNaseWT andASNaseQ59L for PK/PD studies and in vivo
anticancer activity against a preclinical model of ASNS-negative
leukemia using the luciferase-engineered Sup-B15 cell line,
which we previously showed to lack detectable ASNS protein
expression before and after treatment with ASNase (5). We
found that 14 daily treatments of ASNaseWT and ASNaseQ59L at
5,000 U/kg administered i.p. failed to suppress leukemia pro-
gression (Supplementary Fig. S1A and S1B). At the dosage of
10,000 U/kg, ASNaseWT was capable of inhibiting leukemia cell
growth while ASNaseQ59L was still unable to stop leukemia
progression (Supplementary Fig. S1A and S1B). Mice tolerated
the treatmentwell; we did not observemore than 10%weight loss
(Supplementary Figs. S1C), but one mouse in the ASNaseWT

group died on day 28 after the first treatment (Supplementary
Figs. S1A). The corresponding PD study indicated that daily
administration of 20,000 U/kg of ASNaseQ59L was able to deplete
plasma asparagine, whereas the dosage of 10,000 U/kg was not
(Supplementary Fig. S2). Those studies led to the selection of
20,000 U asparaginase activity per kg body weight (U/kg) as the
dosage for further experiments.

Pharmacodynamics and pharmacokinetics of ASNase variants
in healthy NSG mice

We then compared the pharmacodynamics of ASNaseWT and
ASNaseQ59L in healthy NSGmice. At a dose of 20,000 U/kg, both
ASNaseWT and ASNaseQ59L depleted asparagine very quickly and
maintained that depletion (P < 0.05 compared with PBS treat-
ment; Supplementary Table S1) after 2 hours and for at least
12 hours after treatment (Fig. 1A; Supplementary Fig. S3A). Even
at 23 hours after treatment, plasma asparagine concentration
was below the limit of quantitation (< 1 mmol/L) in mice
treated with ASNaseWT and very low (�5 mmol/L) in those treated
with ASNaseQ59L. The greater extent of asparagine depletion by
ASNaseWT was presumably due to the additional depletion of
glutamine, which is a substrate needed for the synthesis of
asparagine by ASNS in cells throughout the body. As expected,
ASNaseWT and ASNaseQ59L treatment led to elevation of plasma
aspartate concentration (from �10 to �25 mmol/L), presumably
due to conversion of asparagine to aspartate (Fig. 1B; Supplemen-
tary Fig. S3B).We did not observe a significant difference between
asparagine and aspartate profiles following ASNaseWT treatment
and ASNaseQ59L treatment (P > 0.05, Supplementary Table S1).

As also expected, ASNaseQ59L treatment did not decrease
plasma glutamine concentration compared with PBS treatment
(P > 0.2; Supplementary Table S1; Fig. 1C; Supplementary Figs.
S3C). ASNaseWT, in contrast, decreased glutamine concentration
significantly from �600 mmol/L (pretreatment) to �200 mmol/L
at 2 hours after treatment (P < 0.05, Supplementary Table S1; Fig.
3C; Supplementary Fig. S3C), but that effect was short-lived;
glutamine rapidly returned to baseline (or perhaps slightly
elevated) concentration. The slightly increased glutamine level
following ASNaseQ59L treatment was not statistically significant
(P > 0.05; Supplementary Table S1).

Glutamate accumulated (ASNaseWT vs. PBS, P < 0.05;
Supplementary Table S1) commensurately with the decrease of
glutamine within the first 4 hours but regressed to baseline
concentration within 8 hours (Fig. 1D; Supplementary
Fig. S3D). Notably, no glutamate accumulation was detected
following ASNaseQ59L treatment (ASNaseQ59L vs. PBS, P > 0.1;
Supplementary Table S1), illustrating the absence of compensa-
tory reaction and confirming its glutaminase deficiency.

Next, to analyze ASNase pharmacokinetics, we measured
asparaginase activity in the sameplasma samples aswere collected
for the analysis of ASNase pharmacodynamics. The pharmacoki-
netics of ASNaseWT andASNaseQ59Lwere not statistically different
(ASNaseWT vs. ASNaseQ59L, P > 0.05; Supplementary Table S1),
but the maximal enzymatic activity (Cmax) of ASNaseWT was
slightly lower than that of ASNaseQ59L; the Cmax of ASNaseWT

and ASNaseQ59L occurred at 2 hours after administration
and remained at 25%ofmaximumat 12 hours (Fig. 1E). Notably,
the ASNaseWT pharmacokinetic profile (Fig. 1E) matched the
glutamate pharmacodynamic profile (Fig. 1D) and inversely
matched that of glutamine (Fig. 1C); rapid clearance of ASNase
enzyme activity was associated with a rapid return of plasma
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glutamine concentration to baseline level. In contrast, the
ASNaseQ59L pharmacokinetic profile matched the asparagine
depletion profile (Fig. 1A). Overall, the pharmacokinetic
and pharmacodynamic results suggested that administration of
20,000 U/kg i.p. daily should provide adequate conditions for
the comparison of ASNaseWT and ASNaseQ59L anticancer activity
in vivo.

Asparaginase activity alone does not produce cytotoxic
anticancer activity in vivo

We next tested the in vivo anticancer activity of ASNaseWT and
ASNaseQ59L against the Sup-B15 leukemia model (4). Follow-
ing 14 daily treatments at 20,000 U/kg administered i.p.,
ASNaseWT and ASNaseQ59L suppressed leukemia progression,
whereas the PBS-treated group exhibited rapid progression

Figure 1.

Pharmacokinetics and pharmacodynamics of ASNaseWT and ASNaseQ59L in vivo. The pharmacodynamics of ASNaseWT and ASNaseQ59L in the plasma of non-
tumor–bearing NSGmice were determined by LC-MS/MS-based analysis of the amino acids asparagine (A), aspartate (B), glutamine (C), and glutamate (D). NSG
mice (3 per group) were treated with PBS (negative control), 20,000 U/kg ASNaseWT, or 20,000 U/kg ASNaseQ59L by intraperitoneal injection. Time 0
measurements were made on samples collected immediately before injection. E, The pharmacokinetics of ASNaseWT and ASNaseQ59L in plasmawere determined
by colorimetric assay of asparaginase activity. Error bars represent standard error of the mean.
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(Fig. 2A and B; Supplementary Fig. S4). We continued to
monitor leukemia burden and survival rate after the cessation
of treatment. ASNaseQ59L provided a growth delay of about
20 days (approximately 3 to 4 doubling times of the leukemia
in mice) over the control group, whereas ASNaseWT yielded
undetectable (background signal levels of) leukemia burden
through the 66 days of imaging assessment (Fig. 2A and B;
Supplementary Figs. S4). Strikingly, ASNaseWT extended

survival to >100 days, with 2 of the mice showing no regrowth
of this hard-to-cure leukemia through the time of sacrifice on day
234. A third mouse responded well but showed a small region of
bioluminescence in the late stages of imaging, suggesting recur-
rence of the leukemia, and it survived until day 101 (Fig. 2C).
ASNaseWT and ASNaseQ59L were both toxic as reflected by the loss
of bodyweight following drug treatment (Fig. 2D; Supplementary
Fig. S5). That side effect was more severe in the ASNaseWT group

Figure 2.

Anticancer activity of ASNaseWT and ASNaseQ59L in vivo.A, NSGmice (5 per group) xenografted with the luciferase-engineered leukemia cell line Sup-B15 were
treated daily with the PBS-negative control, 20,000 U/kg ASNaseWT, or 20,000 U/kg ASNaseQ59L for 2 weeks by intraperitoneal injection. Leukemia burden was
monitored using bioluminescence imaging at the indicated time points. Day 0 is defined as 1 day before the first treatment. B, Average bioluminescent signal in
each treatment group as described for A. C, Kaplan–Meier survival analysis of the mice in A. D, The average of daily body weight loss of each group in A. Mice had
unrestricted access to food and water. Twomice died early, but it was not clear whether they died from ASNaseWT-related toxicity. Mean and SEM are shown.

Chan et al.

Mol Cancer Ther; 18(9) September 2019 Molecular Cancer Therapeutics1590

D
ow

nloaded from
 http://aacrjournals.org/m

ct/article-pdf/18/9/1587/1862416/1587.pdf by guest on 19 M
ay 2023



(up to �20% loss) than in the ASNaseQ59L group (up to �10%
loss).Overall, thedata in Fig. 2 indicate that ASNaseQ59L exhibited
less toxic, but also less anticancer, activity than did ASNaseWT,
which achieved results that approximate cure. It was unclear
whether the early deaths of 2 mice from the ASNaseWT-treated
group were caused by drug toxicity, but one of the 2 showed the
largest early weight loss.

Discussion
We previously found that asparaginase activity played a role

in the anticancer activity of ASNase in vitro, but glutaminase
activity was dominant, especially in the case of ASNS-positive
cell types (4). In the present study, we asked similar questions
in vivo, intentionally biasing the case in favor of asparaginase
activity by using xenografts of the ASNS-negative Sup-B15 line in
NSG mice. In that model system, ASNaseQ59L exerted anticancer
activity, but comparisonwithASNaseWT showed that glutaminase
activity was again dominant; ASNaseWT elicited a durable
response (consistent with a cytotoxic mode of action) whereas
ASNaseQ59L achieved only a fraction of the effect produced by
ASNaseWT.

We previously found that ASNS expression (pretreatment
and posttreatment) was a key mediator of resistance to ASNa-
seQ59L in vitro (4). It was, therefore, unexpected in this study to
find that ASNaseQ59L lacked significant anticancer activity
in vivo. That is, depletion of asparagine alone in vivo elicited
growth inhibition but not a durable response. One hypothesis
to explain the discrepancy between in vitro and in vivo results is
that the leukemia cell microenvironment consists of ASNS-
positive cell types capable of synthesizing and transporting
asparagine to the extracellular environment for consumption
by leukemia cells (15, 16), thereby fueling resistance to ASNa-
seQ59L. In contrast, the in vitro cell culture models lack such
additional sources of asparagine. Our results suggest that better
in vitro models and/or a focus on in vivo data are critical for
assessing the ability of glutaminase-deficient ASNase variants
to overpower the supportive microenvironment.

Although our data support the conclusion that glutaminase
activity is necessary for ASNase's in vivo anticancer activity,
significant side effects, including pancreatitis, thrombosis,
immunosuppression, and impaired functions of liver, kidney,
or central nervous system, have been attributed to its gluta-
minase activity. Indeed, we observed greater weight loss in the
ASNaseWT-treated group compared with the ASNaseQ59L-trea-
ted group during the 2-week treatment. In addition, 2 out of 5
mice in the ASNaseWT-treated group died, but none died in the
ASNaseQ59L-treated group during the first 3 weeks. Aside from
weight loss, we did not observe any obvious differences in the
physical appearance or behavior of mice between 2 treatment
groups, prompting a need for further studies to identify the
causes of early death in the ASNaseWT-treated group. Addition-
ally, there is a need to probe the metabolic pathways that are
modulated downstream of the short-term glutamine decrease
achieved by ASNaseWT in vivo. To overcome toxicities associated
with ASNase glutaminase activity, combinations of ASNaseWT

and glutaminase-deficient mutants such as ASNaseQ59L may be
customized to achieve durable anticancer activity with minimal
toxicity. In addition, monitoring glutamine concentration may
be as important as monitoring asparagine concentration in
patients during the course of ASNase therapy.

The new results presented here have potentially significant
implications. First, attempts to achieve better clinical responses
by increasing ASNase treatment intensity (and, therefore, gluta-
minase activity) are often overruled by evidence of increased
toxicity (2, 17), but the new results here are consistent with
arguments in favor of increasing the glutaminase dosage for
both ASNS-negative and ASNS-positive leukemia cell types. The
single-agent ASNaseWT treatment regimen used in the current
study thus achieved results similar to those reported with opti-
mized vincristine, deXamethasone, L-asparaginase (VXL) combi-
nation therapy in a patient-derived xenograft model of acute
lymphoblastic leukemia, whereby weekly administration of vin-
cristine (0.15 mg/kg) together with weekday treatment with
dexamethasone (5 mg/kg) and L-asparaginase (1,000 U/kg) for
4weeks yielded 34-week survival of 1 of 5mice engraftedwith the
chemosensitive T-ALL xenograft ALL-16 (18). On that note, given
the single-agent activity observed here for ASNaseQ59L, further
in vivo studies to assess Q59L's potential in the VXL regimen are
warranted.

Another recently published report indicated that a low-
glutaminase mutant of Erwinia chrysanthemi ASNase (a different
backbone than the E. coli ASNase used in the present studies)
retained anticancer activity in vivo (6). Specifically, with 14-day
and 29-day study designs, a low-glutaminase ASNase mutant
yielded anticancer activity in the short term. The new results
presented here using a glutaminase-deficient variant of ASNase
with even lower relative glutaminase activity (<0.2% of WT)
provide critical additional information. In our extended sur-
vival analysis, glutaminase-deficient ASNaseQ59L was insuffi-
ciently active to prevent recurrence of the leukemia. In contrast,
ASNaseWT at the same dose in terms of asparaginase activity
yielded a durable response, with 2 of the mice surviving
until sacrifice at day 234. Overall, the results presented here
indicate that ASNase glutaminase activity is a key component,
although not the only component, of the mechanism of action
of ASNase.

Disclosure of Potential Conflicts of Interest
J.N. Weinstein has ownership interest (including stock, patents, etc.) in NIH.

P.L. Lorenzi is a consultant/advisory board member for Erytech Pharma. No
potential conflicts of interest were disclosed by the other authors.

Authors' Contributions
Conception and design: W.-K. Chan, T.D. Horvath, S.B. Rempe, S. Sukharev,
J.N. Weinstein, P.L. Lorenzi
Development of methodology: W.-K. Chan, T.D. Horvath, J.N. Weinstein,
P.L. Lorenzi
Acquisition of data (provided animals, acquired and managed patients,
provided facilities, etc.): W.-K. Chan, T.D. Horvath, L. Tan, T. Link,
M.A. Pontikos, L.A. Martin, E. Yin, M. Konopleva, J.N. Weinstein, P.L. Lorenzi
Analysis and interpretation of data (e.g., statistical analysis, biostatistics,
computational analysis): W.-K. Chan, T.D. Horvath, A. Anishkin, D. Du,
M. Konopleva, J.N. Weinstein, P.L. Lorenzi
Writing, review, and/or revision of themanuscript:W.-K. Chan, T.D. Horvath,
M. Konopleva, J.N. Weinstein, P.L. Lorenzi
Administrative, technical, or material support (i.e., reporting or organizing
data, constructing databases): W.-K. Chan, M.A. Pontikos, J.N. Weinstein
Study supervision: W.-K. Chan, J.N. Weinstein, P.L. Lorenzi

Acknowledgments
This work was supported in part by NCI grant numbers CA143883

(J.N. Weinstein), CA083639 (J.N. Weinstein), CA235510 (J.N. Weinstein), and
CA016672 (J.N. Weinstein and P.L. Lorenzi); Cancer Prevention and Research

Durable Anticancer Activity with L-Asparaginase

www.aacrjournals.org Mol Cancer Ther; 18(9) September 2019 1591

D
ow

nloaded from
 http://aacrjournals.org/m

ct/article-pdf/18/9/1587/1862416/1587.pdf by guest on 19 M
ay 2023



Institute of Texas grant number RP130397 (J.N. Weinstein and P.L. Lorenzi);
NIH high-end instrument grant 1S10OD012304-01 (P.L. Lorenzi), the Chap-
man Foundation, and the Michael and Susan Dell Foundation (honoring
Lorraine Dell). SNL is a multimission laboratory managed and operated by
NTESS for the US DOE, NNSA, under contract DE-NA-0003525 (S.B. Rempe).
Sup-B15-luc cells were a kind gift from Michael Jensen (Seattle Children's
Research Hospital).

The costs of publicationof this articlewere defrayed inpart by the payment of
page charges. This article must therefore be hereby marked advertisement in
accordance with 18 U.S.C. Section 1734 solely to indicate this fact.

Received December 1, 2018; revisedMarch 25, 2019; accepted June 11, 2019;
published first June 17, 2019.

References
1. Wu MC, Arimura GK, Yunis AA. Mechanism of sensitivity of cultured

pancreatic carcinoma to asparaginase. Int J Cancer 1978;22:728–33.
2. Kafkewitz D, Bendich A. Enzyme-induced asparagine and glutamine

depletion and immune system function. Am J Clin Nutr 1983;37:
1025–30.

3. Silverman LB, Gelber RD, Dalton VK, Asselin BL, Barr RD, Clavell LA, et al.
Improvedoutcome for childrenwith acute lymphoblastic leukemia: results
of Dana-Farber consortium protocol 91–01. Blood 2001;97:1211–8.

4. ChanWK, Lorenzi PL, AnishkinA, Purwaha P, RogersDM, Sukharev S, et al.
The glutaminase activity of L-asparaginase is not required for anticancer
activity against ASNS-negative cells. Blood 2014;123:3596–606.

5. Anishkin A, Vanegas JM, Rogers DM, Lorenzi PL, Chan WK, Purwaha P,
et al. Catalytic role of the substrate defines specificity of therapeutic
L-asparaginase. J Mol Biol 2015;427:2867–85.

6. Nguyen HA, Su Y, Zhang JY, Antanasijevic A, Caffrey M, Schalk AM, et al. A
novel L-asparaginasewith lowL-glutaminase coactivity is highly efficacious
against both T- and B-cell acute lymphoblastic leukemias in vivo.
Cancer Res 2018;78:1549–60.

7. Offman MN, Krol M, Patel N, Krishnan S, Liu J, Saha V, et al. Rational
engineering of L-asparaginase reveals importance of dual activity for cancer
cell toxicity. Blood 2011;117:1614–21.

8. Parmentier JH, Maggi M, Tarasco E, Scotti C, Avramis VI, Mittelman SD.
Glutaminase activity determines cytotoxicity of L-asparaginases on most
leukemia cell lines. Leukemia Res 2015;39:757–62.

9. Tong WH, Pieters R, Hop WC, Lanvers-Kaminsky C, Boos J, van der Sluis
IM. No evidence of increased asparagine levels in the bone marrow of
patients with acute lymphoblastic leukemia during asparaginase therapy.
Pediatr Blood Cancer 2013;60:258–61.

10. Avramis VI, Panosyan EH. Pharmacokinetic/pharmacodynamic relation-
ships of asparaginase formulations: the past, the present and recommen-
dations for the future. Clin Pharmacokinet 2005;44:367–93.

11. Ding Y, Li Z, Broome JD. Epigenetic changes in the repression and
induction of asparagine synthetase in human leukemic cell lines. Leukemia
2005;19:420–6.

12. Iwamoto S, Mihara K, Downing JR, Pui CH, Campana D. Mesenchymal
cells regulate the response of acute lymphoblastic leukemia cells to
asparaginase. J Clin Invest 2007;117:1049–57.

13. Ehsanipour EA, Sheng X, Behan JW, Wang X, Butturini A, Avramis VI, et al.
Adipocytes cause leukemia cell resistance to L-asparaginase via release of
glutamine. Cancer Res 2013;73:2998–3006.

14. Jones L, Richmond J, Evans K, Carol H, Jing D, Kurmasheva RT, et al.
Bioluminescence imaging enhances analysis of drug responses in a patient-
derived xenograft model of pediatric ALL. Clin Cancer Res 2017;23:
3744–55.

15. Avramis VI. Asparaginases: biochemical pharmacology andmodes of drug
resistance. Anticancer Res 2012;32:2423–37.

16. Ehsanipour EA, Sheng X, Behan JW, Wang X, Butturini A, Avramis VI, et al.
Adipocytes cause leukemia cell resistance to L-asparaginase via release of
glutamine. Cancer Res 2013;73:2998–3006.

17. Lebovic R, Pearce N, Lacey L, Xenakis J, Faircloth CB, Thompson P. Adverse
effects of pegaspargase in pediatric patients receiving doses greater than
3,750 IU. Pediatr Blood Cancer 2017;64. doi: 10.1002/pbc.26555.

18. Szymanska B, Wilczynska-Kalak U, Kang MH, LiemNL, Carol H, Boehm I,
et al. Pharmacokinetic modeling of an induction regimen for in vivo
combined testing of novel drugs against pediatric acute lymphoblastic
leukemia xenografts. PLoS One 2012;7:e33894.

Mol Cancer Ther; 18(9) September 2019 Molecular Cancer Therapeutics1592

Chan et al.

D
ow

nloaded from
 http://aacrjournals.org/m

ct/article-pdf/18/9/1587/1862416/1587.pdf by guest on 19 M
ay 2023



<<
  /ASCII85EncodePages false
  /AllowTransparency false
  /AutoPositionEPSFiles true
  /AutoRotatePages /None
  /Binding /Left
  /CalGrayProfile (Gray Gamma 2.2)
  /CalRGBProfile (sRGB IEC61966-2.1)
  /CalCMYKProfile (U.S. Web Coated \050SWOP\051 v2)
  /sRGBProfile (sRGB IEC61966-2.1)
  /CannotEmbedFontPolicy /Error
  /CompatibilityLevel 1.3
  /CompressObjects /Off
  /CompressPages true
  /ConvertImagesToIndexed true
  /PassThroughJPEGImages true
  /CreateJobTicket false
  /DefaultRenderingIntent /Default
  /DetectBlends true
  /DetectCurves 0.0000
  /ColorConversionStrategy /LeaveColorUnchanged
  /DoThumbnails false
  /EmbedAllFonts true
  /EmbedOpenType false
  /ParseICCProfilesInComments true
  /EmbedJobOptions true
  /DSCReportingLevel 0
  /EmitDSCWarnings true
  /EndPage -1
  /ImageMemory 1048576
  /LockDistillerParams true
  /MaxSubsetPct 0
  /Optimize false
  /OPM 1
  /ParseDSCComments true
  /ParseDSCCommentsForDocInfo true
  /PreserveCopyPage false
  /PreserveDICMYKValues true
  /PreserveEPSInfo true
  /PreserveFlatness false
  /PreserveHalftoneInfo false
  /PreserveOPIComments false
  /PreserveOverprintSettings true
  /StartPage 1
  /SubsetFonts true
  /TransferFunctionInfo /Remove
  /UCRandBGInfo /Remove
  /UsePrologue false
  /ColorSettingsFile ()
  /AlwaysEmbed [ true
  ]
  /NeverEmbed [ true
  ]
  /AntiAliasColorImages false
  /CropColorImages false
  /ColorImageMinResolution 200
  /ColorImageMinResolutionPolicy /Warning
  /DownsampleColorImages true
  /ColorImageDownsampleType /Bicubic
  /ColorImageResolution 150
  /ColorImageDepth -1
  /ColorImageMinDownsampleDepth 1
  /ColorImageDownsampleThreshold 1.50000
  /EncodeColorImages true
  /ColorImageFilter /DCTEncode
  /AutoFilterColorImages true
  /ColorImageAutoFilterStrategy /JPEG
  /ColorACSImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /ColorImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000ColorACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000ColorImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasGrayImages false
  /CropGrayImages false
  /GrayImageMinResolution 200
  /GrayImageMinResolutionPolicy /Warning
  /DownsampleGrayImages true
  /GrayImageDownsampleType /Bicubic
  /GrayImageResolution 300
  /GrayImageDepth -1
  /GrayImageMinDownsampleDepth 2
  /GrayImageDownsampleThreshold 1.50000
  /EncodeGrayImages true
  /GrayImageFilter /DCTEncode
  /AutoFilterGrayImages true
  /GrayImageAutoFilterStrategy /JPEG
  /GrayACSImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /GrayImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000GrayACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000GrayImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasMonoImages false
  /CropMonoImages false
  /MonoImageMinResolution 600
  /MonoImageMinResolutionPolicy /Warning
  /DownsampleMonoImages true
  /MonoImageDownsampleType /Bicubic
  /MonoImageResolution 900
  /MonoImageDepth -1
  /MonoImageDownsampleThreshold 1.50000
  /EncodeMonoImages true
  /MonoImageFilter /CCITTFaxEncode
  /MonoImageDict <<
    /K -1
  >>
  /AllowPSXObjects false
  /CheckCompliance [
    /None
  ]
  /PDFX1aCheck false
  /PDFX3Check false
  /PDFXCompliantPDFOnly false
  /PDFXNoTrimBoxError true
  /PDFXTrimBoxToMediaBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXSetBleedBoxToMediaBox true
  /PDFXBleedBoxToTrimBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXOutputIntentProfile (None)
  /PDFXOutputConditionIdentifier ()
  /PDFXOutputCondition ()
  /PDFXRegistryName ()
  /PDFXTrapped /False

  /CreateJDFFile false
  /Description <<
    /ENU ([Based on '[High Quality Print]'] Use these settings to create Adobe PDF documents for quality printing on desktop printers and proofers.  Created PDF documents can be opened with Acrobat and Adobe Reader 5.0 and later.)
  >>
  /Namespace [
    (Adobe)
    (Common)
    (1.0)
  ]
  /OtherNamespaces [
    <<
      /AsReaderSpreads false
      /CropImagesToFrames false
      /ErrorControl /WarnAndContinue
      /FlattenerIgnoreSpreadOverrides true
      /IncludeGuidesGrids false
      /IncludeNonPrinting false
      /IncludeSlug false
      /Namespace [
        (Adobe)
        (InDesign)
        (4.0)
      ]
      /OmitPlacedBitmaps false
      /OmitPlacedEPS false
      /OmitPlacedPDF false
      /SimulateOverprint /Legacy
    >>
    <<
      /AddBleedMarks false
      /AddColorBars false
      /AddCropMarks true
      /AddPageInfo false
      /AddRegMarks false
      /BleedOffset [
        18
        18
        18
        18
      ]
      /ConvertColors /NoConversion
      /DestinationProfileName ()
      /DestinationProfileSelector /NA
      /Downsample16BitImages true
      /FlattenerPreset <<
        /ClipComplexRegions true
        /ConvertStrokesToOutlines false
        /ConvertTextToOutlines false
        /GradientResolution 300
        /LineArtTextResolution 1200
        /PresetName ([High Resolution])
        /PresetSelector /HighResolution
        /RasterVectorBalance 1
      >>
      /FormElements false
      /GenerateStructure false
      /IncludeBookmarks false
      /IncludeHyperlinks false
      /IncludeInteractive false
      /IncludeLayers false
      /IncludeProfiles false
      /MarksOffset 18
      /MarksWeight 0.250000
      /MultimediaHandling /UseObjectSettings
      /Namespace [
        (Adobe)
        (CreativeSuite)
        (2.0)
      ]
      /PDFXOutputIntentProfileSelector /NA
      /PageMarksFile /RomanDefault
      /PreserveEditing true
      /UntaggedCMYKHandling /LeaveUntagged
      /UntaggedRGBHandling /LeaveUntagged
      /UseDocumentBleed false
    >>
    <<
      /AllowImageBreaks true
      /AllowTableBreaks true
      /ExpandPage false
      /HonorBaseURL true
      /HonorRolloverEffect false
      /IgnoreHTMLPageBreaks false
      /IncludeHeaderFooter false
      /MarginOffset [
        0
        0
        0
        0
      ]
      /MetadataAuthor ()
      /MetadataKeywords ()
      /MetadataSubject ()
      /MetadataTitle ()
      /MetricPageSize [
        0
        0
      ]
      /MetricUnit /inch
      /MobileCompatible 0
      /Namespace [
        (Adobe)
        (GoLive)
        (8.0)
      ]
      /OpenZoomToHTMLFontSize false
      /PageOrientation /Portrait
      /RemoveBackground false
      /ShrinkContent true
      /TreatColorsAs /MainMonitorColors
      /UseEmbeddedProfiles false
      /UseHTMLTitleAsMetadata true
    >>
  ]
>> setdistillerparams
<<
  /HWResolution [600 600]
  /PageSize [792.000 1224.000]
>> setpagedevice


