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Metabolic strugGLS after
FLT3 inhibition in AML
Samuel J. Taylor and Ulrich Steidl | Albert Einstein College of Medicine

In this issue of Blood, Gallipoli et al report that by performing an elegant
clustered regularly interspaced short palindromic repeats (CRISPR) screen of
FLT3 internal tandem duplication–positive (FLT3-ITD1) acute myeloid leuke-
mia (AML) cells, they have identified that FLT3 inhibition exposes a thera-
peutically relevant metabolic dependency on glutaminolysis.1

One of the hallmarks of cancer is meta-
bolic reprogramming,2 a change that is
thought to aid the ability of the cancer
to outgrow and outcompete its native
untransformed brethren. Extensive met-
abolic studies of cancer model systems,
such as that performed by Gallipoli et al,
highlight how this perturbed metabolism
canbeused against the cancer cells through
combination therapy with specific kinase
and metabolism inhibitors.

AC220, commonly known as quizartinib,
is a second-generation FLT3 inhibitor that
exhibits superior potency and selectivity.3

Gallipoli et al use quizartinib as a selective

agent in a CRISPR/Cas9 lethality screen
of the human AML cell line, MOLM13, to
identify novel genes/pathways that facili-
tate resistance to FLT3 inhibitors. They
identify metabolic pathways as the top
enriched KEGG gene set enrichment cat-
egory, with 1 gene known as glutaminase
(GLS) exhibiting a particularly strong syn-
thetic lethality.

GLS is the first-stage enzyme in gluta-
mine catabolism, known for its anaplerotic
and biosynthesis roles in cancer.4 Previous
studies have identified that impairing
glutamine metabolism or uptake can
exert antileukemic activity.5-7 Gallipoli

et al further this line of investigation by
providing an in-depth examination of the
tricarboxylic acid (TCA) cycle and redox
metabolic intermediates (including reduced/
oxidized glutathione ratios) in quizartinib-
treated FLT3-ITD1 AML cells. Overall, they
found that FLT3 inhibition leads to a
preferential impairment of glucose utili-
zation and glycolytic pathways, without
equally affecting glutamine utilization or
metabolism. The unmasked metabolic
dependence on glutaminolysis makes
pharmacological inhibition of glutamine
metabolism a logical combination therapy
for FLT3 inhibitor–treated FLT3-ITD1AML
(see figure).

This study provides a strong rationale as
to why glutaminase inhibitors in partic-
ular lead to significant synergism with
FLT3 inhibitors, a concept that is in line
with other current studies.8 In addition,
the authors ascertain that other onco-
genic lesions, such as BCR-ABL, exhibit
similar characteristic changes in metab-
olism. In particular, glycolytic pathways
and glycolytic enzyme gene expression
were severely hampered in BCR-ABL1 cells
after imatinib treatment,whereasother TCA
cycle and glutaminemetabolism pathways/
genes (including GLS) were less affected.
This indicates that glutaminolysis, alongwith
other TCAmetabolic pathways,may indeed
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Schematic representation of the glycolytic and glutaminolytic pathways in an FLT3-ITD1AML cell under normal conditions (left), with FLT3 inhibition (middle), and with FLT3 and glutamine
inhibition (right). FLT3 inhibition reducesglycolysiswithout equally affectingglutaminemetabolismorglutathione (GSH)production; thus, combinationFLT3/glutamine inhibition synergizes to
increases apoptosis in FLT3-ITDcells. P, phospho; ROS, reactiveoxygen species; shRNA, short hairpin RNA. See the complete Figure6 in the article byGallipoli et al that beginsonpage1639.
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play an important role in increasing the
survival and resistance of many oncogenic
kinase-driven leukemic cells to targeted ki-
nase inhibition.

Although glutaminolysis contributes a
significant proportion of the energy re-
quirements for FLT3-ITD1 cells under
FLT3 inhibitory stress, it is not the only
metabolic pathway that is functioning.
The CRISPR screen by Gallipoli et al
reveals that several other genes associ-
ated with metabolic pathways demon-
strate significant synergistic lethality with
quizartinib. These include genes involved
in fatty acid synthesis (MECR) and phos-
phatidylinositolmetabolism (PLCH1). Thus,
further investigation, similar to that per-
formed here, is warranted in future studies
to uncover the role of these other met-
abolic pathways in providing energy and
promoting survival of FLT3-ITD1AML cells
during FLT3 inhibition.

Current treatment of FLT3-ITD1 AML is
associated with unacceptably low rates
of long-term survival posttherapy.9 The
development of specific and potent FLT3
inhibitors offers hope in providing an
effective treatment for this aggressive
form of AML, but resistance remains a
problem. Gallipoli et al provide compel-
ling evidence for a role of glutaminolysis
in the development of this resistance, and
their data compel further investigation of
combination FLT3/glutaminase inhibitor
treatment in FLT3-ITD1 patients.

Conflict-of-interest disclosure: The authors
declare no competing financial interests. n

REFERENCES
1. Gallipoli P, Giotopoulos G, Tzelepis K, et al.

Glutaminolysis is a metabolic dependency in
FLT3ITD acute myeloid leukemia unmasked by
FLT3 tyrosine kinase inhibition. Blood. 2018;
131(15):1639-1653.

2. Hanahan D, Weinberg RA. Hallmarks of cancer:
the next generation. Cell. 2011;144(5):646-674.

3. Zarrinkar PP, Gunawardane RN, Cramer MD,
et al. AC220 is a uniquely potent and selective
inhibitor of FLT3 for the treatment of acute
myeloid leukemia (AML). Blood. 2009;114(14):
2984-2992.

4. DeBerardinis RJ, Mancuso A, Daikhin E, et al.
Beyond aerobic glycolysis: transformed cells
can engage in glutamine metabolism that ex-
ceeds the requirement for protein and nucle-
otide synthesis. Proc Natl Acad Sci USA. 2007;
104(49):19345-19350.

5. Matre P, Velez J, Jacamo R, et al. Inhibiting
glutaminase in acute myeloid leukemia: meta-
bolic dependency of selected AML subtypes.
Oncotarget. 2016;7(48):79722-79735.

6. JacqueN, Ronchetti AM, LarrueC, et al. Targeting
glutaminolysis has antileukemic activity in acute
myeloid leukemia and synergizes with BCL-2 in-
hibition. Blood. 2015;126(11):1346-1356.

7. Willems L, Jacque N, Jacquel A, et al. Inhibiting
glutamine uptake represents an attractive new
strategy for treating acute myeloid leukemia.
Blood. 2013;122(20):3521-3532.

8. Gregory MA, Nemkov T, Reisz JA, et al.
Glutaminase inhibition improves FLT3 inhibitor

therapy for acute myeloid leukemia. Exp
Hematol. 2018;58:52-58.

9. Levis M. FLT3 mutations in acute myeloid
leukemia: what is the best approach in 2013?
Hematology Am Soc Hematol Educ Program.
2013;2013:220-226.

DOI 10.1182/blood-2018-03-836338

© 2018 by The American Society of Hematology

CLINICAL TRIALS AND OBSERVATIONS

Comment on Coutre et al, page 1704

Venetoclax after idelalisib:
relevant progress for CLL
Francesc Bosch1 and Michael Hallek2 | 1University Hospital Vall d´Hebron;
2University Hospital of Cologne

Coutre et al conducted a multicenter phase 2 study on the use of venetoclax
for patients with chronic lymphocytic leukemia (CLL) progressing during or
after treatment with idelalisib or ibrutinib. In this issue of Blood, they report
the results in 36 patients who received idelalisib as their last therapy.1

Treatment with venetoclax resulted in a high objective response rate (67%)
and an estimated progression-free survival of 79%at 12months, while reporting
only moderate toxicity.

Because of the advent of different ther-
apies targeting critical and divergent
biological processes of CLL, we have
witnessed in the last 5 years impressive
progress in the treatment of this most
commonly occurring chronic leukemia
in the United States and Europe.2-5 The

B-cell receptor (BCR) signaling pathway,
critical to promoting cell proliferation and
survival in CLL,6 is targeted by ibrutinib
and idelalisib, 2 of several inhibitors cur-
rently licensed for the treatment of CLL.
Conversely, the BCL-2 protein members
that tightly regulate the apoptotic process
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Critical signaling pathways for survival and apoptosis in CLL. The BCR signaling pathway is constitutively activated and
leads to several effects, including proliferation, maturation, and migration in CLL. This pathway is pharmacologically
blockedby several inhibitors, such as ibrutinib (Bruton tyrosine kinase inhibitor) or idelalisib (PI3K isoform d inhibitor). At
the same time, CLL cells are skewed toward a phenotype evading apoptosis. Apoptosis can be triggered by inducing
DNAdamage (purine analogs, alkylating agents) or by blocking BCL-2 protein using the BH3mimetic drug venetoclax.
Bak, Bcl-2 homologous antagonist killer; Bax, bcl-2–like protein 4; BIM, B-cell lymphoma 2 interacting mediator of
cell death; BLNK, B cell linker; BTK, Bruton tyrosine kinase; mTOR, mammalian target of rapamycin; NF-kB, nuclear
factor kB; PLC, phospholipase C; PUMA, p53 upregulated modulator of apoptosis; SYK, spleen tyrosine kinase.
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