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Pivotal role of cytosolic phospholipase
PLA2G4A in the pathogenesis of
FLT3-ITD-mutated acute myeloid leukemia
Internal tandem duplication of FMS-like tyrosine kinase 3
(FLT3-ITD) is one of the most common genetic alterations in
human acute myeloid leukemia (AML) and confers a poor
prognosis for the disease.1 Though several FLT3 inhibitors
have been approved in AML, their clinical benefits are still
unsatisfactory due to primary refractory and drug resis-
tance. Therefore, it may be crucial to develop novel ther-
apeutics for FLT3-ITDþ AML.

We previously demonstrated that Follistatin is a novel
biomarker and therapeutic target in FLT3-ITD þ AML.2 This
prompted us to identify more therapeutic targets in FLT3-
mutated AML. To this end, here we first identified the
differentially expressed genes (DEGs, n Z 928, |FC| > 1.5,
P < 0.001, LinkedOmics database) in FLT3-mutated
(FLT3mut) AML comparing to those of FLT3-wildtype
(FLT3wt). Among these DEGs, PLA2G4A, IL2RA, C10orf128,
TREML2, SCHI P1, PRDM16, IL10, CCDC113, MAN1C1, MLF1,
and RBM11 were highlighted based on their significant
prognostic values in human AML (Fig. S1, GEPIA database,
P < 0.005, overall survival). Interestingly, PLA2G4A and
IL2RA were FDA-approved drug targets (Fig. 1A), which may
be further explored for drug repurposing in FLT3-mutated
AML in pre-clinical models. Recently, IL2RA has been re-
ported to be positively correlated with FLT3-ITD mutations
and disease aggressiveness of AML, confirming the validity
of our screening algorithm. PLA2G4A encodes for the
cytosolic phospholipase A2a (cPLA2a), which is the rate-
limiting enzyme in phospholipid metabolism and plays an
important role during tumorigenesis.3 However, the path-
ogenic role of PLA2G4A in FLT3-mutated AML is still elusive.

PLA2G4A is highly expressed in AML cell lines (Fig. S2A,
CCLE database) and TCGA-LAML cases comparing to normal
blood cells (Fig. 1B, GEPIA program). High expression of
PLA2G4A is associated with dismal prognosis (Fig. 1C,
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Oncolnc program), FAB-M5 subtype (Fig. 1D, UALCAN pro-
gram), high risk karyotypes [MLL-rearranged (MLL-r) and
complex, Fig. S2B, BloodSpot program], age of patients
(Fig. S2C), and FLT3 mutations in public TCGA-LAML data-
base (Fig. 1Eei) or Leukemia MILE study (Fig. 1Eeii). The
upregulation of PLA2G4A in FLT3-mutated AML was vali-
dated using our archived primary AML samples (Fig. 1Eeiii).
These data showed that PLA2G4A was a poor prognostic
marker and highly expressed in FLT3-mutated AML.

Consistent with our previous observations,4 over-
expression of FLT3-ITD resulted in expansion of
mpoþmyeloid cells in zebrafish embryos (Fig. S3). FLT3-ITD-
expressing embryos showed increased expression of pla2-
g4aa (human PLA2G4A orthologue) (Fig. 1F, red arrows). In
addition, kidneymarrow (equivalent to humanbonemarrow)
from FLT3-ITD-transgenic zebrafish showed myeloprolifera-
tive neoplasm (MPN)-like phenotype and increased expres-
sion of pla2g4aa (Fig. 1G). FLT3-ITD mutations resulted in
activation of ERK, AKT and STAT5 in AML (Fig. S4A, B).
Importantly, treatment of FLT3 inhibitor (Fig. 1H, quizarti-
nib) or ERK inhibitor (Fig. 1I, ulixertinib), but not AKT or
STAT5 inhibitors (Fig. S4C, D), reduced the expression and
phosphorylation of PLA2G4A in FLT3-ITDþ MOLM-13 AML
cells. We and other groups demonstrated that p90RSK was
important for FLT3-ITD/ERK signaling in AML.2 Treatment of
p90RSK inhibitor (BID-1870) effectively reduced the tran-
scription of PLA2G4A in MOLM-13 cells (Fig. 1J). Moreover,
quizartinib-resistant MOLM-13 cells showed significant
upregulation of PLA2G4A (Fig. 1K), suggesting that PLA2G4A
may play an important role during tyrosine kinase inhibitor
(TKI) resistance. These data indicated that FLT3-ITD/ERK/
p90RSK/PLA2G4A signaling may play an important role in the
progression and drug resistance of AML.

This prompted us to test the effects of PLA2G4A inhibi-
tion in FLT3-ITDþ MOLM-13 cells in vitro and in vivo.
Genetically, knockdown of PLA2G4A significantly inhibited
MOLM-13 cell growth in vitro (Fig. 1L), induced apoptosis
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Figure 1 Implications of PLA2G4A in FLT3-ITDþ AML. (A) Venn diagram showing the overlapping of FDA-approved drug targets
(green circle, HPA database), DEGs (FLT3mut vs. FLT3wt) in AML (blue circle, LinkedOmics database, |FC| > 1.5, P < 0.001) and
prognostic markers in AML (red circle, GEPIA database, overall survival, P < 0.005, logrank test). (B) PLA2G4A expression in normal
blood (GTEx database, nZ 70) and AML cases (TCGA-LAML database, n Z 173) was analyzed by GEPIA program. (C) Overall survival
of TCGA-LAML patients was analyzed by Oncolnc program based on PLA2G4A expression (logrank test). (D, E) Expression profile of
PLA2G4A in FAB subtypes (D, UALCAN database) and FLT3-mutated AML from TCGA-LAML (E-i, UALCAN program), leukemia MILE
study (E-ii, Bloodspot program) and our primary AML samples (E-iii, RT-qPCR). (F) Whole mount in situ hybridization assay showing
the expression of pla2g4aa in wild-type control and FLT3-ITD plasmid-injected zebrafish embryos at 36 hpf, respectively. Scale
barsZ 500 mm. NC, notochord. (G) Morphology of blood cells (G-i, Wright-Giemsa staining), genotyping of FLT3-ITD transgene (G-ii)
and expression of pla2g4aa (G-iii, RT-qPCR) in kidney marrow samples from age-matched wild-type siblings and FLT3-ITD-transgenic
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(Fig. 1M), reduced the clonogenicity of MOLM-13 cells
in vitro (Fig. 1N), reduced leukemia burden and signifi-
cantly prolonged the survival of MOLM-13-engrafted ani-
mals in vivo (Fig. 1O). Pharmaceutically, PLA2G4A inhibitors
(quinacrine, pyrrophenone and AACOCF3) preferentially
suppressed the growth of FLT3-ITD-mutated MOLM-13 and
MV4-11 leukemia cell lines comparing to those of FLT3-WT
(THP-1, K562, ML-1, Jurkat, and HL-60) (Fig. 1P). In addi-
tion, quinacrine effectively synergized with FLT3 inhibitor
quizartinib to suppress the growth of MOLM-13 cells in vitro
(Fig. 1Q) by inducing apoptosis (Fig. 1R). Combined treat-
ment of quizartinib and quinacrine also effectively
ameliorate the myeloid expansion phenotype in FLT3-ITD-
expressing zebrafish model in vivo (Fig. 1S). The synergism
between quinacrine and other clinically available FLT3 in-
hibitors (midostaurin, gilteritinib, sorafenib, and cren-
olanib) was also demonstrated in MOLM-13 cells in vitro
(Fig. S5). These data indicated that PLA2G4A was important
for the survival of FLT3-ITDþ AML.

The above observations prompted us to explore the
underlying mechanism(s) of PLA2G4A-mediated leukemo-
genesis. The RNA-sequencing (RNA-Seq) data showed that
PLA2G4A was significantly associated with a list of genes
(Fig. S6A, B) which were enriched in distinct pathways by
KEGG analysis (Fig. 1T). Among these pathways, “Panto-
thenate and CoA biosynthesis” was most significant. The
“Pantothenate and CoA biosynthesis” was also highlighted
by GSEA analysis of PLA2G4A-correlated genes (Fig. 1U, V;
Fig. S6CeJ). Coenzyme A (CoA) functions as a carrier of
acetyl and acyl groups in eukaryotes and plays a critical
role in synthetic and degradative metabolic processes. In
particular, the pantetheinase Vanin-1 (VNN1), from
“Pantothenate and CoA biosynthesis” pathway, was
significantly associated with PLA2G4A (Fig. S7A), poorer
prognosis of AML (Fig. S7B), and FLT3 mutations (Fig. S7C).
In addition, pantothenate kinase 1 (PANK1) which cata-
lyzes the first and rate-limiting enzymatic reaction in CoA
zebrafish. (H, I) Expression and phosphorylation of PLA2G4A were t
quizartinib) and ERK inhibitor (I, ulixertinib) in MOLM-13 cells for tw
(J) Transcription of PLA2G4A after treatment of p90RSK inhibitor BI
in quizartinib-resistant MOLM-13 cells in vitro. (LeO) Knockdown
induced apoptosis (M), reduced colony-forming units (N), reduced t
MOLM-13-engrafted mice (O). (P, Q) The anti-leukemic effects of P
tested in MOLM-13, MV4-11, THP-1, K562, ML-1, Jurkat, and HL-60 c
was tested in MOLM-13 cells in vitro (Q-i). Bliss synergy score (Q
predict the potential synergism of two drugs. (R) Detection of apop
MOLM-13 cells in vitro. (S) Overexpression of FLT3-ITD resulted in ex
ii). The myeloid phenotypes were classified into three groups: norm
there was increased expression of mpo in the yolk sac but no clus
significant ectopic expression of mpo in the yolk sac and formed
Combined treatment of quinacrine and quizartinib effectively
expressing zebrafish embryos (S-iii). (TeV) KEGG (T) and GSEA (
SangerBox program using TCGA-LAML database. Pantothenate an
normalized enrichment score (NES) (V). (W) Proposed working mo
mediated pantothenate and CoA biosynthesis in human AML. (X, Y) T
immune cells was analyzed in TCGA-LAML by ESTIMATE (X) or CIBER
Proposed model of PLA2G4A-mediated leukemogenesis and immu
coenzyme A; COASY: coenzyme A synthase; Pan: pantothenate; P
PPanSH: 40-phosphopantetheine; PPCS: phosphopantothenoylcyste
porter; VNN1: Vanin1.
biosynthesis, was also significantly increased in FLT3-
mutated AML (Fig. S7D). Moreover, phosphopantothe-
noylcysteine synthetase (PPCS ) and Coenzyme A synthase
(COASY ) which are crucial for the last two steps of CoA
biosynthesis, were significantly upregulated in FLT3-
mutated AML (Fig. S7E, F). These observations indicated
that FLT3-ITD/ERK/PLA2G4A/VNN1-mediated pantothe-
nate and CoA biosynthesis may play an important role
during the progression of AML (Fig. 1W).

It has been reported that colorectal cancer with high
PLA2G4A expression can educate gd T cells into CD39þgd
Tregs to promote tumor progression and metastasis.5

However, the immunological value of PLA2G4A in AML is
still unclear. We showed that expression of PLA2G4A was
significantly associated with immune infiltrations in human
AML by ESTIMATE analysis using SangerBox program (Fig. 1X,
P Z 1.6E-6, R Z 0.32). AML cases with high PLA2G4A
expression was associated with the decrease of CD8þ T
cells, T follicular helper cells, activated NK cells, and B
cells by CIBERSOR analysis (Fig. 1Y; Fig. S8A). Increase of M2
macrophage (Fig. 1Y) and Tregs (Fig. S8BeD) were signifi-
cantly associated with high PLA2G4A expression in AML by
CIBERSOR and QUANTISEQ analysis, respectively. These
observations indicated that upregulation of PLA2G4A may
perturb the tumor microenvironment in human AML.

Collectively, cytosolic phospholipase PLA2G4A is highly
expressed in FLT3-ITD þ AML and in FLT3-ITD-expressed
zebrafish model. Transcriptionally, upregulation of PLA2G4A
is mediated by FLT3-ITD/ERK/p90RSK signaling. Genetically,
knockdown of PLA2G4A suppresses the growth of FLT3-
ITD þ AML cells in vitro and in vivo. Pharmacologically, inhi-
bition of PLA2G4A synergizes with clinically available FLT3
inhibitors in vitro and in FLT3-ITD-overexpressed zebrafish
in vivo model. Mechanistically, upregulation of PLA2G4A is
implicated in “pantothenate and CoA biosynthesis”-medi-
ated leukemogenesis and associated with immunosuppres-
sive microenvironment in human AML (Fig. 1Z).
ested by Western Blotting after treatment of FLT3 inhibitor (H,
o days. The asterisks indicated the IC50 concentration of drugs.
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