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Abstract

Metabolic alterations, especially in the mitochondria, play important roles in several
kinds of cancers, including acute myeloid leukemia (AML). However, AML-specific mo-
lecular mechanisms that regulate mitochondrial dynamics remain elusive. Through the
metabolite screening comparing CD34* AML cells and healthy hematopoietic stem/
progenitor cells, we identified enhanced lysophosphatidic acid (LPA) synthesis activ-
ity in AML. LPA is synthesized from glycerol-3-phosphate by glycerol-3-phosphate
acyltransferases (GPATs), rate-limiting enzymes of the LPA synthesis pathway. Among
the four isozymes of GPATs, glycerol-3-phosphate acyltransferases, mitochondrial
(GPAM) was highly expressed in AML cells, and the inhibition of LPA synthesis by
silencing GPAM or FSG67 (a GPAM-inhibitor) significantly impaired AML propagation
through the induction of mitochondrial fission, resulting in the suppression of oxida-
tive phosphorylation and the elevation of reactive oxygen species. Notably, inhibition
of this metabolic synthesis pathway by FSG67 administration did not affect normal
human hematopoiesis in vivo. Therefore, the GPAM-mediated LPA synthesis pathway
from G3P represents a critical metabolic mechanism that specifically regulates mito-
chondrial dynamics in human AML, and GPAM is a promising potential therapeutic

target.
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1 | INTRODUCTION

Acute myeloid leukemia is a genetically heterogeneous aggressive
hematological malignancy characterized by clonal expansion of ab-
normal immature myeloid cells. Despite recent advances in thera-
peutic approaches, AML is associated with a poor prognosis owing
to the high incidence of relapse and severe treatment-related toxici-
ty.i'3 Therefore, the development of novel, effective, and safe ther-
apeutic strategies is highly required.

Cancer cells mainly rely on anaerobic glycolysis for energy gen-
eration, a phenomenon known as the Warburg effect.* However,
several kinds of cancer, including AML, strongly depend on OXPHOS
rather than anaerobic glycolysis for their survival.>~? Mitochondrial
function, reliance on OXPHOS, and regulation of ROS consider-
ably differ between AML and normal hematopoietic cells, provid-
ing a rationale for therapeutic applications targeting mitochondrial
metabolism in AML.2°"23 Consistently, the combination therapy of
venetoclax, a BCL-2 inhibitor with hypomethylating agent azaciti-
dine targeting OXPHOS, improved the overall survival of patients
with AML who were ineligible for standard induction therapy.!***
Furthermore, novel therapeutic models targeting mitochondrial me-
tabolism in AML by inhibiting the mitochondrial complex, protein
translocation, proteases, and pyrimidine biosynthesis have been
reported.®07121 Thys, targeting mitochondrial metabolism rep-
resents a novel and targeted therapeutic approach in AML.

Mitochondrial dynamics and lipid metabolism coordinately play
pivotal roles in the maintenance of cancer-specific mitochondrial
function.'®18 Mitochondria are highly dynamic organelles that di-
vide and fuse continuously to respond to metabolic demands and
oxidative stress. Imbalances between mitochondrial fission and
fusion contribute to the dysregulation of apoptosis, cell prolifera-
tion, and ROS production. Mitochondrial dynamics imbalances are
related to the initiation, progression, and chemoresistance of several
malignant tumors, including AML.8Y21 Furthermore, alterations
in lipid metabolism activities are also observed in cancer and have
attracted attention as a target for cancer-specific metabolism.222®
In AML, lipid metabolic reprogramming contributes to disease pro-
gression and confers resistance to chemotherapies, including vene-
toclax.?%?428 Thus, mitochondrial dynamics and lipid metabolic
pathways are involved in the pathogenesis of AML by modifying
mitochondrial functions. However, the molecules that specifically
govern mitochondrial dynamics and lipid metabolism in AML have
not been well elucidated.

This study aimed to identify AML-specific molecules involved in
the regulation of mitochondrial function. Primary CD34* AML cells
strongly activated the LPA synthesis pathway. GPAM (also known as
GPAT1), a rate-limiting enzyme of the LPA synthesis pathway, was
specifically expressed in primary CD34% AML cells but not in nor-
mal CD34" HSPCs. Inhibition of GPAM-mediated LPA biosynthesis
strongly inhibited the propagation and self-renewal potentials of
human AML cells by suppressing mitochondrial membrane dynam-
ics and OXPHOS activity without affecting normal hematopoiesis.
Collectively, these results suggest that LPA synthesis from G3P by

key enzyme GPAM, plays a critical role in maintaining mitochondrial

function and represents a promising therapeutic target for AML.

2 | MATERIALS AND METHODS

2.1 | Celllines and primary cell culture

Details of the experiments are described in Appendix S1.

2.2 | Metabolite analysis

CD34" cells were isolated from the CB or BM using the Indirect
CD34 MicroBead Kit (Miltenyi Biotec) according to the manufactur-
er's instructions. Metabolite extraction was performed according to
the manual of Human Metabolome Technologies. Metabolites were
analyzed using CE-TOFMS systems (C-Scope, Human Metabolome
Technologies). More details about the experiments are described in

our previous study.?’

2.3 | FACS analysis

Details of the experiments are described in Appendix S1.

2.4 | Knockdown of GPAM using shRNA

For GPAM knockdown, lentivirus vectors containing shRNA target-
ing human GPAM and scrambled control sequences were purchased
from VectorBuilder Inc. (VB180824-1060gzm, VB180824-1062qxz,
VB180824-1063qtf, and VB151023-10034).

HEK293T cells were transfected with PAX2 (Addgene),
VSV-G (Addgene), and lentiviral vectors using polyethyleneimine
(Polysciences). Lentiviral supernatants were harvested at 48 and
72h post transfection and concentrated by ultracentrifugation at
570,000 g for 2h at 4°C. Leukemic cell lines were plated in 12-well
plates (1.0x 10° cells/well) with a medium supplemented with 8 mg/
mL polybrene (Sigma-Aldrich) and spin infected at 300 g for 2h at
37°C. Cells were treated after 24 h with puromycin to select trans-
duced cells.

2.5 | Protein lysate preparation and
Western blotting

Details of the experiments are described in Appendix S1.

2.6 | mRNA and mtDNA quantification by qPCR

Details of the experiments are described in Appendix S1.
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2.7 | Mitochondrial mass, MMP, cellular ROS, and
LDs staining

Details of the experiments are described in Appendix S1.

2.8 | Transmission electron microscopy

Non-viable cells were removed using a dead cell removal kit (Miltenyi
Biotec) before fixation. THP-1 and CD34" cells from AML patients
were fixed in 2.5% glutaraldehyde and 0.1M sucrose. Cells were
post-fixed in 1% osmic acid, dehydrated with a graded ethanol se-
ries, and embedded in Epon812. Ultrathin 80 nm sections were cut
by Leica EM UC7, stained with 2% uranyl acetate and Sato's Pb, and
then examined with a Tecnai F20. Quantification of the mitochon-
drial length (major axis) and the area was performed using Image)
software version 1.52q (NIH). A random selection of mitochondria
derived from leukemic cells (n=15 cells/group) was analyzed for

each experiment.

2.9 | XFp seahorse analyzer

Details of the experiments are described in Appendix S1.

2.10 | Xenotransplantation

Details of the experiments are described in Appendix S1.

2.11 | Statistical analysis

All statistical analyses were performed using JMP software.
Statistical significance was set at p<0.05. Differences between
the two groups were assessed using the Wilcoxon rank-sum test
or unpaired Student's t-test. The Kaplan-Meier plot was used for
the xenotransplantation, and the difference in overall survival was
determined using the log-rank test. The level of significance is indi-
cated as follows: *p<0.05; **p<0.01; ***p<0.001; n.s. p>0.05.

3 | RESULTS

3.1 | Human AML cells activate the LPA synthesis
pathway from G3P by GPAM

To identify the metabolic pathways on which AML cells specifi-
cally depend, we comprehensively analyzed 116 intracellular
metabolites of CD34% AML cells or CD34% HSPCs from healthy
donors using a mass spectrometer. We identified several differ-
entially expressed metabolites between AML cells and healthy
HSPCs (details are reported in our previous study?’). Among

these, G3P was significantly decreased in CD34" AML cells com-
pared with healthy CD34* HSPCs (Figure 1A, p <0.05). G3P is an
intermediate metabolite of glycolysis and a substrate of triacyl-
glycerol and phospholipids (Figure S1A). The rate-limiting step
of the glycerophospholipid biosynthesis pathway is the produc-
tion of LPA from G3P, which is mediated by GPATs.3%%! We first
evaluated the mRNA expression levels of different GPAT isozymes
between CD3" T cells and CD34" AML blasts in the BM of 13 pa-
tients with AML (Table S1) using RT-gPCR. Among the four GPAT
isozymes, only GPAM was highly expressed in the CD34" AML
blasts (Figure 1B). Intracellular flow cytometry analysis revealed
highly expressed GPAM in primary CD34* AML blasts (Figure 1C),
whereas healthy CD34" HSPCs (Figure 1D) and mature CD3* T
cells purified from identical patients with AML (Figure S1B) ex-
hibited considerably lower GPAM expression levels. These results
suggest that primary human AML cells actively consume G3P and
activate LPA synthesis by increased expression of GPAM.

3.2 | Inhibition of LPA synthesis via GPAM
knockdown attenuates AML propagation in vitro and
in vivo

To determine whether GPAM is involved in the pathogenesis of
AML, we knocked down GPAM in AML cell lines, including THP-1,
MOLM-13, Kasumi-1, and OCI-AML3. AML cell lines were trans-
duced with shRNAs targeting GPAM or scrambled control se-
quences. Suppression of GPAM was confirmed by Western blotting
(Figure 2A and Figure S2A) and RT-gPCR (Figure S2B). GPAM knock-
down significantly suppressed the proliferation of all the cell lines
examined (Figure 2B). To assess the role of GPAM in vivo, THP-1
cells with GPAM knockdown or scrambled sequences were trans-
planted into sublethally irradiated NSG mice (Figure S2C). GPAM
knockdown strongly inhibited the reconstitution potential of THP-1
cells in mouse BM 28days after xenotransplantation (Figure 2C).
Consequently, GPAM knockdown significantly prolonged the sur-
vival of the recipient mice (Figure 2D). Collectively, these data dem-
onstrate that GPAM is required for AML propagation, both in vitro
and in vivo.

3.3 | GPAM plays a pivotal role in the regulation of
mitochondrial membrane dynamics, OXPHOS, and
redox homeostasis in human AML cells

GPAM regulates mitochondrial metabolism by promoting mito-
chondrial fusion and OXPHOS.%233 We, therefore, tested whether
GPAM knockdown affects the mitochondrial function of THP-1
cells by evaluating mitochondrial mass and MMP. GPAM knock-
down significantly reduced the mitochondrial mass and MMP,
as evaluated by Mito-Tracker (Figure 3A,B) and TMRE staining
(Figure S3A), respectively. We also quantified mtDNA, a proxy for
mitochondrial mass,3*3> and confirmed that mtDNA content (the
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FIGURE 1 (A) Capillary electrophoresis-connected electrospray ionization time-of-flight mass spectroscopy (CE-TOFMS) analyses
showing G3P levels in healthy CD34* hematopoietic stem/progenitor cells (HSPCs) (n=14) and CD34" acute myeloid leukemia (AML) cells
(n=45). p-values were calculated using Wilcoxon rank-sum test. * p <0.05. (B) RT-gPCR of mRNA expression levels of GPAT isozymes in
CD34" cells of the bone marrow (BM) of patients with AML (n=13). $2-M was used as an internal control. The mRNA expression levels of
GPATs were normalized to those of CD3" cells in each patient sample. (C, D) Representative FACS plots of intracellular GPAM expression
levels in CD34% AML cells (C) and healthy CD34% HSPCs (BM of healthy donors and umbilical cord blood [CB]; [D]).

ratio of mtDNA to nuclear DNA) was reduced by GPAM knock-
down (Figure S3B). TEM revealed that GPAM knockdown sig-
nificantly reduced the size of the mitochondria (Figure 3C,D and
Figure S3C), suggesting that GPAM promotes mitochondrial fusion
in human AML cells. We next sought to test whether GPAM knock-
down suppressed cellular growth of AML via inducing mitochon-
drial fission. Since DRP1 is essential for mitochondrial fission,3¢ we
treated THP-1 cells with Mdivi-1 (a DRP1 inhibitor). Mdivi-1 par-
tially rescued the growth suppression and mitochondrial division
of THP-1 cells by GPAM knockdown (Figure 3E,F). Furthermore, it
has been shown that mitochondrial fusion increases the efficiency
of ATP production, whereas mitochondrial fission promotes ROS
production.’” We next evaluated OXPHOS activity and ROS lev-
els. GPAM knockdown significantly suppressed mitochondrial ATP
production (Figure 3G and Figure S3D-F) and increased cellular
ROS levels (Figure 3H,1) in THP-1 cells. Overall, these results sug-
gest that GPAM plays a pivotal role in the regulation of mitochon-
drial membrane dynamics, OXPHOS, and redox homeostasis in
human AML cells.

3.4 | FSG67 exerts antileukemic effects by
inducing mitochondrial fission

FSG67, a mitochondrial GPAT inhibitor, was originally developed as
a drug to treat obesity and diabetes.®®%° FSG67 was designed to
mimic the phosphate of G3P and saturated long-chain of palmitoyl-
CoA. This compound reduces the production of LPA, a precursor of
triacylglycerol and phospholipids, by inhibiting the acylation of G3P
with long-chain acyl-CoA.

We first evaluated the antileukemic effects of FSG67 in vitro.
FSG67 induced apoptosis and growth inhibition of THP-1 and MOLM-
13 cells (Figure S4A,B) in a dose-dependent manner. Then, we com-
pared the viability of normal hematopoietic cells (healthy CD34%
HSPCs and CD3" T cells) and primary CD34" AML cells after 48h
of FSG67 treatment. FSG67 induced apoptosis of primary AML cells
with little effect on healthy HSPCs and T cells in vitro (Figure 4A).
Importantly, after 4h of FSG67 treatment, viable THP-1 cells exhib-
ited reduced mitochondrial mass (Figure S4C,D), MMP (Figure S4E),
and mtDNA content (Figure S4F), resulting in suppression of OCR
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FIGURE 2 (A)Representative Western blot images showing the knockdown efficiency of shRNA targeting GPAM in THP-1 cells. B-
actin was used as a loading control. (B) Cell growth curves of acute myeloid leukemia (AML) cell lines transfected with shRNA targeting
GPAM or scrambled control. Data are represented as mean+SD. (C) Frequency of green fluorescent protein positive (GFP*) cells in the
bone marrow (BM) of NSG mice 28 days after xenotransplantation of THP-1 cells. (D) The Kaplan-Meier survival curves of NSG mice after
xenotransplantation of THP-1 cells. p-values were calculated using Student's t-test (B), Wilcoxon rank-sum test (C), or log-rank Mantel-Cox

test (D). *p <0.05, ***p<0.001.

(Figure S4G), similar to those in the GPAM knockdown experiments.
Analysis of the mitochondrial ultrastructure by TEM demonstrated
that the mitochondria in primary CD34" AML cells treated with
FSG67 became more fragmented and lost a clear cristae structure
compared with those in the control (Figure 4B,C), suggesting that
FSG67 induced mitochondrial fission in primary AML cells. Consistent
with mitochondrial fission, we observed a reduction in mitochon-
drial mass (Figure 4D,E), MMP (Figure S4H), and OXPHQOS activity
(Figure 4F,G) in primary CD34" AML cells treated with FSG67. In ad-
dition, the antileukemic effect and mitochondrial division induced by
FSG67 was rescued with DRP1 inhibition (Figure 4H and Figure S41).

Furthermore, FSG67 inhibited the accumulation of LDs in THP-1
and primary CD34" AML cells (Figure 4l,J and Figure S4J), as evalu-
ated by BODIPY staining. LD-derived fatty acids fuel mitochondrial
ATP production, and AML cells actively utilize FAO to meet metabolic
demands.?*2541 Mito Fuel Flex Test, which determines the rate of
oxidation of each fuel, including glucose, glutamine, and fatty acids,
demonstrated that THP-1 cells treated with FSG67 completely failed
to utilize fatty acids for mitochondrial energy production. In con-
trast, glutamine dependency was slightly increased in the presence of
FSG67, presumably reflecting the compensatory energy production

from glutamine (Figure 4K). Moreover, as with GPAM knockdown,
FSG67 treatment led to increased ROS levels, and the ROS scaven-
ger NAC almost completely inhibited ROS production in THP-1 and
primary AML cells (Figure 4L and Figure S4K-M). Collectively, these
results suggest that FSG67 induces mitochondrial fission, leading to
impaired OXPHOS activity and increased ROS production in AML cells.

3.5 | Lysophosphatidic acid synthesis by GPAM
is required for the maintenance of mitochondrial
function of AML cells

GPAM synthesizes LPA from G3P and acyl-CoA; therefore, we in-
vestigated whether the antileukemic effect of GPAM inhibition re-
sults from the suppression of LPA synthesis in AML cells. LPA is an
amphipathic phospholipid present both intra- and extracellularly.*?
Exogenous LPA supplementation to culture media alleviated the
growth inhibition induced by FSGé67 (Figure 5A) and GPAM knock-
down (Figure S5A) in THP-1 cells. Exogenous LPA also prevented the
induction of apoptosis by FSG67 in THP-1 cells and improved the
cell viability of primary AML cells treated with FSG67 (Figure 5B).



ARWASS2 Cancer Science

IRIFUNE ET AL.

A B C shGPAM #1
(A) THP-1 (B) o, _xxx €) : dekdk
Scr. shGPAM #1 = :I— . :I—
£100
[
3
° 80
S
=~ 60
g
§ 40
=
50um 50um 2 20
M Hoechst33342 = 0
W Mito-Tracker Scr. #1_#2 #3
GPAM-shRNA ol
Scr. #1_#2 #3
GPAM-shRNA
(E) 20 (F) Rotenone/AntimycinA
* k% < 500 . )
= s 16 * %% ek E 400 OligomycinA Foop
E15 ] : : [} —e— Scr.
. 14 £ 300 —e— ShGPAM #1
2 = 1. % 900 ~-a-- ShGPAM #2
510 12 ©
£ *k 210 0
2 — 0 10 20 30 40 50 60 70 80
3 5 808 Time(min)
© 2 H () 300, **x*
206 ) Scr. ShGPAM #1 -
5. [s]
% 3D 6 9 é 0.4 5
ays 9]
Yy 0.2 g200
—e— Scr., DMSO %
o Ser., Mdvi-1 0 Scr., Scr.,  shGPAM, shGPAM, <
—e—ShGPAM #1, DMSO DMSO Mdivi-t DMSO  Mdivi-1 =100
ShGPAM #1, Mdivi-1 8

FIGURE 3

[l Hoechst33342
BCellROX Deep Red

0
Scr. #1 _#2 #3
GPAM-shRNA

(A) Representative fluorescent images showing the mitochondria in THP-1 cells transfected with shRNA targeting GPAM or

scrambled control taken by Cellomics ArrayScan VTI HCS Reader. Nuclei were stained with Hoechst 33342 (blue), and mitochondria were
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images showing the mitochondria in THP-1 cells transfected with shRNA targeting GPAM or control. Red dotted lines outline the individual
mitochondria. (D) TEM analysis of the lengths of 300-450 mitochondria derived from a random selection of THP-1 cells transfected with
shRNA targeting GPAM or control. (E) Cellular growth of THP-1 cells transfected with shRNA targeting GPAM or control in the presence or
absence of Mdivi-1. (F) TEM analysis of the lengths of 300-450 mitochondria derived from a random selection of THP-1 cells transfected
with shRNA targeting GPAM or control treated with DMSO or Mdivi-1 for 4 h. (G) Seahorse extracellular flux analysis of basal and stressed
oxygen consumption rates (OCRs) in THP-1 cells transfected with shRNA targeting GPAM or control. (H) Representative fluorescent images
showing the reactive oxygen species (ROS) in THP-1 cells transfected with shRNA targeting GPAM or control taken by Cellomics ArrayScan
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Student's t-test (B, E, I) or Wilcoxon rank-sum test (D, F). *p <0.05; **p <0.01; ***p<0.001.

Furthermore, LPA supplementation rescued the suppression of mi-
tochondrial mass (Figure 5C-E), MMP (Figure S5B), mtDNA copy
numbers (Figure S5C), and OCR (Figure 5F) induced by FSG67 in
THP-1 and primary AML cells.

3.6 | GPAM inhibition by FSG67 represents an
effective treatment strategy for AML in vivo

We evaluated the effects of FSG67 on AML in vivo. THP-1 cells
were injected into sublethally irradiated NSG mice. Five days after
injection, the mice transplanted with THP-1 cells were treated with

DMSO or FSG67 (10mg/kg or 20mg/kg) once daily for 2weeks.
Mice treated with FSG67 displayed a reduced leukemic burden in the
BM 28days after xenotransplantation (Figure 6A) and a significantly
prolonged overall survival (Figure 6B) compared with control mice.
We also evaluated the efficacy of FSG67 treatment in primary
AML cells and normal hematopoiesis in vivo. Primary CD34" cells
from three patients with AML and CD34" CB cells were injected
into sublethally irradiated NSG mice. After confirmation of engraft-
ment, recipient mice were treated with DMSO or FSG67 (20mg/
kg) once daily for 2weeks (Figure S6A). Compared with the con-
trol, treatment with FSG67 reduced the leukemic burden in the
BM (Figure 6C) and peripheral blood (Figure S6B) of mice 10 to
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FIGURE 4 (A)Annexin V- and Pl-based FACS analyses of the cell viabilities of CD3" cells (n=24), CD34" cells of umbilical cord blood
(CB) (n=4) and CD34" acute myeloid leukemia (AML) cells (n=18) after 48 h of DMSO or FSG67 treatments. Each point represents the cell
viability of the individual sample. (B) Representative transmission electron microscopy (TEM) images showing the mitochondria in CD34*
AML cells treated with DMSO or FSG67 for 4 h. (C) TEM analysis of the lengths of 300-450 mitochondria derived from a random selection
of primary CD34* AML cells treated with DMSO or FSG67 for 4h. (D) FACS analysis of Mito-Tracker images in primary CD34* AML cells
treated with DMSO or FSG67 for 4 h. (E) mtDNA copy numbers after 4h of DMSO or FSG67 treatment were assessed by the measurement
of the mitochondrial ND1 gene. Quantification of ND1 expression levels relative to the human globulin gene was assessed by qPCR. (F,G)
Seahorse extracellular flux analysis of basal and stressed oxygen consumption rates (OCRs) in primary CD34" AML cells treated with
DMSO or FSG67 for 4 h. (H) Annexin V- and Pl-based FACS analyses of the viabilities of primary CD34* AML cells treated with DMSO or
FSG67 in the presence or absence of Mdivi-1 for 48 h. (I) Representative fluorescence images showing the lipid droplets (LDs) in THP-1 cells
treated with DMSO or FSG67 for 30min. Nuclei were stained with Hoechst 33342 (blue), and LDs were stained with BODIPY 493/503.

(J) Quantification of BODIPY 493/503 in THP-1 and primary CD34% AML cells treated with DMSO or FSG67 for 30 min. (K) Seahorse
extracellular flux analysis of mitochondrial fuel dependencies of THP-1 cells treated with DMSO or FSG67 for 4 h. Fuel dependencies

were measured by the addition of a first inhibitor (UK5099, BPTES, or etomoxir) and later a mixture of the other two inhibitors in each
experiment. (L) Quantification of the CellROX Deep Red of primary CD34" AML cells treated with DMSO or FSG67 in the presence or
absence of NAC for 4 h was analyzed by FACS. Data are represented as mean +SD. p-values were calculated using Wilcoxon rank-sum test (A
and C) or an unpaired Student's t-test (D, E, G, H, and J-L). *p<0.05; **p <0.01; ***p <0.001; n.s, p>0.05.

20weeks after xenotransplantation. Furthermore, identical num-
bers of human CD45* cells from first recipient mice were harvested
and serially transplanted into secondary recipient mice. Notably,
the residual AML cells from FSG67-treated mice exhibited greatly
reduced reconstitution potential in the BM (Figure 6D) and spleen
(Figure S6C,D) of secondary recipients, suggesting that the self-
renewing leukemic-repopulating cells were selectively eradicated by
FSG67 treatment in vivo.

In contrast to AML cells, FSG67 treatment had no effect on re-
constitution of hematopoietic cells in mice reconstituted with healthy
CD34* HSPCs, and we observed comparable proportions of human
CD45" cells in the BM (Figure 6E) and peripheral blood (Figure S6E)
between the DMSO- and FSG67-treated groups. Moreover, FSG67
did not alter the frequency of human CD34* HSPCs (Figure 6F) or
lineage-committed mature blood cells (Figure 6G). Collectively, our
results demonstrate that GPAM inhibition by FSG67 represents an
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FIGURE 5 (A) Cell growth curves of THP-1 cells treated with DMSO or FSG67 in the presence or absence of lysophosphatidic acid

(LPA). (B) Annexin V- and Pl-based FACS analyses of the cell viabilities of THP-1 and primary CD34* acute myeloid leukemia (AML) cells
treated with DMSO or FSG67 in the presence or absence of LPA for 48 h. (C) Representative fluorescent images showing the mitochondria
in THP-1 cells treated with DMSO or FSG67 in the absence or presence of LPA for 4 h. Nuclei were stained with Hoechst 33342 (blue), and
mitochondria were stained with Mito-Tracker Deep Red (red). (D) Quantification of the Mito-Tracker in THP-1 and primary CD34* AML cells
treated with DMSO or FSG67 in the presence or absence of LPA for 4h. (E) Transmission electron microscopy (TEM) analysis of the lengths
of 300-450 mitochondria derived from a random selection of CD34% AML cells treated with DMSO or FSG67 in the presence or absence of
LPA for 4h. (F) Seahorse extracellular flux analysis of basal oxygen consumption rate (OCR) of THP-1 and primary CD34" AML cells treated
with DMSO or FSG67 in the presence or absence of LPA for 4 h. Data are represented as mean +SD. p-values were calculated using an
unpaired Student's t-test (A, B, D, and F) or Wilcoxon rank-sum test (E). *p <0.05; **p<0.01; ***p<0.001; n.s, p>0.05.

effective treatment strategy for AML without affecting normal he-

matopoiesis in vivo.

4 | DISCUSSION

We identified GPAM as a novel therapeutic target and critical regula-
tor of mitochondrial metabolism in human AML. Primary AML cells
express high GPAM, whereas healthy HSPCs do not. GPAM knock-
down resulted in suppressed leukemic growth, mitochondrial fu-
sion, and OXPHOS activity, and increased ROS production in AML
cells. FSG67, a GPAM inhibitor, impaired the proliferation and mito-
chondrial function of AML without affecting normal hematopoiesis.
Exogenous LPA supplementation attenuated the antileukemic effect,

suggesting that the GPAM-mediated LPA biosynthesis plays a critical

role in maintaining mitochondrial dynamics and OXPHOS activity in
human AML. (Figure 7).

Abnormalities in mitochondrial dynamics play pivotal roles in the
initiation and progression of cancers, including AML.**** The mito-
chondrial mass of AML cells tends to be larger than that of healthy
HSPCs.1%12 Furthermore, the mitochondrial fusion of AML cells
increases OPXHOS and induces chemoresistance to cytarabine.?!
However, a therapeutic strategy targeting mitochondrial dynamics
in AML has not yet been discovered, because no AML-specific mole-
cules that regulate the mitochondria dynamics have been identified
yet. Our study identified GPAM as an important regulator of mito-
chondrial fusion in AML cells. GPAM is a rate-limiting enzyme in the
lipid biosynthesis pathway that synthesizes LPA on the mitochon-
drial outer membrane. Phospholipids constitute structural compo-

nents of cellular membranes, and triacylglycerols are stored in LDs
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FIGURE 6 (A)Frequencies of human CD45" cells in the bone marrow (BM) of NSG mice (n=6 mice per group) 28 days after
xenotransplantation of THP-1 cells (1.0x 10 cells per mouse). Xenografted mice were treated with DMSO or FSG67 (20 mg/kg, i.p.)

once daily for 2weeks. (B) Kaplan-Meier survival curves of NSG mice (n=6 mice per group) after xenotransplantation of THP-1 cells. (C)
Frequencies of human CD45" acute myeloid leukemia (AML) cells in the BM of NSG mice (n=6 mice per group) treated with DMSO or
FSG67 (20mg/kg, i.p., once daily for 2weeks after engraftment) 10-20 weeks after xenotransplantation of human CD34" cells of AML
patients. (D) Frequencies of human CD45" AML cells in the BM of secondary recipient NSG mice injected with human CD45™" cells from first
recipients (5.0 10° cells per mouse) after second transplantation. (E, F) Frequencies of human CD45* hematopoietic cells (E) and human
CD34*7CD45" hematopoietic stem/progenitor cells (HSPCs) (F) in the BM of NSG mice (n=6 mice per group) treated with DMSO or FSG67
(20mg/kg, i.p., once daily for 2 weeks) 10 weeks after umbilical cord blood (CB) transplantation. (G) Proportions of B cells, T cells, NK cells,
and myeloid cells in the BM of NSG mice (n=6 mice per group) treated with DMSO or FSG67 after CB transplantation. Myeloid cells were
further classified by human CD11b, human CD14, and human CD15. p-values were calculated using the Wilcoxon rank-sum test (A and C-G)
or log-rank Mantel-Cox test (B). *p<0.05; **p <0.01; ***p<0.001; n.s, p>0.05.

and utilized as energy resources during starvation. We demon-
strated that GPAM inhibition suppresses LD accumulation, result-
ing in impaired FAO in AML cells. Moreover, consistent with recent
studies showing that chemotherapy-resistant AML cells upregulate
FAO to maintain high OXPHOS activity,?"?”?8 in the present study,
FSG67 treatment exhibited potent antileukemic effects in patient-
derived xenograft models transplanted with relapsed AML cells
after allogeneic transplantation and AML cells with adverse genetic
abnormalities. Thus, GPAM inhibition could be effective in patients
with AML with poor prognosis by simultaneously suppressing both
mitochondrial dynamics and lipid metabolism.

The current study indicates that GPAM regulates mitochondrial
fusion by producing LPA. However, the downstream molecular mech-
anisms underlying GPAM-mediated mitochondrial fusion in AML re-
main unclear. DRP1 is an essential regulator of mitochondrial fission,

which is activated on the mitochondrial outer membrane after oligo-
merization.**® Intriguingly, phosphatidic acid, which can be synthe-
sized from LPA, inhibits DRP1-mediated mitochondrial division.*> On
the other hand, DRP1 knockdown inhibited mitochondrial fragmenta-
tion induced by GPAM knockdown in HeLa cells.®? These observations
imply that modulators of mitochondrial dynamics, such as DRP1, could
be involved in GPAM-mediated regulation of mitochondrial dynamics
in human AML. Indeed, we believe that this is consistent with the fact
that the antileukemic effect of GPAM inhibition was attenuated by
Mdivi-1, a DRP1 inhibitor, in our study. Further studies are necessary
to clarify the AML-specific molecular mechanisms.

Furthermore, regarding oxidative stress induced by FSG67, NAC
almost completely suppressed the FSG67-induced ROS production,
while the antileukemic effect of FSG67 was only partially rescued.
These results suggested that the antileukemic effect of FSG67
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largely depended upon the reduction of OXPHOS and might be less
affected by ROS. On the other hand, NAC is a precursor of gluta-
thione, and glutathione requires glutamate, which is synthesized
from glutamine, cysteine, and glycine. We found that AML cells after
FSG67 treatment depended upon glutamine-derived OXPHOS. We,
therefore, considered that NAC did not completely rescue cellular
survival of AML in vitro, because NAC presumably promoted glu-
tathione synthesis and consumed glutamine, resulting in the sup-
pressed glutamine-derived OXPHOS activity after FSG67 treatment.

In summary, we identified GPAM as a novel regulator of mito-
chondrial metabolism in AML. This study suggests targeting GPAM
as a promising therapeutic strategy against AML by suppressing the
leukemia-specific mitochondrial function.
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