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ABSTRACT

ifferentiation therapies achieve remarkable success in acute promye-
locytic leukemia, a subtype of acute myeloid leukemia (AML).
- However, excluding acute promyelocytic leukemia, clinical benefits
of differentiation therapies in AML are negligible except for those targeting
mutant isocitrate dehydrogenase 1/2. Dihydroorotate dehydrogenase cat-
alyzes the fourth step of the de novo pyrimidine synthesis pathway.
ASLANOO3 is a highly potent dihydroorotate dehydrogenase inhibitor that
induces differentiation, as well as reducing cell proliferation and viability, of
AML cell lines and primary AML blasts including chemoresistant cells.
Apoptotic pathways are triggered by ASLANO003, and this drug also signifi-
cantly inhibits protein synthesis and activates AP-1 transcription, contribut-
ing to its capacity to promote differentiation. Finally, ASLANOO3 substantial-
ly reduces leukemic burden and prolongs survival in AML xenograft mice
and AML patient-derived xenograft models. Notably, the drug has no evi-
dent effect on normal hematopoietic cells and exhibits excellent safety pro-
files in mice, even after a prolonged period of administration. Our results,
WEE-JOO CHNG therefore, suggest that ASLANOO3 is an agent targeting dihydroorotate
TR dehydrogenase with potential for use in the treatment of AML. ASLAN003

is currently being evaluated in a phase Ila clinical trial in patients with AML.
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Acute myeloid leukemia (AML) cells originate from hematopoietic stem cells,
doi:10.3324/haematol.2019.230482 but fail to differentiate into functional mature cells; instead, they are arrested at an
early stage of differentiation."”* AML-M3 (according to the French-American-British
classification), acute promyelocytic leukemia, is a unique subtype with a specific
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enasidenib and ivosidenib for relapsed/refractory AML
with mutated IDH2 and mutated IDH1, respectively, by
the USA Food and Drug Administration renewed enthu-
siasm for differentiation therapy.

Pyrimidines and pyrimidine derivatives are the building
blocks of both deoxyribonucleic acid (DNA) and ribonu-
cleic acid (RNA), and protein glycosylation, which are the
essential cellular components.” Dihydroorotate dehydro-
genase (DHODH) catalyzes the fourth enzymatic step in
de mnovo pyrimidine biosynthesis, converting the
ubiquinone-mediated oxidation of dihydroorotate to oro-
tate.””* DHODH has been a therapeutic target for malar-
ia, rheumatoid arthritis, and multiple sclerosis."**
Recently, an elegant study revealed an unexpected role of
DHODH in the differentiation of AML blast cells.” The
DHODH inhibitor used in that study, brequinar, was
originally discovered by Du Pont in 1985.""* However,
clinical trials of brequinar in solid tumors demonstrated
myelosuppression with predominant thrombocytopenia,
which limit its potential use in AML."*"

ASLANO003 (LAS186323) is a novel, bioavailable and
potent small molecule DHODH inhibitor. The drug was
discovered by Almirall, S.A. and global rights to the com-
pound were granted to ASLAN Pharmaceuticals Singapore
in 2012, which re-named it as ASLAN0O03. ASLANO03 is a
potent inhibitor of human DHODH enzyme activity, with
a half maximal inhibitory concentration (ICs) of 35 nM,
and high plasma protein binding (>99%,). In phase I single
and multiple ascending dose clinical trials, ASLANOO3 has
been shown to be tolerated by healthy volunteers. In this
study, we set out to investigate the effects of ASLAN0O3
on AML cell function in vitro and in vivo, as well as to eluci-
date the molecular mechanism of DHODH inhibition of
AML cell differentiation.

Methods

Cell lines and primary acute myeloid leukemia cells,
drugs and chemicals

Details on the cell lines and primary bone marrow (BM) cell
culture, drugs and chemicals are provided in the Omnline
Supplementary Methods.

Cell viability assays, western blot analysis, polymerase
chain reaction, and FACS analysis

Experiments were conducted as previously described.””
Details of the cell viability assays, western blot analysis, real-
time quantitative reverse transcriptase polymerase chain reac-
tion (qQRT-PCR), and FACS analysis of myeloid cell surface anti-
gens are available in the Online Supplementary Methods. The
primer sequences are provided in Online Supplementary Table S1.

Wright-Giemsa staining and nitro blue tetrazolium
assay

After exposure to ASLANO003 or dimethylsulfoxide (DMSO)
for 96 h, AML cells (1 x 10°) were harvested and distributed
equally for Wright-Giemsa staining and nitro blue tetrazolium
(NBT) reduction assay (details in the Ounline Supplementary
Methods).

Assessment of mitochondrial membrane potential

The mitochondrial membrane potential was determined using
a JC-10 Assay Kit (Sigma, MAK160). Details are provided in the
Online Supplementary Methods.

RNA sequencing and data analysis

The experiments and subsequent analysis of KG-1 and MOLM-
14 cells treated with ASLANOO3 or DMSO were performed as
detailed in the Online Supplementary Methods.

Protein synthesis assays

Click-iT assays were performed using an O-propargyl-
puromycin (OPP) Alexa Fluor® 488 Protein Synthesis Assay Kit
from ThermoFisher (C10456) according to the manufacturer’s rec-
ommendation. MOLM-14 and KG-1 cells were exposed to
ASLANO003 1 uM or 2 uM for 1 h before OPP 20 mM was added
for 1 h. DMSO was used as a control. Cells were washed in ice-
cold phosphate-buffered saline and then fixed and permeabilized
prior to FACS analysis using a LSRII flow cytometer (BD
Biosciences).

In vivo efficacy of ASLANOO3

The in vivo efficacy of ASLAN003 was tested in a human AML
cell line xenograft model and in human AML patient-derived
xenograft (PDX) models.

For the human AML cell line xenograft model, we used female
NOD.Cg-Prkdc* Il2rg"""/Sz], NGS mice (4-6 weeks old), pur-
chased from The Jackson Laboratory (Bar Harbor, ME, USA)
through InVivos (Singapore). The animals were maintained in spe-
cific pathogen-free conditions. Exponentially growing THP-1 and
MOLM-14 cells (3 x 10° each) were injected into mice via the tail
vein. From the second day of inoculation of AML cells, the mice
were administered either vehicle, as a control, or ASLAN003 50
mg/kg by oral gavage once daily in a 200 uL volume.

For the human AML PDX models, the AML-14 PDX line was
established from a patient with AML-M4 with a normal kary-
otype, while the AML-23 PDX line was established from a patient
diagnosed with chronic myeloid leukemia in accelerated phase.

The protocols were reviewed and approved by the Institutional
Animal Care and Use Commiittee in compliance with guidelines
on the care and use of animals for scientific purpose. More details
are provided in the Online Supplementary Methods.

Statistical analysis

A Student r-test (two-tailed paired) was used to examine the sta-
tistical difference for in vitro cell line experiments, and P values
<0.05 were considered to be statistically significant. Data are pre-
sented as mean + standard deviation (SD). Kaplan-Meier analyses
were conducted using GraphPad Prism® version 7 (GraphPad
Software; La Jolla, CA, USA) and statistical significance was calcu-
lated by the log-rank test (P<0.05).

Data availability

RNA-sequencing data for MOLM-14 and KG-1 cells have been
deposited in the Gene Expression Omnibus with accession num-
ber GSE128950.

Results

ASLANO0O3 inhibits cell proliferation and induces cell
differentiation of acute myeloid leukemia cell lines
ASLANO003 was found to inhibit leukemic cell prolifera-
tion of THP-1, MOLM-14 and KG-1 with IC,, values of
152 nM, 582 nM, and 382 nM, respectively (Figure 1A). It
is worth noting that cell viability was maintained at ~50%
at ASLANOO3 1 uM and higher (Figure 1A). This indicates
that the mode of action of ASLANOO3 differs from that of
cytotoxic drugs, which cause increased cell death with
higher doses. We also examined the selectivity of

ASLAN003 for differentiation of AML e

haematologica | 2020; 105(9) -



- J. Zhou et al.

) A
100+ —— THP-1 DMSO ASLANO003
=== MOLM-14
<
E — KG-1
=y
o} -
S 50 N
2 ¥
©
(8]
c L L L) L] L) L)
9 -8 7 6 -5 -4 -3
log of Concentration (M)
B
%
100+
= DMSO
- *
< 80- N m= ASLAN003 50 nM 100 S = DMSO
o
N
» mm ASLAN003 100nM 5 god = ASLANOGI100.6M
3 601 = *
g 5
o = 604
> - -
o @ 404
o 204 =
@
0- 4 20+
CD11b CD14 0
LJ
THP-1 THP-1 MOLM-14
100- DMSO ASLAN003
= DMSO T
S 804 B ASLANO003 100 nM
N
° * %  mm ASLANO003 500 nM
© 604
o
[
> -
£ 40
[
&
20+ L
0-
CD11b CD14
MOLM-14
sk ¥k
100+
| DMSO E —
—_— -
L\Q, 80+ B ASLANO003 100 nM mm ASLANO003
P M= ASLAN003 200 nM 100+ ®
@ 604 Q
o < 804
4 n
= 404 —
= Q 604
3 o
+
o 204 o 404
-
-
o 204
0- o
CD11b CD14 0-
KGA 24h 48h
- THP-1
Figure 1. Effects of ASLANOO3 on cell viability and differentiation in human acute myeloid leukemia cell lines. (A) Dose-response curves of ASLANOO3 treatment
for 48 h on cell viability of the acute myeloid leukemia (AML) cell lines THP-1, MOLM-14, and KG-1. The percentage of cell viability relative to that of dimethylsulfoxide
(DMSO)-treated cells is shown. Data represent three independent replicates [mean + standard deviation (SD)]. (B) FACS analysis of myeloid differentiation cell sur-
face antigens CD11b and CD14 on ASLANOO3-treated and DMSO-treated AML cell lines. The treatment time was 96 h. Data represent the mean + SD of three repli-
cates. **P<0.01; *P<0.05. (C) Representative images of Wright-Giemsa staining for morphological examination of AML cell lines treated with 100 nM ASLANOO3
or DMSO for 96 h. The images were taken under an Olympus IX71 light microscope (Japan) with original magnification x 400 (objective lenses x 40). (D) Nitro blue
tetrazolium (NBT) reduction assays for AML cells treated with 200 nM ASLANOO3 or DMSO for 96 h. Cells positive for NBT-reducing activity, containing precipitated
formazan particles, were counted. The bar graph shows the mean percentage of NBT* cells in ten random 10 x (objective lenses) fields + SD for each group.
*P<0.001. (E) FACS analysis of CD11b" cells after exposure of THP-1 cells to ASLANOO3 or DMSO for 24 h and 48 h. The data display the mean * SD of three different
experiments. *P<0.001.
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ASLANOO3 and brequinar on AML cells over normal
CD34'CD38" BM cells obtained from healthy donors.
CD34°CD38" cells are considered as dividing myeloid pro-
genitor cells. The ICs, values of ASLAN0O0OS and brequinar
were 5.22 uM and 2.87 uM, respectively (Online
Supplementary Figure S1A). ASLANOO3 and brequinar were
on average 11-fold more active in AML cells than in nor-
mal CD34'CD38" BM myeloid progenitor cells, suggesting
a favorable therapeutic index for DHODH inhibitors.

Next we examined the differentiation effects of
ASLANO03 on THP-1, MOLM-14 and KG-1 cells.
Treatment of these leukemic cells with ASLANOO3 consis-
tently resulted in a substantial increase of CD11b in all
three cell lines. The CD11b* population was increased by
86.7%, 63.9% and 86.5% in THP-1, MOLM-14 and KG-1
cells treated with 100 nM ASLANOO3 after normalization
to values for DMSO-treated samples (P<0.001) (Figure 1B,
Ounline Supplementary Figure S1B). CD14* cells were also
significantly increased in MOLM-14, THP-1 and KG-1
cells following treatment with ASLANOO3 (P<0.01) (Figure
1B, Online Supplementary Figure S1B). Secondly, cells treat-
ed with ASLANO03 displayed morphological changes
with a lower nucleocytoplasmic ratio, condensed chro-
matin, and increased nuclear lobulation, which are charac-
teristics of myeloid maturation (Figure 1C). Thirdly, we
employed a NBT reduction assay to evaluate functional
evidence of myeloid maturation. After 96 h of treatment
with ASLANO003 100 nM, 95.2% of the THP-1 cells,
62.4% of the MOLM-14 cells, and 93.6% of the KG-1 cells
were positive for NBT reduction (P<0.001). At concentra-
tions of ASLANOO3 as low as 50 nM, more than 50% of
the THP-1 cells showed increased NBT reduction com-
pared with DMSO controls (P<0.001) (Figure 1D).
Furthermore, in a time-dependent experiment, following
24 or 48 h exposure to 100 nM ASLANO003, almost 100%
of THP-1 cells became CD11b" (Figure 1E, Ounline
Supplementary Figure S1C). Taken together, these results
suggest that ASLANOO3 can rapidly induce differentiation
of AML cells.

Differentiation effect of ASLANOO3 and brequinar as
well as uridine rescue

Parallel experiments were carried out to compare the
efficacy of ASLANO0O3 and brequinar. MOLM-14 cells
were incubated with brequinar or ASLAN003 100 nM, a
concentration similar to the half maximal effective con-
centration (ECs) of ASLAN003 in MOLM-14 cells, for 96
h. After normalization to the respective controls, MOLM-
14 cells treated with brequinar had 33.1% of CD11b" cells,
while those treated with the same dose of ASLANO003 had
63.9% of CD11b* cells (Figure 2A, Online Supplementary
Figure S1D). These results showed a nearly two-fold high-
er potency of ASLAN003 compared to brequinar (P<0.05).

Because DHODH coverts dihydroorotate into orotate,
which is a precursor of uridine, inhibition of DHODH
leads to a diminished uridine pool in cells.” In both
MOLM-14 and THP-1 cells, ASLANOO3-mediated differ-
entiation was completely rescued by addition of 50 uM
uridine (Figure 2B), with no significant further rescue
detected in the presence of higher concentrations of uri-
dine (100 wM and 150 uM) (data not shown). Interestingly,
uridine also rescued the cell viability of ASLAN003-treat-
ed MOLM-14 and THP-1 cells (P<0.05) (Figure 2C).
Overall, these data demonstrate that uridine could abro-
gate the effects of ASLANOO3 on cell differentiation and

cell viability, implying the on-target specificity of
ASLANO003.

ASLANO003 decreases viability and induces differentiation
in primary acute myeloid leukemia blasts and
myelodysplastic syndrome samples

To confirm the clinical relevance of our observations in
human AML cell lines, we examined the effect of
ASLANOO3 on cell viability and differentiation status in
BM cells obtained from patients with de novo or relapsed
AML and myelodysplastic syndrome (MDS). ASLAN003
displayed excellent potency in inducing differentiation
and cell death in some primary AML blasts. For example,
in patient UPN1 with AML-M1 with t(9;22) and a com-
plex karyotype, exposure to ASLANOOS3 at the concentra-
tions of 2 uM and 4 uM led, respectively, to 22% and 30%
increases in CD11b* cells, as well as 31% and 35%
increases in CD14* cells. Concomitantly, there were
decreases of 18% and 27%, respectively, in cell viability.
Furthermore, in patient UPN6 with AML-M2 with FLT3-
ITD and NPAM1 mutations, following incubation with
ASLANO003 2 uM and 4 uM for 96 h, we observed 18%
and 23% more CD13/CD33 double positive cells, accom-
panying reduced cell viability. Among these tested sam-
ples, UNP5 with deletion of chromosome 7 had the most
sensitive response, with the CD11b* population increasing
by 62% in response to ASLANOO3 1 uM. Importantly,
ASLANO03 was still effective in promoting differentiation
and cell death of myeloid cells in relapsed AML (UNP13).
Morphological analysis and NBT assays demonstrated the
features of neutrophil differentiation in ASLANO003-treat-
ed AML blasts from selected cases (Online Supplementary
Figure S2). In summary, the response of primary BM cells
from AML patients to ASLANOO3 was classified into three
categories: sensitive if any of the myeloid markers CD11b,
CD14, CD13 or CD33 increased =15%; moderately sensi-
tive if the markers increased =5%, but <15%; and resistant
if the markers did not increase or increased <5%. Among
the AML samples, we observed six (43%) sensitive cases,
six (43%) moderately sensitive cases and two (14%)
resistant cases (Table 1).

For BM samples from MDS patients, three cases (50%)
were sensitive to ASLANOO3 and three cases (50%) were
moderately sensitive (Table 1). Thus, on the bases of these
data, MDS cells appear to be sensitive to ASLAN003 treat-
ment. No resistant cases were seen, but the number of
cases tested was limited.

Notably, ASLANOO3, at the concentrations of 2 uM and
4 uM, was shown to have a negligible impact on cell via-
bility and differentiation status of mononuclear cells from
a healthy donor, suggesting that ASLANOO3 is not toxic to
normal hematopoietic cells (Table 1). Collectively, these
experiments provide evidence that ASLANOO3 treatment
of primary cells obtained from either de novo or relapsed
patients leads to myeloid differentiation and cell death.

Transcriptome analysis reveals the effects of
ASLAN0O3 on apoptosis, differentiation, metabolism
and translation initiation in acute myeloid leukemia
cells

To understand the impact of ASLANOO3 on transcrip-
tional networks in AML, we performed RNA-sequencing
on DMSO- and ASLANO003-treated KG-1 and MOLM-14
cells. These cells shared 320 upregulated genes and 225
downregulated genes (posterior probability of differential

ASLAN003 for differentiation of AML e
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expression: 0.95-1, fold-change cutoff: 1.5) (Figure 3A,
Ounline Supplementary Table S2). We then manually classi-
fied the list of genes. Among the genes upregulated by
ASLANO003, 27 (8.4%) were related to myeloid differenti-
ation, 15 (4.7%) were cell surface antigens, and 8 (2.5%)
were associated with apoptosis (Figure 3B). The downreg-
ulated gene list was particularly enriched with 49 ribo-
some family genes (19.6%) and 21 metabolism-related
genes (8.4%) (Figure 3B). The gene expression changes of
selected genes associated with apoptosis and myeloid dif-
ferentiation were confirmed by qRT-PCR analysis (Figure

N I

3C). Single-sample gene set enrichment analysis showed
significant enrichment of “myeloid differentiation_up”,
“hematopoietic stem cell_down”, “targets of HoxA9 and
Meis1_down” signatures, and suppression of “pyrimidine
ribonucleoside triphosphate metabolic process” (Figure
3D). These signatures were aligned with the observed
effects of ASLANO003. The gene ontology term analysis
revealed that upregulated genes were involved in cellular
response to "neutrophil degranulation”, “neutrophil medi-
ated immunity”, “positive regulation of caspase activity”,
“positive regulation of apoptosis”, “regulation of extrinsic
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Figure 2. Comparing ASLANOO3 versus brequinar and the effect of uridine on cell differentiation by ASLANOO3. (A) Comparison between the effects of 100 nM
ASLANOO3 and 100 nM brequinar on differentiation of MOLM-14 cells. The absolute increase of CD11b* cells was calculated based on the percentage of CD11b*
cells increased in treated samples compared to control samples exposed to dimethylsulfoxide (DMSO). Representative FACS plots are shown. (B, C) Supplementation
of uridine blocks ASLANOO3-induced differentiation (B) and cell death (C) in MOLM-14 and THP-1 cells. Leukemic cells were incubated with DMSO, ASLANOO3, or
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*P<0.05; n.s.: not significant.
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apoptosis” and “positive regulation of myeloid cell differ-
entiation”, while downregulated genes associated with
”co-translational protein targeting to membrane”, “rRNA
metabolic process”, “ribosome biogenesis”, “translation”
and “peptide biosynthetic process”, showed the most sig-
nificant changes (Figure 3E). These data from transcrip-
tome analysis suggest that ASLANOO3 might impair pro-
tein synthesis and induce the differentiation and apoptosis
transcriptional program in AML cells.

ASLANOO3 triggers apoptotic pathways

Fas (CD95, APO-1) belongs to the cell death receptor
family. Upon binding to its ligand FasL, they form death-
inducing signaling complex (DISC), initiating the extrinsic
apoptosis cascade.” Our RNA-sequencing data showed
that the expression of FAS was upregulated after treat-
ment (Figure 3B, C, Online Supplementary Table S2), sug-
gesting that ASLANOO3 could trigger the extrinsic apopto-
sis pathway. Indeed, western blot analysis revealed a sig-
nificant increase in cleaved caspase 8, the extrinsic path-
way-specific caspase, in ASLANO0O03-treated KG-1 and
MOLM-14 cells (Figure 4A).

Because DHODH is located on the inner mitochondrial
membrane, we also assessed whether ASLANO0O3 could
induce loss of mitochondrial membrane potential (AWm),
an indicator of the early phase of intrinsic (mitochondrial
or BCL-2-regulated) apoptosis. In the DMSO-treated cells,
the majority of cells had intact mitochondrial membranes.
ASLANO003 was found to disrupt A¥m in a dose-depen-

ASLAN003 for differentiation of AML e

dent manner in THP-1, MOLM-14 and KG-1 cells (Figure
4B). To investigate whether loss of A¥m is DHODH-spe-
cific, we conducted mitochondrial membrane potential
assays in MOLM-14 cells treated with brequinar, another
DHODH inhibitor and cytarabine, a chemotherapeutic
agent. Both brequinar and cytarabine could induce loss of
AWm (Online Supplementary Figure S3), suggesting that loss
of AWm is not DHODH-specific, most likely being a
marker of cell health. However, given the localization of
DHODH, the effect of its inhibitors on mitochondrial
membrane potential might be direct, while the effect of
cytarabine might be indirect. As a result of loss of AWm,
increased leakage of cytochrome ¢ from mitochondria into
the cytosol, a characteristic of activation of the intrinsic
apoptosis pathway, was also observed in ASLANO003-
treated cells (Figure 4A). ASLANOO3 treatment also
induced cleaved caspase-3 and -7 (Figure 4A). Altogether,
these results suggest a role for both intrinsic and extrinsic
pathways in ASLAN003-induced apoptosis.

ASLANOO3 inhibits protein synthesis and induces
differentiation of acute myeloid leukemia cells via
activation of AP-1 transcription factors

Transcriptome and gene ontology analysis showed a
greater enrichment of protein translation-related genes
and ribosome proteins among the genes downregulated
by ASLANO03. Furthermore, gene expression of four
members of the family of eukaryotic translation initiation
factors (elF), namely EEF1B2, EIF4B, EIF3L, and EEF1B2P3,

Table 1. Clinical characteristics of patients with acute myeloid leukemia and myelodysplastic syndrome and their responses to ASLANOO3 in an

ex vivo assay.

Response group Diagnosis Karyotype FLT3 NPM1 Patient ID
Highly sensitive AML-M1 t(9;22) WT WT UPNI
AML (43%) AML-M5 Normal WrT WT UPN4
MDS (50%) AML-M2 +8 ITD Mutant UPN6
AML with MDS t(8;21) NA NA UPN7
AML-M5 Normal NA NA UPN9
AML-M4 -7 WT WT UPN5
MDS Normal NA NA UPN16
MDS Normal NA NA UPNI17
MDS Complex NA NA UPN18
Moderately sensitive AML-M2 Normal TKD NA UPN2
AML (43%) AML-M1 9 NA NA UPN8
MDS (50%) AML-M4 Normal WT WrT UPNI11
Relapsed AML +13 ITD NA UPN12
AML-M4 Inv(16) TKD WrT UPN10
AML-M4 Inv(16) ITD WT UPNI3
MDS Normal NA NA UPN15
MDS -7 WT WT UPNI19
MDS -13, +8 NA NA UPN20
Resistant AML-Mba +8 TKD Mutant UPN3
AML (14%) AML-M1 +11 Wr WT UPN14

Healthy donor Normal WT WT

The response of primary bone marrow cells to ASLAN003 was classified into three categories: sensitive if any of myeloid markers CD11b, CD14,CD13 or CD33 increased =15%;
moderately sensitive if the markers increased =5%, but <15%; and resistant if the markers increased <5%, by FACS analysis. FLT3: fms-like tyrosine kinase; NPM: nucleophosmin-1;
ID: identify; AML: acute myeloid leukemia; MDS: myelodysplastic syndromes; WT: wildtype; UPD: unique patient number; ITD: internal tandem duplication; NA; not available; TKD:

tyrosine kinase domain.
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A ®
KG-1 MOLM-14 Figure 4. ASLANOO3-induced apoptosis involves
both mitochondrial and death receptor pathways.
ASLANO003 (pM) 0 0.5 1 0 0.5 1 (A) Whole-cell lysates or cytosolic fractions from KG-

1 and MOLM-14 cells treated with dimethylsulfox-
ide (DMSO), 0.5 uM or 1 uM ASLANOO3 for 48 h
were used to measure apoptosis-related proteins by
western blot analyses. (B) THP-1, MOLM-14 and KG-
1 cells were exposed to 1 uM or 2 uM ASLANOO3 or
DMSO as the control for 48 h and then stained with
JC-10 and analyzed by flow cytometry for quantifica-
tion of intrinsic mitochondrial membrane potential
(MMP). Representative FACS plots are shown. The
bars in the bar chart represent the means of the
increased depolarization of MMP of the three cell
lines after exposure to ASLANOO3 in two independ-
ent experiments, the error bars denote the stan-
dard deviation.
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were significantly decreased in ASLANOO03-treated cells
(Online Supplementary Table S2). The elF proteins are essen-
tial factors for protein synthesis, hence we performed an
assay to determine the effects of ASLANOO3 on protein
synthesis. Indeed, ASLANOO3 inhibited protein synthesis,
as demonstrated by the reduced incorporation of OPP at
protein translation sites in both MOLM-14 and KG-1 cells
(Figure 5A). We also investigated proteins involved in the
control of the mRNA translation process. In agreement
with the RNA-sequencing data, western blot analysis con-
firmed the downregulation of EIF4B, and RPL6 proteins
(Figure 5B)

As revealed by RNA-sequencing and gRT-PCR analysis,
FOS and JUN were upregulated by ASLANOO3. We, there-
fore, decided to delineate the role of activating protein 1
(AP-1) transcription factors in ASLAN0O3-mediated differ-
entiation. Western blot analysis confirmed the dose-
dependent increase of ¢-FOS protein levels in response to
exposure to ASLANOO3 (Figure 5B). T-5224 is a selective,
small-molecule inhibitor of AP-1.% Of note, T-5224 did not
decrease cell viability when applied at doses of up to 125
uwM in MOLM-14 and KG-1 cells (Online Supplementary
Figure S4A). We then evaluated the effect of T-5224 on
ASLANO003-mediated differentiation. Addition of 20 uM
T-5224 completely abolished the differentiation effect of
ASLANOO03 in KG-1 cells and dampened the effect by half
in MOLM-14 cells (both P<0.001) (Figure 5C, Omnline
Supplementary Figure S4B). T-5224 alone had a minimal

effect on differentiation (Figure 5C). These results there-
fore suggest that ASLANO03-mediated differentiation is
facilitated, at least partially, via activation of AP-1 tran-
scription factors.

Robust in vivo efficacy of ASLANOO3 in multiple mouse
xenograft acute myeloid leukemia models

To determine in vivo efficacy of ASLANO03 in AML, we
first used two mouse xenograft models of the human AML
cell lines, MOLM-14, and THP-1. Treatment with
ASLANO003 (50 mg/kg, once daily oral gavage) was well
tolerated as evidenced by the fact that there were no sig-
nificant differences in body weight, hemoglobin concen-
tration or platelet counts between the vehicle control and
treated groups in these two models (Online Supplementary
Figure S5A). Survival was significantly prolonged in the
ASLANO03-treated groups compared to the vehicle control
groups in both xenograft models (P=0.03 and P<0.001)
(Figure 6A). In the MOLM-14 xenograft model, ASLAN0O3
substantially reduced the number of disseminated tumors,
but also the size of these tumors relative to those in con-
trols (Online Supplementary Figure S5B). Interestingly, in the
THP-1 xenograft model, we observed that the livers of
control mice were swollen and the surfaces were covered
by copious white dots, a manifestation of leukemic infiltra-
tion. In sharp contrast, the appearance and size of the livers
remained largely normal in ASLANO003-treated mice bear-
ing THP-1 cells (Online Supplementary Figure S5B). Taken

A c
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Figure 5. Effects of ASLANOO3 on protein synthesis and AP-1 transcription factors. (A) MOLM-14 and KG-1 cells were incubated with ASLANOO3 at the doses of 1
uM and 2 uM for 1 h before addition of O-propargyl-puromycin (OPP) reagent for 1 h, followed by flow cytometry analyses. The graph represents fold decreases in
OPP labeling [means + standard deviation (SD)] (n=3) in MOLM-14 and KG-1 cells, with values for dimethylsulfoxide (DMSO)-treated cells set at 1.0. Statistical com-
parisons between groups are shown (Student t-test). *P<0.05; **P<0.01. (B) Immunoblotting analysis of whole cell lysates extracted from KG-1 and MOLM-14 cells
for markers as indicated. The treatment time was 48 h. GAPDH was used as a loading control. (C) MOLM-14 and KG-1 cells were treated with ASLANOO3 alone, T-
5224 alone, the two drugs in combination, or DMSO as a control, for 96 h, and then subjected to FACS quantification of human CD11b antigen. The graphs show
the percentage of the CD11b" population (n=2, mean * SD). Statistical comparisons between the effects of ASLANOO3 as a single agent and in combination treat-
ment are shown (**P<0.001). The percentage of CD11b" cells were not statistically different between DMSO- and T-5224-treated samples (P>0.05).




together, the therapeutic effects of ASLANO03 were multi-
ple: prolonged survival, and prevention of tumor dissemi-
nation and leukemic infiltration into organs.

Next, we tested the in vivo effect of ASLANOO3 on
leukemic burden (human CD45" cells) and differentiation
(CD11b* or CD14" cells). The numbers of human CD45*
cells in BM, peripheral blood, spleen and liver were all sig-
nificantly reduced in ASLANOO3-treated mice compared
to those in control mice in both models (Figure 6B). In

ASLANOO3 for differentiation of AML

agreement with in vitro observations, FACS analysis
showed significantly increased numbers of CD11b* and
CD14 cells in BM of treated mice in both models (Figure
6B). Taken together, these experiments confirmed that
ASLANO03 could induce differentiation and reduce
leukemic burden in vivo.

We also evaluated the therapeutic efficacy of
ASLANOO3 in patient-derived AML xenografts. For AML-
14, an indolent line, at the end of experiments all mice
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Figure 6. The in vivo efficacy of ASLANOO3 in xenograft models. (A) Kaplan-Meier survival curves of mice treated with either ASLANOO3 or vehicle control for the
MOLM-14 and THP-1 xenograft models. Mice were administered either ASLANOO3 50 mg/kg or the same volume of the vehicle by daily oral gavage. Treatment was
started 3 days after inoculation of leukemic cells. The number of mice in each group and log-rank P values are indicated. (B) The leukemic burdens in mouse bone
marrow (BM), peripheral blood (PB), spleen and liver were compared for the ASLANOO3-treated and vehicle-treated groups for MOLM-14 xenograft models (n=3)
and THP-1 models (n=4). The number of human CD45" cells was determined by FACS analysis as a surrogate marker for leukemic burden. FACS analysis was per-
formed to assess the percentage of human specific CD11b*, CD14* leukemic cells in BM and PB samples harvested from these mice. *P<0.05; **P<0.01. (C) FACS
analysis of human CD45* cells in BM samples harvested from mice with AML-14 patient-derived xenotransplants (PDX) treated with ASLANOO3 or vehicle control
(n=4, *P=0.039). (D) Kaplan-Meier survival curves of animals with AML-23 PDX receiving ASLANOO3 or control treatment. (E) FACS analysis was performed to
assess the percentage of human specific CD45* in BM, PB, spleen and liver, as well as CD11b*, CD14" leukemic cells in BM samples harvested from mice with AML-

23 PDX (n=3). *P<0.05; **P<0.01.
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were alive and no obvious signs of disease were observed
in either the control or ASLANOO3 group. However, we
found that the leukemic burden was significantly less in
ASLANO003-treated PDX than in vehicle-treated PDX
(P=0.04) (Figure 6C). The weight of the mice increased
gradually and similarly in both groups during the treat-
ment (P=0.42) (Online Supplementary Figure S5C). For
AML-23, an aggressive PDX line, all animals with vehicle-
treated xenografts (n=9) succumbed to the disease within
amonth (median survival 20 days). In contrast, 50% of the
animals with ASLANO003-treated PDX (n=8) were still
active and alive at the end of experiments on day 37
(P=0.0002) (Figure 6D). Importantly, the percentages of
human CD45" leukemia cells were significantly reduced in
BM, peripheral blood, spleen, and liver of the ASLAN003
group as compared to the control group. The in vivo differ-
entiation effect of ASLANOO3 was also confirmed by the
observation of increased human CD11b* and CD14" cells
in BM (Figure 6E). As for the AML-14 line, there was no
statistical difference between the body weight of the
AML-23 control group and the ASLANO003-treated group
(P=0.78) (Online Supplementary Figure S5C). Overall, these
data demonstrate that ASLANO0O3 treatment mediates
therapeutic efficacy in AML-PDX by extending survival,
reducing leukemic burden and inducing differentiation.
Notably, ASLANO03 appears safe and well tolerated even
after prolonged in vivo administration.

Discussion

Recently, DHODH has been demonstrated to be a
novel target for differentiation therapy in AML.*
Brequinar is the first DHODH inhibitor that has shown
potency in inducing differentiation, but its clinical use is
impeded by its hematologic toxicity and ineffectiveness
in early trials in patients with solid tumors.”””* Several
other DHODH inhibitors have been described. PTC299,
an inhibitor of VEGFA mRNA translation, has also been
shown to target DHODH and to have broad activity
against hematologic cancer cells in a preclinical setting.”
Isobavachalcone, a natural product, has been reported to
target DHODH, resulting in apoptosis and differentiation
of AML cell lines at a high concentration (10 uM) in vitro.”®
BAY 2402234, a novel DHODH inhibitor, induces differ-
entiation and inhibits proliferation in multiple AML sub-
types and is currently being evaluated in a phase I trial in
myeloid malignancies.”

In this study, we comprehensively characterize
ASLANO03, a novel, potent DHODH inhibitor.
ASLANO003 induces massive differentiation of AML cell
lines, as well as primary AML and MDS cells. ASLAN003
triggers apoptotic pathways in AML cell lines. Multiple
mechanisms may account for these effects of ASLAN003
on leukemia cells. In general, myeloid leukemia cells have
a higher proliferation rate compared to normal myeloid
cells, thus requiring more energy (ATP) and abundant
amounts of precursors for many biosynthetic pathways.
The de novo biosynthesis of pyrimidine provides multiple
essential precursors for such pathways. By targeting
DHODH, a key enzyme in pyrimidine biosynthesis,
ASLANOO3 significantly depletes pyrimidine nucleotides,
leaving insufficient precursors for leukemia cells to
biosynthesize DNA, RNA, and proteins. Consistently, our
RNA-sequencing data revealed that a large family of genes

associated with protein translation initiation was the top
and the largest class downregulated by ASLANO03 treat-
ment. We further experimentally validated that
ASLANOO3 inhibits protein synthesis in AML cells. A
growing body of evidence supports a critical onco-addic-
tion on active protein translation in AML cells. Aberrant
protein translation contributes to arrested differentiation
of myeloid cells and leukemogenesis.*** EIF4B, one mem-
ber of the elF family, is downregulated by ASLANO0OS.
EIF4B has been found to stimulate translation of a partic-
ular set of genes with long, structured 5’-untranslated
regions, such as MYC, BCL-2, and XIAP, which promote
cell survival and proliferation. Ribavirin, which blocks
the binding of eIlF4E to mRNA, has been shown to induce
complete or partial remission in some relapsed AML
patients.*

Notably, our study has determined that ASLANOO3-
meditated AP-1 activation is important for the reversal of
the blocked differentiation of AML cells. Transcription fac-
tors for AP-1 comprise several families of protein dimers,
mainly JUN (c-Jun, JunB and JunD), FOS (c-Fos, FosB, Fral,
and Fra2) and ATF (ATFa, ATF-2, and ATF-3).* It is known
that AP-1 transcription factors are implicated in the differ-
entiation of leukemia cells.* Deletion of JunB in transgenic
mice causes leukemogenic stem cell expansion, resulting in
a myeloproliferative disorder which resembles early
human chronic myelogenous leukemia.*® Early studies
demonstrated that cytarabine treatment induced differen-
tiation of AML cells and enhanced JUN/AP-1 activity was
observed.” Overexpression of c-Fos overrides the blockage
of differentiation mediated by c-Myc and potentiates inter-
leukin-6-induced differentiation in AML cells.”® In agree-
ment with these findings, our data indicate a vital role for
AP-1 in ASLANO003-induced differentiation of AML. The
differentiation effect of ASLANO03 is almost completely
negated in KG-1 cells and partially abrogated in MOLM-14
cells by co-treatment with an AP-1 inhibitor, T-5224.

In further support of its clinical relevance, ASLAN003
induced primary AML blast myelocytic differentiation and
decreased viability. It is worth noting that these therapeu-
tic effects were achieved not only in samples from patients
with de novo AML, but also in samples from patients with
relapsed disease. In our study, a once daily dose of
ASLANO003 50 mg/kg for 2 to 11 weeks in two AML cell
line xenografts and two PDX models of NSG mice did not
affect the animals’ body weight, indicating that the drug is
safe and well-tolerated.

In summary, our study demonstrates that ASLANOO3 is
a novel, potent DHODH inhibitor characterized by anti-
AML efficacy in vitro and in vivo and remarkable tolerability.
We also provide molecular mechanisms through which
ASLANO03 exerts multiple actions, including induction of
apoptotic pathways, inhibition of protein translation and
activation of AP-1 transcription factors. Taken together,
our findings support the further development of
ASLANOO03 for clinical use in AML, a disease for which
novel therapies are much needed. ASLANO03 has been
granted orphan drug designation for the treatment of AML
by the Food and Drug Administration and is currently
being evaluated in a phase Ila trial in AML
(ClinicalTrials.gov: NCT03451084).
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