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Abstract
Acute myeloid leukemia (AML) is a devastating disease, with the majority of patients dying within a year of diagnosis. For
patients with relapsed/refractory AML, the prognosis is particularly poor with currently available treatments. Although
genetically heterogeneous, AML subtypes share a common differentiation arrest at hematopoietic progenitor stages.
Overcoming this differentiation arrest has the potential to improve the long-term survival of patients, as is the case in acute
promyelocytic leukemia (APL), which is characterized by a chromosomal translocation involving the retinoic acid receptor
alpha gene. Treatment of APL with all-trans retinoic acid (ATRA) induces terminal differentiation and apoptosis of leukemic
promyelocytes, resulting in cure rates of over 80%. Unfortunately, similarly efficacious differentiation therapies have, to
date, been lacking outside of APL. Inhibition of dihydroorotate dehydrogenase (DHODH), a key enzyme in the de novo
pyrimidine synthesis pathway, was recently reported to induce differentiation of diverse AML subtypes. In this report we
describe the discovery and characterization of BAY 2402234 - a novel, potent, selective and orally bioavailable DHODH
inhibitor that shows monotherapy efficacy and differentiation induction across multiple AML subtypes. Herein, we present
the preclinical data that led to initiation of a phase I evaluation of this inhibitor in myeloid malignancies.

Introduction

AML is the second most common leukemia in adults, with
the highest incidence in patients over 65 years of age. The 5
year overall survival of elderly patients with AML is <10%,
indicating a need for more effective and well-tolerated
therapies for AML [1].

During normal hematopoiesis, myeloid cells transition
from hematopoietic progenitor cells that have a high pro-
liferative capability to terminally differentiated cells with
low proliferation rates and limited lifespans. During leu-
kemogenesis, mutational events in hematopoietic stem cells
disrupt normal differentiation and lead to a maturation
arrest, which maintains leukemic cells in an undifferentiated
state with the capacity to self-renew. As this differentiation
block can occur at different progenitor stages in the setting
of a variety of mutational events, AML is a highly hetero-
geneous disease [2]. This creates significant challenges to
identifying targeted therapies that are effective against
multiple AML subtypes.
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Treatment of AML can be addressed from two different
angles; by directly inducing apoptosis of blast cells with
cytotoxic chemotherapy, or by inducing terminal differentia-
tion of blast cells and thereby halting their capacity to self-
renew. Induction of apoptosis with high dose cytarabine and
daunorubicin has been the 1st line standard-of-care for many
decades. However, many elderly patients are unable to receive
high-dose chemotherapy due to its significant toxicity. More
recently, therapies have been developed that target specific
oncoproteins that mediate the differentiation arrest of AML
blast cells, thereby inducing blast cell differentiation. These
therapies, which include ATRA and arsenic trioxide (ASO)
for APL and Enasidenib and Ivosidenib for IDH2- and IDH1-
mutated AML, respectively, are well-tolerated even in elderly
patients with multiple comorbidities [3–5]. Although data on
the long-term outcomes of patients treated with Enasidenib or
Ivosidenib are not yet known, the initial responses observed in
patients with relapsed/refractory IDH mutant AML are
encouraging. The overall response rate of patients treated with
Enasidenib is 38.8%, with 19.6% of patients achieving
complete remission [5]. The overall response rate for
Ivosidenib-treated patients is 41.6%, with 21.6% of patients
achieving complete remission [4]. In APL, the success of
differentiation therapy is even more impressive. Treatment
with ATRA, ASO and chemotherapy has a cure rate of over
80%, and many elderly patients treated with ATRA and ASO,
or ASO alone, achieve durable remissions [6, 7].

Given the lack of effective differentiation therapy outside
of APL (10–15% of AML) and, potentially, IDH mutant
AML (18–22% of AML), we undertook a phenotypic
screen to identify enzymes whose inhibition can overcome
the differentiation blockade of AML cells transformed by
constitutive expression of HoxA9. In this phenotypic
screen, DHODH was the top hit [8]. DHODH is an enzyme
that localizes to the inner mitochondrial membrane. It is the
fourth and rate limiting step of the de novo pyrimidine
synthesis pathway, converting dihydroorotate (DHO) to
orotate. There are only two known mechanisms by which
cells can acquire pyrimidines – de novo synthesis and
recycling via the salvage pathway. Previous experiments
revealed that inhibition of this critical enzyme causes a
release of the differentiation blockade of blast cells across
diverse AML subtypes [8, 9].

To target the differentiation arrest in AML in a ther-
apeutically tractable manner, we developed BAY 2402234,
a novel, highly potent and selective DHODH inhibitor.
Herein, we present data on the preclinical activity of BAY
2402234, showing that BAY 2402234 has strong mono-
therapy efficacy and induces differentiation across multiple
AML xenograft and PDX models in vitro and in vivo. These
very promising preclinical observations are the rationale for
a clinical evaluation of BAY 2402234 in myeloid malig-
nancies that is currently ongoing (NCT 0340726).

Material and methods

Experimental procedures can be found in the
Supplementary data.

Results

Properties of BAY 2402234

BAY 2402234 (Fig. 1a) is a novel potent and selective
DHODH inhibitor that dose-dependently inhibits human
full-length DHODH enzyme with an IC50 of 1.2 nM
(Fig. 1b). BAY 2402234 is a neutral small molecule
selective for DHODH with a LogD value of 2.7 and a
molecular weight of 520.84 g/mol (Supplementary Table 1).
BAY 2402234 has moderate plasma protein binding (fu=
9.9%), low blood clearance (CLb= 0.87 L/h/kg) and a high
volume of distribution Vss= 3.0 L/kg. The oral bioavail-
ability in mice is complete (F= 101%) and the half-life is
4.1 h.

Crystal structure of DHODH and BAY 2402234

To elucidate the structural details of inhibitor binding,
recombinant human DHODH was complexed and co-
crystallized with BAY 2402234. Refinement of the
DHODH protein model against high-quality X-ray diffrac-
tion data revealed strong electron density fitting of the
inhibitor, a bound flavin mononucleotide (FMN) and an
orotate molecule (Fig. 1c, Supplementary Table 2). Overall,
the protein exhibits the same fold and secondary structure
topology as published X-ray structures of DHODH, with a
central α/β-barrel and a small N-terminal domain crucial for
inhibitor binding [10].

BAY 2402234 binds the ubiquinone binding site of
DHODH between the N-terminal helices (Helix A & B),
thereby demonstrating its molecular mode of action. The
triazolone group of the inhibitor binds to the deep and more
hydrophilic end of the cofactor pocket through direct
hydrogen bonding with Tyr356 and Gln47 (Fig. 1d). The
OH-group of BAY 2402234 interacts with Thr360 via a
bound water molecule. At the entrance of the binding site
the compound has extensive hydrophobic interactions with
a large set of non-polar residues (Tyr38, Leu42, Met43,
Leu46, Leu50, Leu58, Ala59, Phe62, Leu67, Leu68, Pro69,
Met111, Leu359, and Pro364). The crystal structure also
predicts a non-classical hydrogen bond between the
hydroxyl group of Thr63 (H-bond donor) and the fluorine of
the terminal phenyl group (H-bond acceptor). As previously
observed, the non-coordinated Arg136 exhibits flexibility
[11] and it is shown modeled in two different conformations
(Fig. 1d).
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BAY 2402234 induces differentiation and inhibits
proliferation in AML cell lines across multiple AML
subtypes

To investigate the effect of BAY 2402234 on AML cell
differentiation, the ability of the drug to upregulate the
differentiation marker CD11b was assessed in MOLM-13
and HEL cells. In both cell lines, dose-dependent upregu-
lation of CD11b was observed after BAY 2402234 treat-
ment (Fig. 2a, b, Supplementary Fig. 1a), with EC50s of
3.16 nM in MOLM-13 cells and 0.96 nM in HEL cells
(Supplementary Table 3), and this effect was rescued by the
addition of 100 µM exogenous uridine. Uridine bypasses
the requirement for de novo pyrimidine synthesis by feed-
ing into the salvage pathway, thereby negating the need for
DHODH. The observation that addition of uridine inhibits
induction of differentiation by BAY 2402234 indicates that
the drug is acting ‘on-target’. BAY 2402234 similarly
induces differentiation of a panel of additional AML cell

lines at doses of 8.8 × 10−10 M to 9 × 10−9 M (Supplemen-
tary Table 3).

TF-1 cells were used to analyze the kinetics of CD11b
upregulation by BAY 2402234. While an increase in
CD11b was observed after 3 days of treatment, the increase
after 6 days was more prominent (Fig. 2c, Supplementary
Fig. 1b). Again, exogenous uridine was able to rescue the
differentiation phenotype. Differentiation induction by
BAY 2402234 treatment was further confirmed by Giemsa-
Wright stainings for morphologic features of differentiation
(Supplementary Fig. 2a) and by flow cytometry for CD14,
another marker of myeloid differentiation (Supplementary
Fig. 2b–d).

We also evaluated whether inhibition of DHODH has anti-
proliferative effects in vitro. BAY 2402234 inhibited the
proliferation of THP-1 cells with an IC50 of 2.6 nM (Fig. 2d)
and inhibited the proliferation of nine other leukemia cell lines
representing diverse AML subtypes, with a range of IC50s
from 8.1 × 10−11M to 8.2 × 10−9 M (Supplementary Table 4).
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Fig. 1 BAY 2402234 is a novel potent DHODH inhibitor that binds
the ubiquinone pocket of DHODH. a Chemical structure of BAY
2402234. b Biochemical inhibition of full-length human DHODH by
BAY 2402234. c Crystal structure of DHODH complexed with BAY
2402234. Strong electron density of BAY 2402234 (green) is visible

between Helix A and B, contoured at 1.0σ (blue). The locations of the
substrate (orotate; orange) and the prosthetic group (flavin mono-
nucleotide/FMN; magenta) are indicated. d Protein-ligand interactions
of BAY 2402234 (green) and DHODH. The alternative conformation
of Arg136 is highlighted in cyan
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In all cases, the addition of uridine completely abolished the
anti-proliferative effect of BAY 2402234, confirming the on-
target activity of BAY 2402234.

Finally, we asked if BAY 2402234 induces cell cycle
arrest and apoptosis in AML cells. We treated TF-1 cells
with BAY 2402234 and analyzed the proliferation and
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Fig. 2 BAY 2402234 induces
differentiation and inhibits
proliferation of leukemia cells
in vitro. a, b MOLM-13 (a) and
HEL (b) cells were treated with
increasing concentrations of
BAY 2402234 for 4 days in the
presence (blue) or absence
(green) of 100 µM uridine and
CD11b fluorescence intensity
was then measured by FACS
(RFU= relative fluorescence
units). c TF-1 cells were treated
for 3 or 6 days with the indicated
concentrations of BAY 2402234
in the presence or absence of
uridine and the percent CD11b-
positive cells was determine by
FACS. d THP-1 cells were
treated with increasing
concentrations of BAY 2402234
in the presence or absence of
100 µM uridine for 3 days and
the number of surviving cells
was then determined by Cell
Titer Glow Assay (RLU=
relative luminescence units). e–g
TF-1 cells were treated with the
indicated concentrations of BAY
2402234 in the presence or
absence of uridine for a total of
9 days. The number of viable
cells on days 3, 6 and 9 (e), the
cell cycle state of the cells on
day 3 (f) and the percent
apoptotic cells on days 3 and 6
(g) were assessed. By day 9, no
viable BAY 2402234-treated
cells were detectable. Graphs f
and g are representative results
from three biological replicates
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apoptosis of the cells at three different concentrations of the
inhibitor and over multiple days. Treatment with the inhi-
bitor dose-dependently slowed cell doubling (Fig. 2e),
induced G2-M cell cycle arrest (Fig. 2f) and induced
apoptosis (Fig. 2g) of the cells in a dose- and time-
dependent manner. These effects were, once again, fully
rescued by uridine supplementation.

The human AML cell lines used in these studies harbor
many genetic alterations that are highly recurrent in AML
(Supplementary Table 5a and 5b). Six of the cell lines
(NOMO-1, HEL, HL-60, SKM-1, THP-1, and TF-1) are
TP53 mutant and three of the cell lines (EOL-1, MOLM-13,
and MV4-11) are TP53 wild-type. Four of the cell lines
(NOMO-1, MOLM-13, MV4-11, and THP-1) harbor MLL
translocations; two (NOMO-1 and SKM-1) harbor KRAS
mutations; three (HL-60, THP-1, and TF-1) harbor NRAS
mutations. Oncogenic mutations in JAK2 (HEL), TET2
(HEL and SKM-1), ASXL1 (NOMO-1, SKM-1, and TF-1)
and FLT3 (MOLM-13 and MV4-11) are also represented.
Because upregulation of p53 has been proposed as a
mechanism of anti-tumor activity by DHODH inhibition
[12], we assessed whether TP53 mutation status affects the
IC50 of BAY 2402234 in AML cell lines. We did not
identify any correlation between sensitivity to BAY
2402234 and the TP53 mutation status of the AML cell
lines.

BAY 2402234 shows strong monotherapy efficacy
and induces differentiation in AML xenograft
models in vivo

Dose-escalation studies were performed to determine the
maximum tolerated dose (MTD) of BAY 2402234 in mice
and daily dosing of up to 5 mg/kg for 10 days was found to
be well tolerated (data not shown). We next assessed the
anti-tumor activity of BAY 2402234 in three subcutaneous
AML xenograft models. In MOLM-13 xenografts, a sig-
nificant anti-tumor effect was observed at all four treatment
doses (Fig. 3a). Unbound drug exposure after daily con-
tinuous treatment with BAY 2402234 was measured in
murine plasma and was found to be dose- and time-
dependent (Fig. 3b). Plasma levels of DHO were measured
as a pharmacodynamic marker of target engagement. We
observed a dose-dependent increase in DHO levels in BAY
2402234-treated mice (Fig. 3c), demonstrating DHODH
inhibition in vivo. Likewise, in MV4-11 (Fig. 3d) and THP-
1 (Supplementary Fig. 3a) xenografts, we saw significant
anti-tumor efficacy in all dosing groups, confirming the
strong anti-tumor effect of BAY 2402234 in AML mouse
models.

We also assessed the ability of BAY 2402234 to induce
AML differentiation in vivo. MV4-11 tumors were har-
vested after daily dosing of 5 mg/kg BAY 2402234 for

6 days, and cell surface expression of CD11b was measured
ex vivo. We detected an increase in CD11b expression in
tumor cells from BAY 2402234-treated mice compared to
vehicle-treated mice (Fig. 3e). Similar effects were seen in
THP-1 xenografts treated with 5 mg/kg BAY 2402234 for
8 days (Supplementary Fig. 3b) and in MOLM-13 xenograft
tumors harvested 24 h after a single 5 mg/kg dose of BAY
2402234 (Supplementary Fig. 3c).

The anti-tumor activity of BAY 2402234 was also
evaluated in three systemic AML xenograft models
transplanted by tail vein injection. In HL-60 xenografts,
treatment with BAY 2402234 nearly doubled the
median survival of mice from 13 to 25 days and showed
improved efficacy compared to treatment with cytarabine
(Fig. 3f). In MV4-11 xenografts, 70% of mice treated
with BAY 2402234 were still alive at the study-endpoint
(day 46 of treatment) whereas all of the vehicle-treated
mice died by day 28 (Fig. 3g). The surviving MV4-11
xenografts were sacrificed on day 46 of treatment and
were found to have <1% residual disease, as determined
by flow cytometry for human HLA-ABC-positive cells in
the peripheral blood and bone marrow of the mice
(Fig. 3h). In a disseminated MOLM-13 xenograft model,
tumor burden in the peripheral blood, bone marrow and
spleens of control and BAY 2402234-treated mice was
analyzed after 8 days of treatment. At that time point, over
40% of the peripheral blood cells in the control mice were
human HLA-ABC-positive leukemia cells whereas human
leukemia cells represented about 4% of circulating cells in
the BAY 2402234 treated mice (Supplementary Fig. 4a).
In the bone marrows of the control mice, 78% of the
cells were human AML cells compared to 39% in
the BAY 2402234 treated mice (Supplementary Fig. 4b);
and in the spleens of the control mice, 44% of the
cells were human AML cells compared to 6% in the
treated mice (Supplementary Fig. 4c). Co-staining for
human CD11b showed a dramatic increase in the percent
CD11b-positive cells in the bone marrow of BAY
2402234-treated mice (Supplementary Fig. 4b), suggest-
ing that BAY 2402234 induces AML cell differentiation
in vivo.

BAY 2402234 prolongs survival and induces
differentiation in AML PDX models

To test whether BAY 2402234 has therapeutic efficacy in
PDX models, we tested five disseminated AML PDX
models using endpoints of overall survival (AM5512,
AM7577, and AM8096) and tumor burden at predefined
time points (AML11655 and AML6252). These PDX
models harbor mutations in a number of genes, including
IDH1, IDH2, and NPM1, which are recurrently mutated in
AML (Supplementary Table 6).

The novel dihydroorotate dehydrogenase (DHODH) inhibitor BAY 2402234 triggers differentiation and is. . .



We observed increased survival of treated mice in all three
survival endpoint studies: the AM5512 model (Fig. 4a), the
AM7577 model (Fig. 4b), and the AM8096 model (Fig. 4c).

In the AM8096 model, all of the vehicle-treated mice died by
day 20 of treatment whereas 40% of the BAY 2402234-
treated animals were still alive when the study was terminated
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after 47 days of treatment followed by a 4 week observation
period.

In the tumor burden endpoint studies, the percent circu-
lating human CD45-positive AML cells was significantly
decreased at study end in AML11655 (Fig. 4d) and AML6252
(Fig. 4e)-transplanted mice treated with BAY 2402234 com-
pared to mice treated with vehicle control. Moreover, the
spleen weights of BAY 2402234-treated mice were sig-
nificantly reduced compared to vehicle-treated animals (Sup-
plementary Fig. 5a, b). Together, these data indicate that BAY
2402234 significantly reduced tumor burden in AML PDX
models. Co-staining of cells for human CD45 and human
CD11b showed a significant increase in double-positive cells
in BAY 2402234-treated mice compared to vehicle-treated
mice (Fig. 4f, g), suggesting that BAY 2402234 induces AML
cell differentiation in vivo in PDX models.

Single treatment with BAY 2402234 induces
profound transcriptional changes

To elucidate the mode of action of BAY 2402234, MOLM-
13 xenograft-bearing mice were treated with a single 5 mg/
kg dose of BAY 2402234 and tumors were collected at five
time points (3, 6, 24, 36, and 48 h) after treatment with
BAY 2402234 or vehicle control and were subjected to

RNA-sequencing. Gene expression analysis revealed that a
single treatment with BAY 2402234 results in transcrip-
tional changes (differential expression of 1.5-fold or more)
as early as 3 and 6 h post treatment, and that the magnitude
of transcriptional changes increases over time (Supple-
mentary Table 7).

Gene set enrichment analysis (GSEA) was performed
comparing the transcriptional profiles of tumors treated with
BAY 2402234 or vehicle control for 24 h (Supplementary
Table 8). This analysis found that BAY 2402234 treatment
induces a similar transcriptional signature as that induced by
knockdown of HOXA9 in MOLM-14 cells (Fig. 5a). Of
note, HoxA9 knockdown has been shown to induce dif-
ferentiation, cell cycle arrest and apoptosis of AML cells
[13]. The transcriptional signature induced by BAY
2402234 also positively correlates with apoptosis-
associated gene transcription (Fig. 5b) and negatively cor-
relates with MYC target gene expression (Fig. 5c). Corre-
lations with p53 pathway genes, E2F target genes and G2M
checkpoint genes were also observed (Supplementary
Fig. 6). Overall, this analysis further supports our finding
that BAY 2402234 treatment induces the differentiation,
cell cycle arrest and apoptosis of AML cells.

Examination of BAY 2402234-induced transcriptional
changes over time revealed that a number of genes that play
a role in the maturation block of AML cells are dysregu-
lated by BAY 2402234 treatment in a time-dependent
manner. These include HOXA9 [14], FLT3 [15], and c-
MYC [16] (Supplementary Fig. 7a). Interestingly, we also
detected rapid and significant downregulation of HMGA1
expression in BAY 2402234 treated cells (Supplementary
Fig. 7b). HMGA1 has been reported to play an important
role in the maintainence of the self-renewal in cancer stem
cells [17]. Several other chromatin modifying enzymes,
including KMT2A, KAT6A, and EZH2, were also dysre-
gulated, albeit less dramatically, by BAY 2402234 treat-
ment (Supplementary Fig. 7b). The effect of BAY 2402234
on EZH2 expression in vitro and in vivo was confirmed by
real-time PCR (Supplementary Fig. 8a, b).

Cell cycle exit is critical for terminal differentiation [18]
and has been linked to DHODH inhibition in other cancer
cell types in vitro [19, 20]. We examined the kinetics of
dysregulation of several cell cycle regulatory genes by BAY
2402234. We found that P21/CDKN1A expression is
induced within hours of BAY 2402234 treatment and then
drops precipitously, whereas expression of CDK4 and
CDK6 begins to decline immediately after BAY 2402234
treatment (Supplementary Fig. 7c). The effect of BAY
2402234 on P21/CDKN1A expression in vitro and in vivo
was confirmed by real-time PCR (Supplementary Fig. 8a,
b). These data are consistent with our observation that
inhibition of DHODH inhibits the proliferation and induces
the cell cycle arrest of AML cells in vitro and in vivo.

Fig. 3 BAY 2402234 shows monotherapy efficacy, target engagement,
and differentiation induction in AML xenografts in vivo. a Serial
measurements of tumor volumes in subcutaneous MOLM-13 AML
xenografts treated daily with the indicated doses of BAY
2402234 starting after randomization on day 4 post transplantation
(mean ± SEM, n= 10 mice/group; One way ANOVA on log trans-
formed tumor volume). b, c Blood was drawn from mice treated daily
for 16 days with the indicated doses of BAY 2402234 1, 3, 6, and 24 h
after the final dose (mean, n= 2–3 mice/timepoint). Plasma levels of
unbound BAY 2402234 (b) and plasma levels of DHO (c) were
assessed to determine the pharmocokinetic and pharmacodynamic
properties, respectively, of BAY 2402234. d Serial measurements of
tumor volumes in subcutaneous MV4-11 AML xenografts treated
daily with the indicated doses of BAY 2402234 starting after rando-
mization on day 10 post transplantation (mean ± SEM, n= 12 mice/
group; One way ANOVA on log transformed samples). e Measure-
ment of CD11b fluorescence intensity by FACS of MV4-11 xenograft
tumors after daily treatment with BAY 2402234 for 6 days (mean
±SEM, n= 7; t-test) (RFU= relative fluorescence units). f Survival of
disseminated HL-60 xenograft mice (n= 10/group; logrank Mantel-
Cox test) treated daily with 5 mg/kg BAY 2402234 compared to
standard AML dosing of cytarabine. In both cases, treatment was
started 5 days post transplantation. g Survival of disseminated MV4-11
xenograft mice (n= 10/group; logrank Mantel-Cox test) treated daily
with vehicle control or 4 mg/kg BAY 2402234 starting after rando-
mization on day 3 post transplantation. The experiment was stopped
on day 46 of treatment and peripheral blood and bone marrow from the
surviving mice were harvested. h Determination of post-treatment
tumor burden as a function of percent human HLA-ABC-positive cells
in the peripheral blood and bone marrow of MV4-11 tumor bearing
mice still alive on day 46 of treatment. *p < 0.05; **p < 0.01; ***p <
0.001
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Finally, and in line with previous reports that DHODH
inhibition reduces uridine diphosphate N-acetylglucosamine
(UDP-GlcNAc) levels [8], we identified GNPNAT1 and
UAP1 as being significantly downregulated by BAY 2402234

treatment (Supplementary Fig. 7d). These genes play a major
role in UDP sugar metabolism and O-GlcNAc production.

Overall, the transcriptional changes induced by BAY
2402234 indicate a profound effect of inhibition of
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DHODH on multiple intracellular pathways, resulting in
changes in cellular proliferation, differentiation and
apoptosis.

Single treatment with BAY 2402234 induces
profound proteomic changes

MOLM-13 AML xenograft tumor samples were used to
investigate changes at the protein and phospho-protein levels
in tumors after a single 5mg/kg dose of BAY 2402234.
Tumors were collected at 24 and 48 h after treatment of mice
with BAY 2402234 or vehicle control and the protein lysates
were then screened using an array of 622 antibodies (Sup-
plementary Table 9). This analysis revealed similar effects of
BAY 2402234 on mediators of proliferation and apoptosis as
the transcriptional analysis (Fig. 6a, b). Several proteins linked
to induction of apoptosis, including Caspase 3, Caspase 7, and
cleaved PARP [21, 22] were among the most highly upregu-
lated proteins at one or both of the sampled time points
(Fig. 6a, Supplementary Table 10), and this effect was con-
firmed by western blot analysis of TF-1 cells treated with
BAY 2402234 (Fig. 6c). Consistent with our transcriptomic
data, P21/CDKN1A protein expression was also induced by
BAY 2402234 treatment (Fig. 6d). Interestingly, BAY
2402234 treatment reduced levels of phospho-GSK3α/β
(Fig. 6b, Supplementary Table 10). Inhibition of GSK3α has
been found to promote AML cell differentiation and apoptosis
and to prolong survival of AML mouse models [23]. BAY
2402234 treatment also reduced the phosphorylation of a
number of other kinases that play a role in AML cell pro-
liferation and self-renewal, including phospho-MEK1/2 and
phospho-ERK1/2 [24], and phospho-Src and phospho-Lck
[25–27] (Fig. 6b, Supplementary Table 10). These effects were
confirmed by western blot analysis of MOLM-13 xenograft
tumors after treatment with a single dose of BAY 2402234
(Fig. 6e). Levels of phospho-CREB Ser133, a downstream

target of the MAPK pathway, were also reduced by BAY
2402234 treatment (Fig. 6b, Supplementary Table 10).

Discussion

Several inhibitors of DHODH have been described previously
[28], with brequinar sodium and leflunomide/teriflunomide
being the most well-known agents tested in humans. The anti-
cancer activity of brequinar was tested in the 1990s in solid
tumor patients [29–31], but brequinar was not given to
patients with myeloid malignancies. Moreover, despite pre-
clinical evidence supporting the need for continuous target
engagement [32, 33], the clinical trials of brequinar in solid
tumors used intermittent dosing schedules similar to those of
classical chemotherapy. Leflunomide and its active metabolite
teriflunomide are approved for the treatment of rheumatoid
arthritis and multiple sclerosis, respectively. Although some
encouraging preclinical data on their anti-tumor efficacy have
been reported [34], leflunomide and teriflunomide are weak
DHODH inhibitors, with IC50s in the low µM range. Addi-
tionally, several other targets of these drugs have been
described, including receptor tyrosine kinases [35, 36], the
aryl hydrocarbon receptor [37], monoamine oxidases [38],
and cyclooxygenase 2 [39]. Given the low potency of leflu-
nomide and teriflunomide against DHODH, it is likely that at
least some of their described anti-tumor effects are not
mediated by DHODH inhibition.

Given our recent findings regarding the effect of
DHODH inhibition on AML cell differentiation [8], and
given the high unmet clinical need in AML, our novel,
potent and selective DHODH inhibitor BAY 2402234 may
be of value in the treatment of myeloid malignancies. The
molecule possesses many properties suitable for further
clinical development. The drug metabolism and pharma-
cokinetics (DMPK) and physicochemical properties of
BAY 2402234 allow for continuous oral dosing, while the
crystal structure of the drug bound to DHODH, and the
ability of uridine to rescue the effects of the drug, validate
its specificity and selectivity for DHODH. Moreover, our
in vitro and in vivo data show that BAY 2402234 treatment
is both anti-proliferative and induces differentiation in
multiple AML xenografts and PDX models that represent a
diverse set of AML genotypes. This strongly suggests that
BAY 2402234 will have broad therapeutic applicability in
myeloid malignancies.

BAY 2402234 shows a dual mode of action of prolifera-
tion inhibition and differentiation induction. Interestingly,
single-dose treatment with BAY 2402234 in an AML xeno-
graft model induces transcriptomic, proteomic, and phospho-
proteomic changes that can be linked to both modes of action,
suggesting that both pathways are initiated early on by BAY
2402234 treatment. Whereas inhibition of proliferation can be

Fig. 4 BAY 2402234 shows monotherapy efficacy and differentiation
induction in AML PDX models. a–c Survival of mice transplanted
with AML PDX lines AM5512 (a), AM7577 (b), and AM8096 (c)
treated daily with vehicle control or with 4 mg/kg BAY 2402234 (n=
5/group; logrank Mantel-Cox test). d, e Percent human CD45+ cells in
the peripheral blood of AML PDX models AML11655 (d) and
AML6252 (e) treated daily for 36 days (d) or 50 days (e) with vehicle
control or with 4 mg/kg BAY 2402234 (mean ± SEM, n= 5; t-test). f,
g Percent hCD11b/hCD45 double-positive AML cells in the peripheral
blood of AML PDX models AML11655 (f) and AML6252 (g) treated
daily with 4 mg/kg BAY 2402234 for 36 (f) and 50 (g) days (mean ±
SEM, n= 5; t-test). In all cases, transplantation was by tail vein
injection. Treatment was started for AM5512 and AM7577 models
when 2–5% human CD45+ cells were detectable in the peripheral
blood of the mice; treatment was started for AM8096, AML6252, and
AML11655 models at predefined times post-transplantation (40, 3, and
4 days, respectively). *p < 0.05; **p < 0.01; ***p < 0.001
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explained by pyrimidine depletion, the underlying mechanism
of induction of differentiation is still unclear. Unlike ATRA
and mutant IDH inhibitors, which specifically target onco-
proteins that are mechanistically involved in AML differ-
entiation arrest, DHODH inhibition seems to have pleiotropic
effects in cells. It is possible that the mechanism of anti-
leukemic activity of DHODH inhibition more closely
resembles that of other cancer therapies, like the BCL-2
inhibitor Venetoclax, that induce differentiation by targeting
pathways critical for AML cell survival [40].

It is notable that BAY 2402234 induces acute down-
regulation of genes linked to stemness, which is the coun-
terpoint to differentiation. One of the downregulated
chromatin remodelers, HMGA1, has been strongly linked to
stemness in pluripotent stem cells [41] as well as cancer stem

cells [17], while the downregulated histone actelytransferase
KAT6A has been reported to be essential for adult hemato-
poietic stem cell function [42]. Cell cycle exit also plays an
important role in differentiation, and repression of one of the
downregulated CDKs, CDK6, has been linked to leukemic
differentiation [43, 44]. We also noted changes in phospho-
Lck, which was previously reported to cooperate in cellular
transformation with FLT3/ITD [27] and is linked to T and B
cell leukemia [45, 46], as well as changes in the phosphor-
ylation status of Src kinases, whose activities have been
linked to cancer stemness in breast cancer [25, 26]. Finally,
another notable effect of BAY 2402234 is the downregulation
of key enzymes in UDP GlcNAc metabolism, which may
explain our previous observation of global decreases in pro-
tein N-acetyl glycosylation after DHODH inhibition [8].

Fig. 5 BAY 2402234 induces transcriptional changes linked to dif-
ferentiation, apoptosis, and MYC repression. GSEA analysis of
RNASeq read counts from MOLM-13 xenograft tumors harvested 24
h after a single treatment with 5 mg/kg BAY 2402234 or vehicle

control. Enrichment plots are shown for signatures of (a) HOXA9
knockdown in MOLM-14 cells, (b) apoptosis-associated genes, and
(c) MYC target genes
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Given the role of O-GlcNAc in posttranslational modifica-
tions [47] and in chondrogenic, osteogenic and adipogenic
differentiation [48–51], it is certainly plausible that O-
GlcNAcylation also plays a role in myeloid differentiation.
Interestingly, DHODH-induced reduction of O-GlcNAc was

recently postulated to reduce c-Myc stability and thereby
promote induction of differentiation [52].

Our findings demonstrate that the effects of DHODH
inhibition extend far beyond pyrimidine depletion. Further
investigations of the pleiotropic effects of DHODH
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Fig. 6 BAY 2402234 induces proteomic changes linked to cell cycle
arrest, apoptosis, and kinase inactivation. a, b Results of an ex vivo
protein screen of MOLM-13 xenograft tumors harvested 24 and 48 h
after a single 5 mg/kg dose of BAY 2402234. Signal intensities of
proteins involved in apoptosis (a) and kinases involved in proliferation
and self-renewal signaling (b) are indicated (mean ± SEM, n= 5
tumors/timepoint; t-test) (RFU= relative fluorescence units). *p <
0.05; **p < 0.01; ***p < 0.001. c Western Blot analysis of cleaved
PARP and cleaved Caspase 3 in TF-1 cells treated with the indicated

concentrations of BAY 2402234 for the indicated times. TF-1 cells
treated with doxorubicin serve as a positive control for apoptosis
induction. d Western Blot analysis of p21 expression in MOLM-13
xenograft tumors harvested 24 h after treatment with a single 5 mg/kg
dose of BAY 2402234 or with vehicle control. e Western Blot analysis
of phospho-ERK1/2 Thr202/Tyr204, phospho-Lck Tyr505, and
phospho-Src Tyr416 levels in individual MOLM-13 xenograft tumors
harvested 24 or 48 h after treatment with a single 5 mg/kg dose of
BAY 2402234 or with vehicle control
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inhibition will be required to fully understand how DHODH
inhibition leads to induction of differentiation, cell cycle
arrest and apoptosis in AML cells.

In summary, the novel DHODH inhibitor BAY 2402234
is active against diverse subtypes of AML in vitro and
in vivo and shows a dual mode of action of proliferation
inhibition and differentiation induction. Moreover, BAY
2402234 has favorable physicochemical and pharmacoki-
netic properties supportive of clinical development. On the
basis of the work presented here, a clinical phase I trial of
BAY 2402234 in myeloid malignancies (AML, MDS and
CMML) has recently been initiated (NCT 03404726).
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