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rearrangements or NPM1 mutations.

Introduction

The development of acute leukemia is associated with heteroge-
neous genetic and epigenetic alterations (1, 2), making it difficult
to identify new effective therapies for leukemia patients. Despite
these challenges, numerous efforts have attempted to develop new
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The protein-protein interaction between menin and mixed lineage leukemia 1 (MLL1) plays a critical role in acute
leukemias with translocations of the MLL7 gene or with mutations in the nucleophosmin 1 (NPM1) gene. As a step
toward clinical translation of menin-MLL1 inhibitors, we report development of MI-3454, a highly potent and orally
bioavailable inhibitor of the menin-MLL1 interaction. MI-3454 profoundly inhibited proliferation and induced
differentiation in acute leukemia cells and primary patient samples with MLL1 translocations or NPM1 mutations.
When applied as a single agent, MI-3454 induced complete remission or regression of leukemia in mouse models of
MLL1-rearranged or NPM1-mutated leukemia, including patient-derived xenograft models, through downregulation
of key genes involved in leukemogenesis. We also identified MEIST as a potential pharmacodynamic biomarker

of treatment response with MI1-3454 in leukemia, and demonstrated that this compound is well tolerated and did
not impair normal hematopoiesis in mice. Overall, this study demonstrates, for the first time to our knowledge,
profound activity of the menin-MLL1 inhibitor as a single agent in clinically relevant PDX models of leukemia. These
data provide a strong rationale for clinical translation of MI-3454 or its analogs for leukemia patients with MLL1

therapeutic agents for acute leukemias, some of which are cur-
rently in clinical development (3-6). Translocations of the mixed
lineage leukemia 1 (MLLI, also known as MLL or KMT2A) gene,
which are found in approximately 5%-10% of acute leukemia
patients, both children and adults, result in an aggressive subtype
of leukemia, with a 5-year survival rate of only approximately 35%
(7,8). MLLI translocations are particularly prevalent in infant leu-
kemias, constituting up to 80% of infant acute lymphoblastic leu-
kemia (ALL) cases, which demonstrate a high level of resistance
to chemotherapy (9, 10). MLLI translocations lead to fusion of the
N-terminal fragment of MLLI with 1 of over 60 protein partners
(11-13), resulting in the expression of MLL fusion proteins that
enhance proliferation and block hematopoietic differentiation,
ultimately driving the development of leukemia (14). Because of
poor patient outcomes, MLL leukemia represents an unmet medi-
cal need, necessitating the development of new therapies.

The protein-protein interaction between menin and MLL
fusion proteins plays a critical role in the pathogenesis of MLL
leukemia, and the genetic disruption of this interaction abro-
gates the development of acute leukemia in vivo (15-17). Our
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Figure 1. Structure and in vitro activity of menin-MLL1 inhibitor MI-3454. (A) Chemical structure of MI-3454. (B) Titration curve from fluorescence polar-
ization competition assay for inhibition of the menin-MLL1, . interaction by MI-3454. Mean + SD, n = 3. mP, millipolarization. (C) Crystal structure of the
menin-MI-3454 complex (1.24 A). Menin is shown in surface representation (carbon atoms in gray, oxygen in red, nitrogen in dark blue, sulfur in yellow) and
MI-3454 is shown in stick representation (carbon atoms in green; color coding for oxygen, nitrogen, and sulfur atoms is the same as for menin residues;
fluorine atoms are in light blue). (D) Details of interactions of MI-3454 with menin. Color coding as in C. (E) Pharmacokinetic studies in mice performed for
MI-3454 (mean + SD, n = 3) demonstrating blood concentration of MI-3454 after oral (p.0.) dose of 100 mg/kg and intravenous (i.v.) administration at 15 mg/
kg. (F) Titration curves from MTT cell viability assay performed after 7 days of treatment of human MLL leukemic cell lines (MLL-tr) with MI-3454: MV-4-11
(MLL-AF4), MOLM-13 (MLL-AF9), KOPN-8 (MLL-ENL), SEM (MLL-AF4), RS4-11 (MLL-AF4), and control leukemic cell lines (non-MLL-tr): K562, SET2, REH, and
U937, mean + SD, n = 4. Two to 3 independent MTT experiments were performed for each cell line. Representative graphs are shown. Gl values correspond
to MI-3454 concentrations needed for 50% inhibition of cell proliferation. (G) Quantitative RT-PCR performed in MV-4-11 cells (left) or MOLM13 cells (right)
after 6 days of treatment with 50 nM MI-3454. Gene expression was normalized to HPRT1 and referenced to the DMSO-treated cells. Data represent 2
independent experiments, each performed in duplicate (mean + SD, n = 4). P < 0.0001 for all genes tested calculated using Student’s 2-tailed t test. (H)
Wright-Giemsa-stained cytospins for MV-4-11 and MOLM13 after 6 days of treatment with 50 nM MI-3454.
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previous work has resulted in the development of first-in-class
small-molecule inhibitors of the menin-MLL1 interaction, which
directly bind to the MLL1 binding site on menin and block this
protein-protein interaction (17-23). Because the menin binding
motif is retained in all MLL fusion proteins, these compounds
also block the interaction of menin with MLL fusions (22). The
menin-MLL1 inhibitors that we developed previously, includ-
ing MI-503 (17) and MI-1481 (21), demonstrate relatively robust
activity and an on-target mechanism of action in the MLL-rear-
ranged leukemic cells and delay leukemia progression in mouse
models of MLL leukemia. However, the existing small-molecule
inhibitors of the menin-MLL1 interaction require further optimi-
zation of their potency, selectivity, pharmacokinetic (PK) profile,
and other drug-like properties before they can be translated to
clinical studies in leukemia patients.

Recent studies have also revealed the importance of the
menin-MLL1 wild-type interaction in acute myeloid leukemia
(AML) with mutations in the nucleophosmin 1 (NPMI) gene (24).
NPM1 mutations are found in over 30% of AML patients (25, 26)
and are associated with the upregulated expression of HOXA,
HOXB, and MEISI genes (24, 27, 28). Mutations in NPM1 co-occur
with mutations in other AML driver oncogenes, such as FLT3 (in
~60% of cases, including FLT3-internal tandem duplication [FLT3-
ITD]) and/or DNMT3A (in ~50% of cases) (29-31). Coexistence of
the FLT3-ITD and NPMI mutations defines the most unfavorable
category of NPMI-mutated AMLs (30), with an overall survival rate
below 50% (31, 32), emphasizing the need for new therapies. Previ-
ous studies have demonstrated growth arrest and differentiation of
AML cells with NPM1 mutations upon treatment with the previous
generation of menin-MLL1 inhibitors (MI-503 and MI-2-2) (24).
However, high concentrations of these compounds (>2 uM) were
required to affect gene expression in the NPMI-mutated AML cells,
and the in vivo effect was relatively modest (24). These results fur-
ther support the need for the development of more potent menin-
MLL1 inhibitors with optimized drug-like properties.

The development of small-molecule inhibitors targeting the
menin-MLL1 interaction has proven challenging because of the high
potency and the bivalent nature of this interaction, which involves 2
MLLI1 fragments (MLL1 4sand MLLL,_ ) (33). Thus, a menin-MLL1
inhibitor needs to occupy a relatively large area of the binding site for
effective inhibition of this protein-protein interaction (21), resulting
in an increase in the molecular weight of such compounds that leads
to challenges in optimizing their drug-like properties. Here, we report
the development of a highly potent (subnanomolar), very selective,
and orally bioavailable inhibitor of the menin-MLL1 interaction,
MI-3454, with a profound activity in leukemic cells and primary
patient samples with MLLI rearrangements or NPMI mutations. We
demonstrate that MI-3454 as a single agent induces complete remis-
sion or regression in the MLLI-rearranged and NPMI-mutated leu-
kemia models, including patient-derived xenograft (PDX) models.
We also provide insights into the mechanistic aspects of pharmaco-
logical inhibition of the menin-MLL1 interaction in the NPMI-mu-
tated AMLs and identify MEISI as a pharmacodynamic biomarker
of treatment response to the menin-MLL1 inhibitor in leukemia.
Overall, this work provides a strong rationale for clinical translation
of the menin-MLL1 inhibitor to acute leukemia patients with MLLI
translocations or NPMI mutations.

RESEARCH ARTICLE

Results

Development of a highly potent menin-MLLI inhibitor with subnanomo-
lar inhibitory activity. We have previously provided proof of concept
that inhibition of the menin-MLL1 interaction by the small-mol-
ecule inhibitor MI-503 (Supplemental Figure 1; supplemental
material available online with this article; https://doi.org/10.1172/
JCI129126DS1) delays the progression of leukemia in vivo (17). Here,
we used the crystal structure of menin in complex with MI-503 (4X5Y
in PDB) to design new analogs with improved inhibitory activity and
optimized drug-like properties. These efforts resulted in the develop-
ment of MI-3454 (Figure 1A), which was obtained by substituting the
thienopyrimidine ring with the N-methyl amino group and by intro-
ducing at the indole nitrogen the methyl-bicyclo[1.1.1]pentane group
that harbors a terminal amide. Remarkably, MI-3454 demonstrates
subnanomolar inhibitory activity (IC_, = 0.51 nM) in blocking the
interaction of menin with an MLL1,_,, fragment encompassing the
entire menin binding motif, representing a nearly 60-fold improve-
ment over MI-503 (Figure 1B and Supplemental Figure 1).

To reveal the molecular basis of the inhibition caused by
MI-3454, we solved the crystal structure of menin in complex with
MI-3454 (Figure 1, C and D, and Supplemental Table 1). The struc-
ture demonstrates that MI-3454, which binds to the MLL1 bind-
ing site on menin, achieves a high level of shape complementarity
with the protein (Figure 1C), which likely contributes to the supe-
rior inhibitory activity of this compound. The MI-3454 compound
is involved in 3 hydrogen bonds with Try276, Trp341, and Glu366
on menin as well as in hydrophobic interactions (Figure 1D). The
N-methyl-amino group in MI-3454, which is absent in MI-503,
fits very well into the small cavity formed by the side chains of
Met278, Cys241, Tyr276, and Ala279 (Figure 1D). Furthermore,
the methyl-bicyclo[1.1.1]pentane group introduced at the indole
nitrogen of MI-3454 is engaged in hydrophobic interactions with
menin, including Val367, Val371, and Glu366, while the terminal
amide is involved in a hydrogen bond with Glu366 (Figure 1D).

To assess the utility of MI-3454 as a candidate for in vivo
studies and potential clinical translation, we assessed the drug-
like properties of this compound. First, we found that MI-3454
exhibits favorable stability in murine and human liver microsomes
(t,,=20.4 minutes and 37.1 minutes, respectively) (Supplemental
Figure 2A). Furthermore, MI-3454 did not potently inhibit cyto-
chromes P450 (<50% inhibition at 10 uM MI-3454 for most of
them) (Supplemental Figure 2B). In addition, the aqueous solubil-
ity of MI-3454 is acceptable and exceeds 15 uM. Subsequent PK
studies of MI-3454 in mice revealed a high exposure in plasma
(AUC = 32,631 h-ng/mL) upon oral administration, suitable half-
life (3.2 hours), and high oral bioavailability (~77%) (Figure 1E and
Supplemental Figure 2C). MI-3454 demonstrates, however, lower
levels in brain and cerebrospinal fluid, suggesting limited ability
to cross the blood-brain barrier (Supplemental Figure 2D). Over-
all, MI-3454 is a very potent menin-MLL1 inhibitor with favorable
drug-like properties that outperforms previously reported inhib-
itors of this protein-protein interaction, representing a valuable
candidate for evaluation in advanced models of leukemia.

MI-3454 demonstrates pronounced activity and on-target mecha-
nism of action in MLL leukemic cells. We then tested the activity of
MI-3454 in a panel of leukemic cell lines with and without MLLI
translocations. We found that MI-3454 markedly reduced the
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Figure 2. In vivo activity of MI-3454 in xenograft models of MLL leukemia. (A) Bioluminescent imaging of NSG mice transplanted with MV-4-11 human
MLL leukemic cells expressing luciferase performed on the indicated days after initiation of treatment with MI-3454 or vehicle, n = 5. (B) Quantification of
bioluminescence level in MV-4-11 mice on the indicated days after initiation of treatment with MI-3454 or vehicle (mean + SEM, n = 5). (C) Flow cytometric
quantification of human CD45" cells in peripheral blood, spleen, and bone marrow samples harvested from MV-4-11-transplanted mice after 7 days of
treatment with MI-3454 (120 mg/kg, b.i.d., p.o. or 120 mg/kg, g.d., p.0.) or vehicle; mean + SD, n = 5. (D) Gene expression measured by gRT-PCR of RNA
extracted from bone marrow samples harvested from MV-4-11 mice after 7 days of treatment with MI-3454 (120 mg/kg, b.i.d., p.0.) or vehicle. Transcript
levels are normalized to HPRT1 and referenced to the mean transcript level in the vehicle-treated group, which is set as1(n =5). In C and D, *P < 0.05; **P
< 0.01; ***P < 0.001; ****P < 0.0001; NS, not significant; calculated using 2-way ANOVA with Tukey's post hoc test (C) or Student'’s 2-tailed t test (D). (E)
Wright-Giemsa-stained cytospins for bone marrow samples isolated from MV-4-11 mice after 7 days of treatment with MI-3454 (120 mg/kg, b.i.d., p.0.) or
vehicle. (F) Kaplan-Meier survival curves of vehicle- and MI-3454-treated (100 mg/kg, b.i.d., p.0.) NSG mice transplanted with MOLM13 cells (n = 8). P value
was calculated using log-rank (Mantel-Cox) test. (G) Flow cytometric quantification of human CD45* cells in peripheral blood (PB) of MOLM13 mice during
treatment with MI-3454 or vehicle. Mean + SEM, n = 8. P values in B and G were calculated using 2-way ANOVA with Sidak’s multiple-comparisons test.

viability of leukemic cells harboring various MLL fusion proteins  growth of leukemic cells without MLLI translocations, demonstrat-
(MLL-AF9, MLL-AF4, MLL-ENL), with GI values ranging from 7 ingover 100-fold selectivity toward MLL leukemic cells (Figure 1F).
to 27 nM (Figure 1F). This reveals the superior activity of MI-3454 We then assessed the effect of MI-3454 on the expression
in MLL leukemic cells over all menin-MLL1 inhibitors reported to  level of the MLL fusion target genes in 2 MLL leukemic cell lines,
date (17-21, 34). In contrast, MI-3454 did not significantly affect the MV-4-11 and MOLM13. We found that nanomolar concentrations

984 jci.org  Volume130  Number2  February 2020


https://www.jci.org
https://www.jci.org
https://www.jci.org/130/2

The Journal of Clinical Investigation

of this compound (50 nM or lower) led to downregulated expres-
sion of HOXA9 and MEISI, 2 genes that are critical for MLL fusion
proteins to mediate leukemogenesis (Figure 1G and Supplemen-
tal Figure 3, A and B). Furthermore, the expression level of oth-
er MLL fusion target genes, including MEF2C, DLX2, HOXAIO0,
PBX3, and FLT3 was also substantially reduced upon treatment
with MI-3454 (Figure 1G and Supplemental Figure 3, A and B).
Downregulated expression of the MLL fusion target genes was
accompanied by differentiation in both MLL leukemic cell lines
upon treatment with MI-3454, as shown by a substantial increase
in the expression level of the MNDA differentiation marker and
by morphological change in these cells (Figure 1, G and H, and
Supplemental Figure 3, A and B). Importantly, exogenous over-
expression of HOXA9 in the MOLM13 MLL leukemic cell line
(HOXA9-MOLM13) led to limited cell growth inhibition and had
no effect on HOXA9 expression upon treatment with MI-3454
(Supplemental Figure 4, A-C; see complete unedited blots in the
supplemental material). This indicates that overexpression of
HOXAQO reverses the effects of MI-3454, validating the on-target
mechanism of action of this compound in MLL leukemic cells.
Furthermore, MI-3454 demonstrated strong reduction of cell pro-
liferation and downregulation of HOXA9 and MEISI expression in
mouse bone marrow cells transformed with the MLL-AF9 onco-
gene but not in bone marrow cells transformed with HOXA9 and
MEISI oncogenes (Supplemental Figure 4, D-F). These data fur-
ther support the idea that overexpression of HOXA9 and MEISI
through a mechanism irrespective of MLL fusions abolished the
effect of MI-3454 in leukemic cells. Taken together, these results
show that MI-3454 demonstrates very pronounced activity and an
on-target mechanism of action in MLL leukemic cells, supporting
its utility for in vivo studies.

MI-3454 induces leukemia regression in a xenograft model of MLL
leukemia through on-target activity. To assess the in vivo efficacy
and on-target activity of MI-3454, we utilized the MV-4-11 xeno-
transplantation model of MLL leukemia. MV-4-11 cells (harboring
MLL-AF4) expressing luciferase were transplanted into NSG mice
to induce systemic leukemia, and disease progression was mon-
itored by measuring the bioluminescence signal in live animals.
To test the effect of MI-3454 in the context of advanced leukemia,
treatment with MI-3454 or vehicle [20% (2-hydroxypropyl)-p-cy-
clodextrin, 5% Cremophor in water] was initiated 19 days after
the transplantation of the MV-4-11 cells into the mice, when the
level of leukemic blasts in the bone marrow, peripheral blood, and
spleen had reached approximately 30%, 7%, and 6%, respective-
ly (Supplemental Figure 5A). MI-3454 was administered orally at
120 mg/kg once or twice daily for 7 consecutive days, and it did
not show any negative impact on mouse body weight (Supple-
mental Figure 5B). As evidenced by the bioluminescence levels,
a once-daily treatment with MI-3454 was sufficient to block leu-
kemia progression when compared with the vehicle-treated mice
(Figure 2, A and B). Remarkably, we observed marked regression
of leukemia after twice-daily administration of MI-3454, as indi-
cated by a substantially reduced bioluminescence signal in MV-4-
11 mice treated with MI-3454 as compared with the pretreatment
status or vehicle-treated mice (Figure 2, A and B). Furthermore,
an analysis of bone marrow, blood, and spleen samples isolated
from MV-4-11 mice demonstrated a markedly reduced level of
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leukemic blasts (hCD45* cells) in the MI-3454-treated mice as
compared with the vehicle control (Figure 2C and Supplemental
Figure 5C). Importantly, the twice-daily treatment of mice with
MI-3454 resulted in a lower level of leukemic blasts as compared
with the pretreatment status, providing further evidence of leu-
kemia regression (Figure 2C and Supplemental Figure 5A) and in
agreement with bioimaging data (Figure 2, A and B).

To validate the on-target in vivo activity of MI-3454, we per-
formed gene expression studies in bone marrow samples isolated
from mice treated with MI-3454 or the vehicle. A marked reduction
(>30-fold) in the expression level of MEISI, the MLL fusion target
gene, was observed upon treatment of mice with MI-3454 versus
vehicle-treated mice (Figure 2D). The expression level of other
MLL fusion target genes, HOXA9 and MEF2C, was also substan-
tially reduced in the MI-3454-treated mice (Figure 2D). Further-
more, a pronounced (>5-fold) increase in expression of the differ-
entiation marker ITGAM was observed following the treatment of
mice with MI-3454, accompanied by a differentiating phenotype
of bone marrow cells (Figure 2, D and E, and Supplemental Fig-
ure 5D). Altogether, MI-3454 demonstrates very pronounced in
vivo activity, manifested by leukemia regression in the MLLI-rear-
ranged leukemia xenograft model of advanced disease. This cor-
relates with a pronounced downregulation of MEISI expression,
which might represent a valid biomarker for assessing the effec-
tiveness of menin-MLL1 inhibitors in future clinical studies.

MI-3454 markedly prolongs survival of MLL leukemia mice.
Next, we sought to assess the effect of MI-3454 on the survival
rates of leukemic mice by utilizing the MOLM13 xenotransplan-
tation model, which represents a very aggressive model of MLL
leukemia in which terminal disease develops within 2 weeks after
transplantation. Treatment with MI-3454 (100 mg/kg, b.i.d., p.o.)
or vehicle was initiated 5 days after transplantation of mice with
MOLM13 cells (harboring MLL-AF9) and was continued for 19
consecutive days, with no signs of toxicity or reduced mouse body
weight (Supplemental Figure 5E). As expected, the vehicle-treated
mice quickly developed terminal leukemia, with a median surviv-
al of 16 days (Figure 2F and Supplemental Figure 5, F and G). In
contrast, MI-3454 very effectively blocked leukemia progression
during the treatment period, as validated by an analysis of hCD45*
cells in the peripheral blood of the mice, which demonstrated less
than 0.2% of hCD45* cells during MI-3454 treatment (Figure
2G). A median survival of 35 days for the MI-3454-treated mice
was observed, representing an approximately 120% increase in
the survival rate over vehicle control, with evidence of leukemia
progression only upon withdrawal of the compound. These results
reveal a strong antileukemic effect of MI-3454 in the very aggres-
sive MOLM13 model of MLL leukemia, suggesting also that con-
tinuous treatment with a menin-MLL1 inhibitor might be needed
to block leukemia progression in this model.

MI-3454 impairs the clonogenic potential of AML primary
patient samples with MLLI translocations or NPM1 mutations.
We next aimed to establish the activity of MI-3454 in primary
leukemia samples (Supplemental Table 2). First, we tested this
compound in primary AML samples with MLLI translocations.
Treatment with low-nanomolar concentrations of MI-3454 (3-12
nM) substantially reduced clonogenic potential in all MLL leuke-
mia patient samples when compared with DMSO control, which
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Figure 3. Activity of MI-3454 in leukemia patient samples. (A-D) Colony counts for methylcellulose colony-forming assay performed upon 7-10
days of treatment with MI-3454 in primary patient samples with MLL leukemia (A), NPM1-mutated AML samples (B), control AML primary samples
(without MLLT rearrangement or NPM1 mutations) (C), and in normal hematopoietic CD34* cells isolated from cord blood (D). Individual data points
for each sample are shown, n = 2. (E) Images of colonies and Wright-Giemsa-stained cytospins for colony-forming assay in selected primary AML
samples upon treatment with MI-3454 or DMSO.
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Figure 4. In vivo activity of MI-3454 in PDX models of MLL leukemia. (A and B) Flow cytometric quantification of human CD45* cells in peripheral blood
(PB) of MLL-1532 PDX mice during treatment of mice with MI-3454 (100 mg/kg, b.i.d., p.0.) or vehicle (A and B) as well as after stopping the treatment
(B). Mean + SD, n = 8. (C) Kaplan-Meier survival curves of vehicle- or MI-3454-treated (100 mg/kg, b.i.d., p.0.) mice in the MLL-1532 PDX model (n = 8).

(D) Weight and images of spleens collected from MLL-1532 PDX mice treated with vehicle (days 33-51 after transplantation) or MI-3454 (day 164 after
transplantation). Mean + SD, n = 6-8. (E) Flow cytometric quantification of human CD45" cells in peripheral blood (PB), spleen, and bone marrow (BM)
samples harvested from the MLL-1532 PDX mice from the MI-3454 (on day 164 after transplantation) or vehicle (at terminal stage of leukemia: days 33-51
after transplantation) cohort. Mean + SD, n = 5 (vehicle) and n = 8 (MI-3454). ***P < 0.001, ****P < 0.0001. (F) Wright-Giemsa-stained cytospins for bone
marrow samples isolated from the MLL-1532 PDX mice. (G) Differential counting of cells in bone marrow cytospins presented in F; n = 1 (vehicle) and n =

3 (MI-3454). MP+BL, murine progenitors plus leukemic blasts; MPr, myeloid precursors, including neutrophils; EP, erythroid precursors; EO, eosinopbhils;
LY, lymphocytes; MO, monocytes; BA, basophils. (H) Flow cytometric quantification of human CD45* cells in peripheral blood of MLL-449 PDX mice upon
treatment with MI-3454 (100 mg/kg, b.i.d., p.o.) or vehicle. Mean + SD, n = 8. (I) Kaplan-Meier survival curves of vehicle- or MI-3454-treated (100 mg/kg,
b.i.d., p.0.) mice in the MLL-443 PDX model (n = 8). P values were calculated using 2-way ANOVA with Sidak’s multiple-comparisons test (B and H), log-
rank (Mantel-Cox) test (C and 1), and Student’s 2-tailed t test (D and E).

was reflected by a marked decrease in colony number and size
(Figure 3A and Supplemental Figure 6A). Furthermore, MI-3454
induced morphological changes in primary cells with MLLI
translocations, suggesting differentiation of these cells from leu-
kemic blasts to more mature hematopoietic cells (Figure 3E and
Supplemental Figure 6A).

Previous studies have demonstrated that inhibition of the
menin interaction with a wild-type MLL1 blocks the proliferation
of AML cells with NPM1 mutations (24). Therefore, we tested the
activity of MI-3454 in NPMI-mutated AML patient samples and

found a marked reduction in colony-forming ability upon treat-
ment with low-nanomolar concentrations of MI-3454, as reflected
by decreased colony number and reduced colony size and differ-
entiated phenotype of cells (Figure 3, B and E, and Supplemen-
tal Figure 6B). Importantly, the effect of MI-3454 in the NPMI-
mutated AML samples did not seem to be dependent on the type
of secondary mutations (e.g., FLT3-ITD in samples 3261 and 3055,
DNMT3A™ and TET2™ in sample 4392, IDH2™" in sample 4144,
and TET2™ in sample 4607; Supplemental Table 2), as all these

samples were sensitive to the treatment with MI-3454.
Volume 130 987
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Figure 5. In vivo activity of MI-3454 in PDX models of NPM1-mutated AML. (A) Flow cytometric quantification of human CD45* cells in peripheral blood

of NPM1-3055 PDX mice during treatment of mice with MI-3454 (100 mg/kg, b.i.d., p.o.) or vehicle. Mean + SD, n = 5 per group. (B) Flow cytometric quan-
tification of human CD45* cells in peripheral blood (PB), spleen, and bone marrow (BM) harvested at the endpoint of the experiment from the NPM1-3055
PDX mice. Mean + SD, n = 5. (C) Spleen weight of NPM1-3055 PDX mice collected at the endpoint of the experiment. Mean + SD, n = 5. (D) Wright-Giemsa-
stained cytospins for bone marrow samples isolated from the NPM1-3055 PDX mice upon treatment with MI-3454 or vehicle. (E) Differential counting

of cells in bone marrow cytospins presented in D; n = 2. Labeling of cell types as in Figure 4C. (F) Flow cytometric quantification of human CD45* cells in
peripheral blood of NPM1-4392 PDX mice upon treatment with MI-3454 (100 mg/kg, b.i.d., p.o.) or vehicle. Mean + SD, n = 8. (G) Flow cytometric quantifi-
cation of human CD45- cells in peripheral blood, spleen, and bone marrow samples harvested at the endpoint of the experiment from the NPM1-4392 PDX
mice. Mean + SD, n = 8. (H) Spleen weight and images of spleens from NPM1-4392 PDX mice treated with MI-3454 or vehicle collected at the endpoint.
Mean + SD, n = 8. (I) Wright-Giemsa-stained cytospins for bone marrow samples isolated from the NPM1-4392 PDX mice. (J) Differential counting of cells
in bone marrow cytospins presented in I; n = 2 per cohort. Cell labeling as in Figure 4C. In B, C, G, and H, **P < 0.01; ***P < 0.001; ****P < 0.0001 calculated
using Student’s 2-tailed t test. In A and F, P values were calculated using 2-way ANOVA with Sidak’s multiple-comparisons test.

We also assessed the effect of MI-3454 on colony formation in
primary AML samples without MLLI translocations or NPMI muta-
tions, such as sample 9571 (harboring FLT3-ITD and IDH mutations),
4963 (with FLT3, U2AF1, ZRSR2, and WTI mutations), and 5696
(with FLT3-ITD, WT1, and ASXLI mutations), which are not expected
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to be dependent on the menin-MLL1 interaction. Indeed, we did not
observe any effect of MI-3454 on colony formation in these samples
(Figure 3, C and E, and Supplemental Figure 6C). We also tested the
activity of MI-3454 in normal hematopoietic progenitor cells (human
CD34* cord blood cells) and observed no effect on colony formation
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Figure 6. Gene expression

changes induced by MI-3454 in
the NPM1-mutated PDX models.
(A) Gene expression measured by
gRT-PCR of RNA extracted from
bone marrow samples in the NPM1-
3055 PDX model harvested at the
endpoint of the experiment (day 57
after transplantation) after 26 days
of mice treatment with MI-3454
(100 mg/kg, b.i.d., p.o.) or vehicle.
TagMan primers and probes spe-
cific for human genes were used.
Transcripts levels are normalized to
GAPDH and referenced to the mean
transcript level in the vehicle-treat-
ed group, which is setas1(n=5
independent samples per group).
Error bars represent SD. (B) Gene
expression measured by gRT-PCR of
RNA extracted from bone marrow
samples in the NPM1-4392 PDX
model. Samples were harvested

at the endpoint of the experiment
(day 57 after transplantation) after
21days of treatment of mice with
MI-3454 (100 mg/kg, b.i.d., p.o.)

or vehicle. TagMan primers and
probes specific for human genes

were used. Transcript levels are nor-
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8 25 . 4 wokk to the mean transcript level in the
“g’j * NS 08),2.0 :'g’; 3 vehicle-treated group, which is set
8 2 - S 15 8 as 1(n = 5-6 independent samples
o €] o 2 » per group). Error bars represent SD.
T 4 - 10 NS kel % x
o) 1 3 - S 4 % InAand B, *P < 0.05; **P < 0.01;
v ol - 05 . **%P < 0.007; ****P < 0.0001; NS,

0 0.0 0 not significant; calculated using

Vehicle MI-3454 Vehicle MI-3454

at all concentrations tested (Figure 3D). Taken together, these results
show potent and selective activity of MI-3454 in primary AML sam-
ples with MLLI translocations or NPMI1 mutations but not in other
subtypes of leukemia or normal hematopoietic progenitor cells.
MI-3454 induces complete remission or blocks leukemia progres-
sion in PDX models of MLL leukemia. The PDX models utilizing
human primary tumor samples represent highly clinically relevant
preclinical models, as they maintain the genetic profiles and his-
topathological features of the original patient tumors. Thus, we
aimed to assess the in vivo efficacy of MI-3454 in PDX models
derived from leukemia patient samples harboring MLLI transloca-
tions that were obtained from both adult and infant patients. First,
we developed a PDX model derived from sample 1532, which
harbors the MLL-p300 fusion protein and was obtained from an
adult MLL leukemia patient (Supplemental Figure 7A). In the effi-
cacy experiment utilizing the MLL-1532 PDX model, the engraft-
ment of leukemic cells was validated 19 days after transplanta-
tion, demonstrating approximately 20% leukemic blasts in bone
marrow (Supplemental Figure 7B). At that time point, treatment
with MI-3454 (100 mg/kg, b.i.d., p.0.) or vehicle was initiated and
continued for 20 consecutive days, without affecting mouse body
weight or other signs of toxicity (Supplemental Figure 7C). Leuke-

Vehicle MI-3454 Student’s 2-tailed t test.

mia developed rapidly in the vehicle-treated mice, as manifested
by a substantial increase in the level of leukemic blasts (hCD45*
cells) (Figure 4A). All vehicle-treated mice developed terminal
leukemia, with 42-day median survival, as reflected by a high lev-
el of leukemic blasts in the bone marrow, peripheral blood, and
spleen, and enlarged spleen size (Figure 4, B-F). Interestingly,
mice treated with MI-3454 showed an initial increase in the level
of hCD45* cells in the peripheral blood (on day 12 of treatment),
which then dropped to a very low level (below 0.5%) on day 19 of
treatment (Figure 4, A and B, and Supplemental Figure 7D), con-
sistent with regression of leukemia.

Remarkably, no signs of leukemia were observed in any of the
MLL-1532 PDX mice in the MI-3454 cohort even several months
after discontinuing the treatment (e.g., on day 164 after trans-
plantation), as reflected by an undetectable level of hCD45* cells
in the peripheral blood (Figure 4, B and C) and no external signs
of leukemia. At that time, the MI-3454-treated mice were eutha-
nized and flow cytometric analysis of the bone marrow, peripher-
al blood, and spleen samples was performed, demonstrating the
absence of leukemic blasts (<0.1% of hCD45* cells in these sam-
ples) (Figure 4E and Supplemental Figure 7E). Furthermore, the
average spleen size in the MI-3454 cohort of mice was substan-
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Figure 7. MI-3454 does not impair normal hematopoiesis. (A) Analysis of
bone marrow cellularity after 19 days of treatment of normal C57BL/6 mice
with MI-3454 (100 mg/kg, b.i.d., p.o.) or vehicle (n = 9/group, mean * SD).
NS, not significant. (B) Representative contour plots from flow cytometric
analysis of hematopoietic stem and progenitor cells: LSK (Lin-Sca-1*c-Kit*)
and long-term hematopoietic stem cells (LT-HSCs, defined as Lin"Sca-1*
c-Kit*CD48-CD150). (€) Quantification of LSK and LT-HSC cell frequency
by flow cytometry (n = 8-9/group, mean + SD). **P < 0.01 (treatment is
described in A). (D) Representative contour plots (left panel) and quantifi-
cation (right panel) from flow cytometric analysis of myeloid cells in bone
marrow (BM) samples isolated from mice treated with vehicle or MI-3454
(n = 8-9/group, mean + SD); treatment is described in A. (E and F) Repre-
sentative contour plots from flow cytometric analysis (E) and quantifica-
tion of absolute numbers (F) of B cell populations in bone marrow (n = 9/
group, mean + SD). Contour plots in E were pregated on B220*CD43*sIgM-
cells (pro-B cells) and B220*CD43- cells (pre-B, immature B, recirculating
Bcells). In A, C, D, and F, **P < 0.01; NS, not significant; calculated using
unpaired Welch's t test. (G) Quantification of the population of donor cells
(CD45.1%) within the specific subtype of blood cells in the C57BL/6-CD45.2
recipient mice after bone marrow transplantation and upon 21 days of
treatment with vehicle or MI-3454 (100 mg/kg, b.i.d., p.0.). Mean + SD,

n =7-8. (H) Blood parameters: white blood cells (WBC), platelets, and
hemoglobin (Hb) in C57BL/6-CD45.2 recipient mice after bone marrow
transplantation and upon 21 days of treatment with vehicle or MI-3454,
Mean + SD, n = 7-8. K, thousand. Differences in G and H are not significant
between the 2 cohorts as calculated using 2-way ANOVA with Sidak’s
multiple-comparisons test.

tially smaller when compared with the vehicle control mice, and
bone marrow cells demonstrated a highly differentiated pheno-
type in the MI-3454-treated mice (Figure 4, D, F, and G). In addi-
tion, in contrast with the vehicle-treated mice, we did not observe
tissue infiltration with leukemic blasts in the mice treated with
MI-3454 (Supplemental Figure 7F). These results demonstrate
a complete eradication of leukemic blasts by MI-3454, provid-
ing evidence that the treatment cured mice of MLL leukemia in
this PDX model. To assess whether MI-3454 affects the frequen-
cy of leukemia-initiating cells in primary sample 1532, we treat-
ed ex vivo CD34" cells isolated from primary sample 1532 with
MI-3454 or DMSO and found that low-nanomolar concentrations
of MI-3454 can markedly reduce the level of hCD34* cells (Sup-
plemental Figure 7, G and H). These results suggest that MI-3454
might be capable of reducing leukemia initiating cells, although
additional studies in a broader panel of primary leukemia sam-
ples are required to further validate these findings.
Subsequently, we developed a PDX model of pediatric leu-
kemia derived from an infant B cell ALL (B-ALL) patient (sample
449) that expressed MLL-ENL fusion protein. This PDX rep-
resents a very aggressive MLL leukemia model, with a median
mouse survival reaching 23 days (Supplemental Figure 8, A and
B). Five days after transplantation of NSGS mice with sample
449, treatment with MI-3454 (100 mg/kg, p.o., b.i.d.) or the
vehicle was initiated and continued for 21 consecutive days,
with no negative effects on body weight in the MI-3454 cohort
(Supplemental Figure 8C). Notably, a substantial reduction in
leukemia progression was observed in the MI-3454 cohort ver-
sus vehicle-treated mice in this PDX model, as reflected by a
markedly reduced level of hCD45* cells in the peripheral blood
(Figure 4H and Supplemental Figure 8, D and E). Although all
control mice developed terminal leukemia within approximately
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21 days, the MI-3454-treated group had substantially prolonged
survival and reached a median survival of 50 days, indicating an
approximately 140% increase in the duration of survival over
the vehicle-treated mice (Figure 4I). Even though MI-3454 did
not completely eradicate leukemic cells in this aggressive PDX
model of infant B-ALL, a very profound in vivo effect of this
compound was observed. Overall, our results strongly support
the therapeutic potential of MI-3454 in both adult and pediatric
leukemias with MLLI translocations.

MI-3454 blocks leukemia progression in PDX models of AML
with NPM1 mutations. Because MI-3454 substantially reduced
colony formation in AML patient samples with NPMI mutations,
we aimed to test the activity of this compound in the in vivo PDX
models of the NPMI-mutated leukemia. We developed 2 PDX
models from AML samples with NPMI mutations: 3055 and 4392
(Figure 3B and Supplemental Table 2), which were successfully
engrafted in NSGS mice. In both models, we initiated treatment
with MI-3454 (100 mg/kg, p.o., b.i.d.) or vehicle on day 25-28
after transplantation and continued treatment for 21 consecutive
days. Because of the relatively long latency time required for leu-
kemia development in control mice in these PDX models (over 50
days), treatment efficacy was assessed by monitoring the level of
engraftment of leukemic blasts (hCD45* cells) in these mice.

Inthe PDX model derived from sample 3055 (with NPM1 muta-
tion and FLT3-ITD), the level of leukemic blasts in the peripheral
blood increased substantially in the vehicle-treated mice (to ~55%
onday 56 after transplantation) (Figure 5A). In contrast, treatment
with MI-3454 greatly reduced the level of leukemic blasts below
that observed when the treatment was initiated (Figure 5A), sug-
gesting leukemia regression. After completing the treatment (on
day 56 after transplantation), all mice were euthanized, and very
high levels of leukemic blasts were detected in all samples isolat-
ed from the vehicle-treated mice (e.g., >70% hCD45" cells in the
bone marrow samples), with marked reduction in the MI-3454-
treated mice (e.g., <3% in bone marrow samples) (Figure 5B and
Supplemental Figure 9A). These effects were accompanied by
significantly lower spleen weights, a differentiating phenotype
of bone marrow cells (Figure 5, C-E), a reduced white blood cell
count without a negative effect on other blood parameters (Sup-
plemental Figure 10, A-D), and a lack of infiltration of leukemic
blasts in different organs in the MI-3454~treated versus vehicle
control mice (Supplemental Figure 9B).

Similarly, in the PDX model derived from the primary leuke-
mia sample 4392, which harbored NPMI, DNMT3A, and TET2
mutations, the level of hCD45* cells in the peripheral blood of the
mice remained very low and steady over the course of treatment
with MI-3454, while it increased substantially in the vehicle con-
trol mice (Figure 5F). Flow cytometric analysis of the samples iso-
lated at the endpoint of the experiment (day 56 after transplanta-
tion) demonstrated substantially reduced levels of leukemic blasts
in the peripheral blood, bone marrow, and spleen samples fol-
lowing treatment with MI-3454 versus vehicle control (Figure 5G
and Supplemental Figure 9C). Furthermore, significantly smaller
spleen size (Figure 5H), highly differentiated phenotype of bone
marrow cells (Figure 5,1 and J), and markedly reduced blast infil-
tration of organs (liver and bone marrow) following treatment with
MI-3454 was observed (Supplemental Figure 9D), indicating a sig-
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nificant reduction in leukemia progression induced by MI-3454.
Of note, stopping the treatment with MI-3454 led to an increase
in the level of leukemic blasts (Figure 5F), suggesting that longer
or continued treatment with MI-3454 might be required to fully
suppress leukemia progression in this PDX model. Taken together,
these data demonstrate that inhibition of the menin-MLL1 inter-
action by MI-3454 very effectively blocks leukemia progression in
clinically relevant PDX models of AML with NPMI mutations.

Treatment with MI-3454 markedly downregulates MEISI and
FLT3 expression in NPMI1-mutated AML. To investigate the mech-
anism of action of MI-3454 in the PDX models of NPMI-mutated
AMLs, we performed gene expression studies using bone mar-
row or spleen samples isolated from mice treated with vehicle
or MI-3454. Previous studies suggested that the menin-MLL1
interaction is involved in the regulation of HOXA9, HOXA10, and
HOXB cluster genes and MEISI, which play an important role in
the NPMI-mutated leukemias (24, 26-28, 35). Interestingly, gene
expression studies that we performed in the bone marrow sam-
ples isolated from the sample 3055 PDX mice (harboring NPM1
and FLT3-ITD mutations) demonstrated no significant reduction
in HOXA9 or HOXAIO expression upon mouse treatment with
MI-3454 (Figure 6A). In contrast, we observed profound down-
regulation of MEISI and FLT3 (by 100- and 65-fold, respective-
ly) in samples isolated from mice treated with MI-3454 (Figure
6A). Furthermore, the expression of HOXB cluster genes, such as
HOXB2 and HOXB3, was downregulated in the MI-3454 cohort of
mice, although to a much lower extent than MEISI or FLT3 (Figure
6A). These effects were accompanied by a significant increase in
the expression level of the MNDA differentiation marker (Figure
6A), consistent with the differentiating phenotype of bone mar-
row cells isolated from these PDX mice (Figure 5D).

We also performed gene expression studies in spleen samples
isolated at the endpoint of the experiment from the sample 4392
PDX mice (with NPM1, DNMT3A, and TET2 mutations) treated
with MI-3454 or vehicle. In this model, the most profound down-
regulation (~6-fold) was observed for FLT3 expression, while
MEISI and HOXA9 were affected to a lower extent (~2.5-fold) in
the MI-3454-treated mice when compared with the vehicle control
mice (Figure 6B). Furthermore, the HOXA10 and HOXB cluster
genes (e.g., HOXB2 and HOXB3) were not affected significantly,
while the MNDA differentiation gene was markedly upregulated in
the samples isolated from the MI-3454-treated sample 4392 PDX
mice (Figure 6B). To further validate these findings, we performed
in vitro gene expression studies using NPMI-mutated AML sample
5046 (with NPM1, DNMT3A, TET2, and FLT3 mutations), which
was obtained from the same patient as sample 4392 after relapse.
Of note, the 4392 primary sample could not be used in these stud-
ies due to the lack of additional available material. Importantly,
very similar gene expression changes were observed in the prima-
ry AML sample 5046 as in the sample 4392 PDX, with MEISI and
FLT3 showing the most significant reduction upon treatment with
MI-3454 (5- to 10-fold), while HOXA9 and HOXA10 were reduced
to a lower extent (up to 3-fold) (Supplemental Figure 11). Overall,
our gene expression studies suggest that MEISI and FLT3 are the
key genes associated with the inhibition of the menin-MLL1 inter-
actionin the NPMI-mutated AML PDX models or primary samples
regardless of secondary mutations present. These results support
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the concept that MEISI could serve as a biomarker of treatment
efficacy with menin-MLL1 inhibitors in the NPMI-mutated AMLs
in a clinical setting.

MI-3454 does not affect normal hematopoiesis and is not toxic to
normal mice. Because MLL1 plays a role in normal hematopoiesis
(36, 37), we assessed whether the menin-MLL1 inhibitor MI-3454
affects normal hematopoiesis in mice. We treated C57BL/6 mice
for 19 consecutive days with vehicle or MI-3454 using the same
treatment regimen applied in the PDX models of AML (100 mg/
kg, p.o., b.i.d.). Importantly, no decrease in body weight or tissue
damage was found following treatment with MI-3454 (Supple-
mental Figure 12, A and B). We then analyzed bone marrow sam-
ples isolated from the mice and found that bone marrow cellu-
larity was not affected by MI-3454 (Figure 7A). Flow cytometric
analysis revealed that the relative and absolute numbers of phe-
notypically defined hematopoietic stem and progenitor cells were
not decreased upon treatment with MI-3454 (Figure 7, B and C)
(LSK population defined as Lin"Sca-1"c-Kit* and long-term hema-
topoietic stem cells, LT-HSCs, defined as LSK CD48 CD150%). In
fact, the abundance of LSK cells in the bone marrow was slightly
increased in the MI-3454-treated cohort of mice over vehicle con-
trol mice (Figure 7C) as well as the overall Sca-1 expression. Fur-
thermore, an analysis of bone marrow myeloid cells demonstrat-
ed no significant impact of MI-3454 on the relative or absolute
number of these cells (Figure 7D). A phenotypic analysis of B cell
populations (pro-B, pre-B, immature B, and recirculating B cells)
revealed no significant impact on any of the B cell populations
in the MI-3454~treated mice as compared to the vehicle control
mice (Figure 7, E and F). These results are consistent with studies
suggesting that menin is not an essential cofactor of MLL1 during
normal hematopoiesis (38-40).

In addition, we observed no significant effects on com-
plete blood counts apart from a slight increase in platelet levels
(although it remained within the normal range for both cohorts of
mice) and no impact on liver enzymes in the MI-3454-treated ver-
sus vehicle control mice (Supplemental Figure 12, C and D). Final-
ly, a histopathological analysis demonstrated no tissue damage or
other abnormalities upon treatment of mice with MI-3454 (Sup-
plemental Figure 12B). Taken together, these results demonstrate
that MI-3454 preserved the number of normal hematopoietic
stem and progenitor cells in mice and lacks general toxicity, indi-
cating that a sufficient therapeutic window exists for this menin-
MLL1 inhibitor.

To address whether menin-MLL1 inhibition affects normal
hematopoiesis in the context of hematopoietic stress, we tested
the effect of MI-3454 in C57BL/6-CD45.2 mice after 5-fluoro-
uracil (5-FU) treatment or after transplantation of bone marrow
cells from B6-CD45.1 donor mice into lethally irradiated (9 Gy)
C57BL/6-CD45.2 recipient mice. In both experiments, treatment
with MI-3454 (100 mg/kg, p.o., b.i.d.) or vehicle was initiated on
the day following 5-FU treatment or transplantation, and it was
continued for 21 consecutive days. Mice were monitored for an
additional 20 days after completing the treatment. Importantly,
analysis of peripheral blood samples during the period of treat-
ment did not show any negative effect of MI-3454 on the level of
CD45.1* donor-derived B cells, T cells, or myeloid cells as well as
on complete blood counts in the recipient mice transplanted with
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donor bone marrow cells (Figure 7, G and H). Furthermore, no
effect on bone marrow cellularity, LSK, LT-HSC, myeloid, and B
cell populations was found at the endpoint of the experiment (20
days after completing the treatment) (Supplemental Figure 13A).
Similarly, analysis of blood or bone marrow samples in 5-FU-treat-
ed mice did not reveal any significant differences between mice
treated with MI-3454 or vehicle (Supplemental Figure 13, B and
C). Taken together, these results demonstrate that MI-3454 does
not impair hematopoietic reconstitution after transplantation
or during hematopoietic recovery after 5-FU treatment, further
supporting a sufficient therapeutic window for the menin-MLL1
inhibitor MI-3454.

Discussion

Acute leukemia patients with translocations of the MLLI gene
have a very poor prognosis (<35% 5-year survival), emphasizing
the urgent need for the development of new, effective, and less
toxic therapies. High occurrence of MLLI translocations in infant
ALLs (~80%), which poorly respond to available treatments (9,
10), further supports a critical need for new therapies for these
patients. The interaction of menin with MLL1 or MLL fusion pro-
teins plays a critical role in MLL leukemia (15, 17, 41). The menin-
MLLLI interaction has also been shown to play an important role
in AMLs with mutations in the NPMI gene (24). Thus, blocking
the menin-MLL1 interaction with small molecules might repre-
sent a new therapeutic approach for acute leukemia patients with
MLL rearrangements or NPMI mutations. Our previous work
has resulted in the development of first-in-class small-molecule
menin-MLL1 inhibitors with in vitro and in vivo activity in MLL
leukemia models (17, 21, 22), but these compounds required fur-
ther optimization of potency and other drug-like properties before
their clinical translation.

Here, we report the development of MI-3454, a subnanomolar
inhibitor of the menin-MLL1 interaction, representing a second
generation of the menin-MLL1 inhibitors with greatly increased
potency and optimized drug-like properties. MI-3454 blocks the
proliferation of the MLLI-rearranged leukemic cells at low-nano-
molar concentrations, induces differentiation, and potently
downregulates MLL fusion target genes, demonstrating an on-tar-
get mechanism of action and over 100-fold selectivity toward
MLLI-rearranged leukemic cells. MI-3454 is also very effective
in reducing the clonogenic potential of both MLLI-rearranged
and NPMI-mutated leukemia patient samples, but not of normal
hematopoietic progenitor cells. Remarkably, the treatment of mice
with MI-3454 as a single agent results in complete remission or
regression of leukemia in the MLLI-rearranged or NPMI-mutated
leukemia models, including PDXs. These activities were accom-
panied by markedly reduced expression of the MLL fusion target
genes, MEIS1, HOXA9, and MEF2C (42), supporting the on-target
mechanism of action of MI-3454 in vivo. We also found that the
expression of MEISI was particularly sensitive to treatment with
MI-3454 in both MLLI-rearranged and NPMI-mutated leukemias,
identifying MEISI expression as a potential pharmacodynamic
biomarker for the clinical translation of menin-MLL1 inhibitors.

PDX models of leukemia utilizing human primary patient sam-
ples represent advanced preclinical models of leukemia, having a
high clinical relevance. Despite ongoing efforts to develop a target-
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ed therapy for MLL leukemia (e.g., DOTI1L or BET inhibitors; refs.
4,5, 43), preclinical activity of these agents has not been reported
in PDX models of MLL leukemia. Remarkably, our menin-MLL1
inhibitor MI-3454 was able to completely eradicate leukemic cells
ina PDX model developed from an adult AML primary sample with
MLLI translocation, leading to the absence of detectable human
leukemic blasts even several months after discontinuing the treat-
ment. Such robust antitumor activity has not been observed fre-
quently for small-molecule inhibitors applied as single agents in
aggressive leukemia models, such as MLLI-rearranged leukemia.
MI-3454 was also very effective in suppressing leukemia in an
aggressive PDX model derived from an infant ALL patient sample
with MLLI translocation as well as in PDX models derived from the
NPMI-mutated AML samples, where regression or a substantial
reduction of the leukemia burden was observed. Taken together,
these results reveal that the menin-MLL1 inhibitor can be very
effective as a single agent in the MLLI-rearranged or NPMI-mutat-
ed leukemia models derived from primary patient samples.

Previous studies in AML patient samples with NPM1 mutations
revealed upregulation of HOXA cluster, HOXB cluster, and MEISI
genes, and downregulation of MEISI expression in these samples
reduced the expansion of primary CD34" leukemic cells (35, 44).
Our studies revealed pronounced in vivo efficacy of menin-MLL1
inhibitor MI-3454 and substantial downregulation of MEISI and
FLT3 expression in the PDX models or primary AML sample har-
boring NPMI mutations. These results are consistent with the
studies demonstrating an important role of MEISI and FLT3 in the
NPMI-mutated AMLs (44). However, unlike the previous in vitro
studies with an earlier generation of menin-MLL1 inhibitors (24),
treatment with MI-3454 resulted in only modest downregulation
of HOXA9 and HOXB cluster genes (e.g., HOXB2 and HOXB3)
in the PDX models of NPMI-mutated AMLs. This suggests that
regulation of HOXA9 and HOXB cluster genes in this leukemia
subtype might involve other pathways besides the menin-MLL1
interaction. Instead, the in vivo efficacy of the menin-MLL1 inhib-
itor might be achieved via more complex mechanisms, and we
hypothesize that downregulated expression of MEISI and FLT3
genes might contribute to the antileukemic effect of MI-3454 in
the NPMI-mutated AMLs, although validation of this hypothesis
might require further mechanistic studies. Importantly, a very
strong downregulation of MEISI expression induced by MI-3454
suggests that MEISI might serve as a valuable readout to assess
treatment efficacy of menin-MLL1 inhibitors in leukemia and
could lead to the development of a pharmacodynamic biomarker
for future clinical studies.

In summary, we developed the highly potent menin-MLL1
inhibitor MI-3454 with robust activity in in vitro and in vivo
models of MLLI-rearranged and NPMI-mutated leukemias, and
which demonstrates on-target activity and a specific mechanism
of action. Notably, MI-3454, as a single agent, induces complete
remission or regression in the clinically relevant PDX models
of leukemia. As menin plays a critical role in all MLL leukemias
despite the nature of the MLLI fusion partner (15, 22), our find-
ings should have a general applicability to all MLL leukemia sub-
types. Importantly, treatment with MI-3454 did not impair normal
hematopoiesis in mice, supporting the lack of on-target toxicity
and showing a good therapeutic window for menin-MLL1 inhi-
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bition for future clinical studies. The effect of MI-3454 on long-
term repopulation and lineage differentiation of hematopoietic
stem and progenitor cells remains, however, to be established.
MI-3454 represents a second-generation menin-MLL1 inhibitor
with optimized drug-like properties, including a favorable PK pro-
file and high oral bioavailability, providing a strong rationale for
its clinical evaluation in leukemia patients with MLLI rearrange-
ments or NPMI mutations. Indeed, the Investigational New Drug
application for KO-539, a structurally related analog of MI-3454
with similar in vitro and in vivo antileukemic activity (https://kur-
aoncology.com/wp-content/uploads/2017-AACR-NCI-EORTC-
Menin-Formatted-Poster-2017-10-18.pdf), was recently approved
by the FDA for AML patients, and clinical trials are expected to
be initiated in 2019 (NCT04067336). To date, development of
MI-3454 represents one of only a few examples of highly potent
inhibitors targeting protein-protein interactions with substantial
promise as a new anticancer therapy. Future studies will establish
a comparison of the effectiveness of MI-3454 with standard che-
motherapy as well as their combination in leukemia models.

Methods

Expression and purification of human menin. The expression and purifi-
cation of menin was performed as described previously (19, 33).

Biochemical characterization of menin-MLLI inhibitor MI-3454. Inhi-
bition of the menin-MLL1 interaction by MI-3454 was assessed by fluo-
rescence polarization (FP) assay using the protocol described previously
(21). Details of the FP assay are provided in the Supplemental Methods.

Crystallization of menin in complex with MI-3454. For cocrystalli-
zation experiments, 2.5 mg/mL menin was incubated with MI-3454
at a 1:4 molar ratio. Crystals were obtained using the sitting drop
technique at 4°C by applying the procedure described previously (19).
Prior to data collection, crystals were transferred into a cryosolution
containing 20% PEG 550 MME and flash-frozen in liquid nitrogen.

Crystallographic data collection and structure determination. Details
on crystallographic data collection and structure determination are
described in the Supplemental Methods.

In vitro profiling of MI-3454. Details on liver microsomal stability
studies, inhibition of human P450 enzymes, and kinetic solubility of
MI-3454 are provided in the Supplemental Methods.

Viability assays. Human leukemic cell lines MV-4-11, RS4-11, K562,
REH, U937 (purchased from ATCC), KOPN-8, MOLM-13, SEM, and
SET2 (purchased from DSMZ), were cultured in RPMI-1640 medium
(Invitrogen) with 10%-20% FBS and 1% penicillin/streptomycin. SEM
cells were cultured in IMDM medium (Invitrogen) with 10% FBS and
1% penicillin/streptomycin. For viability assay, cells were plated at 1 x
10°to 2 x 10° cells/mL and treated with MI-3454 or 0.25% DMSO and
cultured at 37°C for 7 days. Media were changed on day 4, with viable
cell numbers restored to the original concentration and compounds
resupplied. Cell suspensions (100 pL) were transferred to 96-well
plates for each sample in quadruplicate, followed by an MTT cell pro-
liferation assay (Roche). Plates were read for absorbance at 570 nm
using a PHERAstar BMG microplate reader. The experiments were
performed 2 to 3 times in quadruplicate with calculation of mean and
SD for each condition.

Generation of HOXA9-MOLMI3 cell line. The HOXA9-MOLM13
cell line was generated by transfecting MOLM13 cells with MigR1-
2HA-HOXA9-hpc4-GFP (prepared in-house). After transfection,
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GFP-positive cells were sorted out and maintained in 15% FBS-con-
taining RPMI media. An anti-HoxA9 polyclonal antibody (1:1000,
07-178, Millipore) was used for immunoblotting to validate HoxA9
overexpression. An anti-o-tubulin monoclonal antibody (1:5000,
T9026, DM1A, Sigma-Aldrich) was used to detect tubulin, which
served as a loading control.

Real-time PCR. For real-time quantitative PCR (QRT-PCR) exper-
iments, MV-4-11 and MOLM13 cell lines were plated in 12-well plates
(1 mL/well) at an initial concentration of 3 x 10° cells/mL, treated
with MI-3454 or 0.25% DMSO, and incubated at 37°C in a 5% CO,
incubator for 6 days. Media were changed on day 3 of treatment and
cell number was adjusted to the initial concentration in each well.
The effect of MI-3454 on expression level of target genes in leukemic
cells was assessed by qRT-PCR using the approach described previ-
ously (19). For qRT-PCR in the primary AML sample 5046, cells were
cultured in MethoCult media (H4435, STEMCELL Technologies) at
150,000 cells/mL for a total of 17 days with media change on day 10,
followed by cell collection for qRT-PCR analysis. For qRT-PCR studies
in bone marrow samples, 1 x 10 to 5 x 10¢ bone marrow cells/sample
were used and the level of gene expression was evaluated in the same
way as in leukemic cell lines. For qRT-PCR studies in spleen samples,
approximately 3-mm? pieces of spleen were cut and 1 mL of RNAlat-
er RNA stabilization reagent was added to each sample and samples
were stored, before storage at 4°C. Stabilized tissue was then pro-
cessed according to the RNeasy Mini Kit protocol (Qiagen). TagMan
primers and probes specific for human genes were used. Information
on the TagMan probes used to quantify expression of individual genes
is provided in the Supplemental Methods.

Cytospin/Wright-Giemsa staining. MV-4-11 and MOLM13 cell lines
were plated in 12-well plates (1 mL/well) at an initial concentration of 3
x 10° cells/mL, treated with MI-3454 or 0.25% DMSO, and incubated
at 37°C in a 5% CO, incubator. Cytospins were prepared as described
previously (18).

Colony assays. Details on colony assays are provided in the Supple-
mental Methods.

Effect of MI-3454 on primary hCD34 cells derived from patient sam-
ples. Human CD34" cells sorted out by FACS from primary AML sample
1532 were plated at 100,000 cells/well on MS-5 stromal cells, which
were irradiated with 7.5 Gy and preplated and cultured in MyeloCult
medium (H5100 STEMCELL Technologies) supplemented with 20 ng/
mL IL-3, 20 ng/mL thrombopoietin, 20 ng/mL G-CSF, and 1 uM hydro-
cortisone. The CD34" cells from primary sample 1532 were treated with
DMSO or MI-3454 at 12 nM and 3 nM for 3 weeks, with media change
(supplied with DMSO or MI-3454) once per week. After 3 weeks, cells
were washed with PBS and cultured for an additional week without
MI-3454 or DMSO. Cells were then collected, counted, and used for
flow cytometric analysis of human CD34" cells.

PK studies in mice. Details on PK studies are provided in the Sup-
plemental Methods.

Efficacy studies in bioimaging MV-4-11 xenograft model. For studies
in the MV-4-11 xenograft model, 8- to 10-week-old female NSG mice
(Jackson Laboratory) were intravenously injected with 1 x 107 lucifer-
ase-expressing MV-4-11 cells. On day 19 after transplantation, mice
were split into vehicle and MI-3454 treatment groups of 5 mice per
group and treated for 7 consecutive days with vehicle [20% (2-hydroxy-
propyl)-B-cyclodextrin, 5% Cremophor] or MI-3454 (120 mg/kg, p.o.,
b.i.d. and 120 mg/kg, p.o., q.d.). For imaging, mice were kept anes-
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thetized with isoflurane, and 50 mg/kg luciferase was administered
by intraperitoneal injection. Photonic emission was imaged using an
IVIS 200 in vivo imaging system (Xenogen) with total imaging time of
10 seconds for each mouse. After 7 days of treatment, bone marrow,
spleen, and peripheral blood samples were isolated from mice for anal-
ysis. Bone marrow cells were isolated by flushing both femurs and tibias
with DMEM containing 5% FBS. Single-cell cytospins were stained with
the HEMAS3 Stain Kit (Thermo Fisher Scientific).

Survival studies in MOLM13 xenograft model. Eight- to 10-week-old
female NSG mice (Jackson Laboratory) were intravenously injected
with 5 x 10° MOLM13 cells. On day 5, mice were split into vehicle and
treatment groups of 8 mice per group and were treated for 19 con-
secutive days with vehicle [20% (2-hydroxypropyl)-p-cyclodextrin,
5% Cremophor] or MI-3454 (100 mg/kg, p.o., b.i.d.). The mice were
monitored for leukemia progression and were sacrificed upon signs of
distress/disease. Leukemia was confirmed by flow cytometric analy-
sis of hCD45* cells using anti-human CD45 antibody (563879, HI30,
BD Biosciences), reflecting the level of human leukemic blasts in bone
marrow, spleen, and blood samples, as well as by mouse spleen size.

Flow cytometric analysis of mice samples. To assess levels of leuke-
mia burden in the mice transplanted with leukemic cells, cells from
bone marrow, peripheral blood, and spleen were suspended in PBS
and 1% FBS for flow cytometric analysis. Red blood cells were lysed
with ACK (Lonza). Flow cytometric quantification of hCD45* cells
from MV-4-11, MOLM13 xenograft models, or PDX models was per-
formed using an anti-human CD45 antibody (563879, HI30, BD Bio-
sciences). All flow cytometry experiments were performed on an LSR
11, FACSCanto, or FACSAria (BD Biosciences) and all data were ana-
lyzed with FlowJo software (Tree Star, Inc.).

Studies in PDX models of leukemia. Eight- to 10-week-old female
NSGS mice (Jackson Laboratory) were intravenously injected with 1 x
107 cells from primary patient samples 1532, 3055, and 4392. For the
sample 449 PDX model, cells amplified in the primary recipient mice
were used for transplantation (1.3 x 10°). After detecting leukemic
blasts (hCD45" cells) in peripheral blood samples, mice were split into
vehicle or MI-3454 treatment groups (5-8 mice/group depending on
the PDX model). In the sample 449 PDX model, treatment was ini-
tiated 5 days after transplantation owing to the aggressive nature of
this model. Mice were treated for 19-21 consecutive days with vehi-
cle or MI-3454 (100 mg/kg, p.o., b.i.d.). Mice were sacrificed upon
signs of distress/disease of leukemia or at the endpoint of the experi-
ment. Human blast level was confirmed by flow cytometric analysis of
hCD45" cells in peripheral blood, spleen, and bone marrow, reflecting
the progression of leukemia. Survival of mice or level of hCD45" cells
was used to assess treatment efficacy.

Mouse histology and tissue sample preparation. Details on mouse
histology and tissue preparation are provided in the Supplemental
Methods.

Analysis of normal hematopoiesis in mice. Bone marrow cells iso-
lated from 8- to 10-week-old female C57BL/6 mice (Taconic Farms)
after 19 days of treatment with MI-3454 or vehicle control were pre-
pared as single-cell suspensions in flow cytometry buffer (PBS with 1%
BSA, 10 mM HEPES, 0.01% NaN,), subjected to red blood cell lysis
(ACK buffer, Cambrex), and stained on ice with antibodies purchased
from BioLegend. To stain LSK cells we used anti-CD150 (115914,
TC15-12F12.2), anti-CD48 (103404, HM48-1), anti-Sca-1 (108128,
D7), anti-c-Kit (135108, ACK2), and the following lineage cocktail to
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exclude lineage-positive cells: anti-CD3e (100308, 145-2C11), anti-
CD8a (100708, 53-6.7), anti-CD11b (101208, M1/70), anti-CD1lc
(117308, N418), anti-CD19 (115508, 6D5), anti-B220 (103208, RA3-
6B2), anti-TCRB (109208, H57-597), anti-TCRy$ (118108, GL3), anti-
Ter-119 (116206, TER-119), anti-NK1.1 (108708, PK136), and anti-Gr-1
(108408, RB6-8C5). To stain mature cells, we used anti-B220 (103208,
RA3-6B2), anti-CD19 (115508, 6D5), anti-IgM (406511, RMM-1), anti-
CD93 (136510, AA4.1), anti-CD43 (143204, S11), anti-CD11b (101216,
M1/70), anti-Gr-1 (108445, RB6-8C5), and anti-Ter-119 (116206,
TER-119). Analysis was performed on a FACSAria III (BD Biosciences).
Dead cells were excluded with 4',6-diamidino-2-phenylindole (Sig-
ma-Aldrich). Files were analyzed with Flow]Jo (Tree Star). Statistical
analysis was performed with a 2-tailed unpaired Student’s  test.

Analysis of stress hematopoiesis in vivo. Details on analysis of
MI-3454 on stress hematopoiesis after 5-FU treatment or on hemato-
poietic reconstitution after transplantation are provided in the Supple-
mental Methods.

Chemical synthesis of MI-3454. A description of the chemical syn-
thesis of MI-3454 is provided in the Supplemental Methods.

Statistics. Student’s ¢ test (unpaired, 2-tailed) or 2-way ANOVA
with Tukey’s test or 2-way ANOVA with Sidak’s multiple-comparisons
test or unpaired Welch'’s ¢ test were used to calculate the significance
level between treatment groups, as indicated in figure legends. Signif-
icance for survival curves was calculated using log-rank (Mantel-Cox)
test. Pvalues of less than 0.05 were considered significant. Graph gen-
eration and statistical analysis were performed using GraphPad Prism
version 6.02 software.

Accession numbers. Crystallography data for the menin-MI-3454
complex were deposited at the Protein Data Bank under deposition
code 605I.

Study approval. All animal experiments in this study were
approved by the University Committee on Use and Care of Animals
(UCUCA) and the Unit for Laboratory Animal Medicine (ULAM) at
the University of Michigan. All mouse studies included randomization
and were not blinded.
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