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Letter to Editor

Chromosomal rearrangements of the Mixed Lineage Leukemia (MLL) gene, which result in
expression of MLL fusion proteins, occur in 5-10% of both AML and ALL.1 MLL leukemia
patients have very unfavorable prognoses! 2 emphasizing the need for new therapies. The
MLL fusion proteins retain the N-terminal portion of MLL fused with one of more than 70
different fusion partners, classified based on their cellular localization as nuclear and
cytoplasmic proteins.3 4 It has been proposed that molecular mechanism of transformation
utilized by different MLL fusions is dependent on the type of fusion partner.# The MLL
fusions harboring nuclear fusion partners (e.g. AF4, AF9, ENL, AF10, ELL) are frequently
associated with transcriptional elongation complexes leading to transcriptional activation of
target genes, while cytoplasmic fusion partners of MLL (e.g. AF6, AFlp, GAS7) contain
dimerization domains required for transformation.# ® The high diversity of MLL fusion
partners raises a question whether it is possible to develop a general therapeutic strategy to
block the oncogenic activity of MLL fusion proteins in a fusion partner independent manner.

The protein menin was shown to directly interact with the N-terminal fragment of MLL
retained in all MLL fusion proteins, and this interaction is critical for the MLL-fusion
protein mediated transformation.®: 7 Therefore, blocking the menin-MLL interaction could
inhibit oncogenic activity of all MLL fusion proteins, providing a rationale for a general
therapeutic strategy for MLL leukemia patients. To address this important question, we
employed MI-2-2, a potent small molecule inhibitor of the menin-MLL interaction (ICsg =
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46 nM), which we have previously shown to be effective in MLL leukemia cells harboring
MLL-AF9 and MLL-AF4 fusion proteins.®

This study was performed to assess whether pharmacologic inhibition of the menin-MLL
interaction can block oncogenic activity of a broader panel of MLL fusion proteins
harboring different fusion partners and whether this may represent a general therapeutic
approach for MLL leukemia. For this purpose, we generated cell lines by transforming
murine bone marrow cells (BMC) with six various MLL fusions representing the major
types of MLL translocations: MLL-AF9 and MLL-ENL, the most frequent fusions involving
nuclear partners; MLL-CBP, representing fusion with a nuclear protein that acts through a
mechanism involving histone acetyltransferase activity?; MLL-AF6, one of the most
frequent cytoplasmic fusion partner, which dimerizes and may trigger RAS activation®;
MLL-GAS7 and MLL-AF1P, both harbor cytoplasmic fusion partners that function through
dimerization-dependent mechanisms.>

First, we found that treatment with MI-2-2 resulted in strong growth inhibition of all MLL
fusion transformed cell lines, but not in control cell lines transformed with Hoxa9-Meis1
(HM-2) or E2A-HLF oncogenes (Figure 1a and Supplementary Figure 1. We then evaluated
whether MI-2-2 is capable to induce differentiation of BMCs transformed with different
MLL fusions. Indeed, treatment with MI-2-2 led to significant changes in morphology of
these cells, consistent with monocytic differentiation (Figure 1b and Supplementary Figure
2). This was associated with a significant decrease in expression level of c-kit (CD117), a
cell surface marker of hematopoietic progenitor cells (Figure 1b). In contrast, treatment of
E2A-HLF and Hoxa9/Meis1 transformed cells did not affect neither morphology nor c-kit
expression (Figure 2c and Supplementary Figure 2).

Overexpression of HOXA genes represents a hallmark of MLL-rearranged leukemias,? and
menin is required for Hoxa9and Meis1 expression.® Indeed, treatment with M1-2-2 resulted
in a marked downregulation of Hoxa9and MeisIexpression in cells expressing different
MLL fusions (Figure 1b and Supplementary Figure 3), besides MLL-CBP transformed cells
where pronounced cell death was observed. The effect of MI-2-2 was stronger on Meis1
expression and consistent between all MLL leukemia cell lines (Supplementary Figure 3).
Importantly, phenotypic and gene expression changes observed in a panel of cells expressing
different MLL fusions were consistent with inhibition of menin interactions with various
MLL fusion proteins induced by MI-2-2 (Supplementary Figure 4).8

To better understand the mechanism how MI-2-2 blocks oncogenic activity of different MLL
fusions we selected one cell line transformed with nuclear fusion partner (MLL-AF9) and
two with cytoplasmic fusion partners (MLL-AF6 and MLL-AF1p). It was proposed that
Hoxa9activation by MLL fusions encompassing nuclear fusion partners involves assembly
of multi-protein complexes, which results in epigenetic reprograming by increasing the
H3K79 and H3K4 methylation.# On the other hand, the mechanism of Hoxa9 activation by
MLL fusions involving cytoplasmic fusion partners is much less understood.* To
characterize how MI-2-2 downregulates Hoxa9 expression, we performed co-
immunoprecipitation (ChiP) experiments. First, we found that treatment with MI-2-2
strongly reduced binding of both menin and MLL fusions to the Hoxa9loci in all three MLL
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leukemia cell lines (Figure 1d and Supplementary Figure 5). In addition, MI-2-2
significantly reduced methylation level of H3K79 and H3K4 at Hoxa9d promoter, consistent
with decreased transcriptional activation of Hoxad (Figure 1d and Supplementary Figure 5).
These data suggest that MI-2-2 down-regulates Hoxa9 according to a similar mechanism
despite different complexes formed by these MLL fusions.*

To explore genome-wide transcriptome analysis upon inhibition of the menin-MLL
interaction we performed RNA-seq analysis in MLL-AF9, MLL-AF6 and MLL-AF1p
transformed cells. First, we found that treatment with MI-2-2 results in a very similar pattern
of gene expression changes in these cell lines (Figure 2a). The expression level of the
downstream targets of MLL fusion proteins, such as Hoxa9, Meis1, Hoxal0, Hoxa5 and
Hoxall, was significantly reduced in all cell lines upon treatment with MI-2-2
(Supplementary Table 1). In addition, other genes implicated in MLL leukemias, CDK®,
Eyal, Six1 and Six4,11 were also strongly downregulated. Gene Set Enrichment Analysis
(GSEA) demonstrated strong enrichment for direct target genes of MLL-AF912 in all cell
lines (Figure 2c). Overall, these results demonstrate that MI-2-2 is reversing gene expression
signature in MLL rearranged cells in a fusion partner independent manner.

One of the most pronounced phenotypic changes observed upon treatment with MI-2-2 is a
marked differentiation of MLL leukemia cells (Figure 1b). Consistent with this finding,
MI-2-2 up-regulates genes associated with differentiation (e.g. CD14, MNDA),
Supplementary Table 1, and GSEA demonstrates strong enrichment for genes repressed in
leukemia stem cells (CD34*CD38" cells), Figure 2d.13 These effects were observed in all
MLL leukemia cell lines tested, supporting a similar mechanism of action for the menin-
MLL inhibitor despite different MLL fusion proteins expressed.

Interestingly, only a subset of genes affected by MI-2-2 (20-30% of upregulated genes and
38-50% of downregulated genes) is identical among the three cell lines tested (Figure 2b),
despite the fact these cell lines were created from the same cellular background. These
results suggest that transformation with different MLL fusions, such as MLL-AF9, MLL-
AF6 or MLL-AF1p, leads to substantial differences between these cells. Nevertheless, all
these cell lines overexpress subset of genes that are downstream targets of MLL fusions and
are sensitive to inhibition of the menin-MLL interaction by small molecules.

To further support general applicability of the menin-MLL inhibitors, we tested the effect of
MI-2-2 in primary samples isolated from MLL leukemia patients harboring different MLL
translocations, including nuclear and cytoplasmic fusion partners. In the clonogenic assay,
treatment with MI-2-2 substantially reduced the number and size of colonies in all samples
harboring various MLL fusions, but not in the control AML samples (Figure 2e, 2f,
Supplementary Figure 6 and Supplementary Table 2). Finally, we assessed the /n vivo
efficacy of the menin-MLL inhibitor M1-463, an optimized analogue of MI-2-2 with
substantially improved pharmacokinetic profile,1 using a bone marrow transplantation
model of murine MLL-AF6 leukemia. Treatment with MI-463 greatly improved survival
(~35% survival benefit) of MLL-AF6 mice (Figure 2g), consistent with the effect we
observed for this compound in MLL-AF9 leukemia mice.1*
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In conclusion, our studies demonstrate that small molecule inhibition of the menin-MLL
interaction leads to growth arrest, differentiation and downregulation of MLL fusion target
genes in leukemia cells transformed with various MLL fusions, and affects colony formation
in leukemia patient samples harboring different MLL translocations. Furthermore, menin-
MLL inhibitor blocks binding of both menin and MLL and/or MLL fusions to Hoxa9loci,
consistent with co-localization of these proteins to the target genes,® and decreases H3K4
and H3K79 methylation in cell lines transformed with MLL-AF9, MLL-AF6 and MLL-
AF1p, despite different protein complexes formed by these MLL fusions.* Genome-wide
analysis of gene expression revealed that MI-2-2 reverses ML /[-rearranged gene signature
and induced expression of genes associated with differentiation in cells harboring various
MLL fusion proteins. Taken together, the menin-MLL inhibitor is capable to reverse
oncogenic activity of different MLL fusions according to a mechanism that is independent
on the fusion partner. Such activity remains in agreement with menin binding motif retained
in all MLL fusion proteins. This is further validated by the studies with our new menin-MLL
inhibitor with improved pharmacokinetics,14 which demonstrate that blocking the menin-
MLL interaction markedly improves survival in animal model of MLL-AF6 leukemia.
Altogether, these studies demonstrate that pharmacologic inhibition of the menin-MLL
interaction has a strong potential to represent a general therapeutic approach for MLL
leukemias regardless of MLL translocation, a highly desired effect due to a large variability
of MLL fusion partners. These findings further support advancement of menin-MLL
inhibitors as a targeted therapy for the MLL leukemia patients.
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Cellular activity of MI-2-2 menin-MLL inhibitor in murine bone marrow cells transformed
with various MLL fusions or control oncogenes. (a) Cell growth inhibition in MLL leukemia
and control (transformed with E2A-HLF or Hoxa9/Meis1, HM-2) cell lines upon 10 days of
treatment with MI-2-2. Glsq values were assessed based on cell counts performed for viable
cells using trypan blue staining upon treatment with various concentrations of MI-2-2,

(mean = SD, n = 2). (b) Treatment with MI-2-2 induces differentiation, reduces c-kit and
Hoxa9 expression in MLL leukemia cell lines. Left panel: Wright-Giemsa stained cytospins
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of MLL leukemia cells harboring different MLL fusions upon 10 days of treatment with 6
UM of MI-2-2 or DMSO. Middle panel: percentage of c-kit positive cells upon 10 days of
treatment with DMSO (black) or various concentrations of MI-2-2 (brown) in MLL
leukemia cells as determined by c-kit antibody staining (Biolegend, 105812) and flow
cytometry analysis (cell lines the same as in the cytospin pictures). Mean values from
duplicate samples + SD are shown. MI-2-2 doses are shown in pM. Right panel:
downregulation of Hoxadexpression in various MLL leukemia cell lines upon treatment
with MI-2-2 for 6 days. Total RNA was isolated and gene transcript levels were determined
by real-time gRT-PCR. Transcript levels were normalized to p-actin and relative expression
levels were calculated for each dose of the compound (blue) relative to DMSO (black).
MI-2-2 doses are shown in uM. Mean values from duplicate samples + s.d. are shown
relative to DMSO samples. (c) Treatment with MI-2-2 does not induce differentiation or c-
kit expression in control cell lines; c-kit is presented as a percentage of viable cells (mean £
SD, n = 2). Experimental conditions the same as in (b), Wright-Giemsa stained cytospins are
shown for cell lines treated for 10 days with 6 uM of MI-2-2. (d) Chromatin
immunoprecipitation (ChiP) experiment performed in MLL-AF9, MLL-AF6 and MLL-
AF1p transformed murine bone marrow cells upon 3 (MLL-AF9) or 2 (MLL-AF6 and
MLL-AF1p) days of treatment with MI-2-2 (MI-2-2 concentrations are provided in pM) or
DMSO (mean + SD, n = 2). ChIP experiment was performed using the manufacturer’s
protocol (Millipore-Magna ChIP A/G). Antibodies against menin (Bethyl, A300-105A),
MLL (Milipore, 05-764), histone H3 (Abcam, ab1791), H3K79 dimethylation (Abcam,
ab3594), H3K4 trimethylation (Abcam, ab8580) and IgG (Milipore, PP64B) were used.
Real-time PCR was performed on the precipitated DNAs with TagMan fluorescent labeling
with primers and qPCR probes (Hoxa9 primer probe set 1, P1; and Hoxad primer probe set
2, P2; primers sequences as described previously®). The p-values were calculated with 2-
way ANOVA, * p < 0.05, ** p < 0.01. No statistical method was used to predetermine
sample size.
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Figure2.

Analysis of gene expression in MLL-AF9, MLL-AF1p and MLL-AF6 cell lines upon
treatment with MI-2-2. Cells were treated using DMSO or 6 UM MI-2-2 (in triplicates) for 6
days and gene expression was analyzed using RNA-seq. RNA was isolated from cells,
amplified, and quality was assessed using the TapeStation (Agilent). Samples with RINs
(RNA Integrity Numbers) of 8 or greater were prepped using the lllumina TruSeq mRNA kit
(IMumina). RNA was converted to mRNA using a polyA purification. cDNA library was
created using reverse transcriptase, barcoded and sequenced using 4 samples per lane on a
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HiSeq 2000 (Illumina) in High Output mode. Sequenced reads were aligned to mouse
reference genome using Bowtie and Tophat (version 2.0.3). Differential gene expression
analysis was done using program Cuffdiff. (a) Hitmap showing genes (2958 in total) that
experience more than 2-fold change and adjusted p values < 0.05 in at least one of the three
cell lines. Green and red colors correspond to down and up-regulates genes, respectively. (b)
Overlap between genes down- and upregulated upon treatment of three MLL fusion
transformed cell lines with MI-2-2. (¢) GSEA analysis of genes downregulated upon
treatment with MI-2-2 demonstrating enrichment to MLL-AF9 target genes.1? Gene set
enrichment analysis (GSEA) was performed using www.broadinstitute.org/gsea software.
NES - normalized enrichment score; FDR — false discovery rate. The heat maps show genes
comprising the leading edge of the GESA plot. (d) GSEA analysis of genes upregulated
upon treatment of MLL leukemia cell lines with MI-2-2 demonstrating enrichment of genes
underexpressed in leukemic stem cells, defined as CD34+CD38- cells.12 (e, f) Colony
counts in the methylcellulose colony forming assay performed upon 14 days of treatment
with MI-2-2 in the primary patient samples with MLL leukemia (€) and in control AML
primary patient samples without MLL translocations (f). Colony counts are normalized to
DMSO treated samples (mean = SD for duplicate samples are shown). MLL leukemia
patients samples: 3613 (MLL-AF9), 1236 (MLL-AF9), 179 (MLL-ENL), 1532 (MLL-
p300), 99 (MLL-AF6), 388 (MLL-AF6). Detailed description of the patient samples is
provided in Supplementary Table 2. Patient-derived AML samples were collected in
accordance with the guidelines and approval of institutional review boards at University of
Pennsylvania Hospital and University of Michigan Hospital and with informed consent of
each patient. (g) Kaplan-Meier survival curves of vehicle and MI-463 (45 mg/kg, b.i.d., p.o.)
treated C57BL/6 female mice (6-8 weeks) transplanted with 1 x 10° syngeneic MLL-AF6
leukemic cells isolated from primary recipient mice (n = 9 mice per group). Time of
treatment is indicated on the graph. P value (p < 0.0001) was calculated using Log-rank
(Mantel-Cox) test. No statistical method was used to predetermine sample size. No specific
method was used for randomization, and no exclusion of animals was applied in data
analysis. The investigators were not blinded to the group allocation and when assessing the
outcome. Animal experiments were approved by the University of Michigan Committee on
Use and Care of Animals and Unit for Laboratory Animal Medicine (ULAM).
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