o Experimental

Check for

Hematology

X s
ELSEVIER Experimental Hematology 2019;69:37—42

Distinct pathways affected by menin versus MLL1/MLL2
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Disrupting the protein—protein interaction for molecularly targeted cancer therapeutics can
be a challenging but promising strategy. Compounds that disrupt the interaction between
menin, a chromatin-binding protein, and oncogenic mixed lineage leukemia fusion proteins
(MLL-FPs) have shown significant promise in preclinical models of leukemia and have a high
degree of selectivity for leukemia versus normal hematopoietic cells. Biochemical and struc-
tural studies demonstrate that, in addition to disrupting the menin—MLL-FP interaction,
such compounds also inhibit menin—MLL1, menin—MLL2, and other menin-interacting pro-
teins. Here, we address the degree to which disruption of menin—MLL-FP interactions or
menin—MLL1/MLL2 interactions contribute to the antileukemia effect of menin inhibition.
We show that Menl deletion in MLL-AF9-transformed leukemia cells produces distinct cellu-
lar and molecular consequences compared with MIII;MII2 co-deletion and that compounds
disrupting menin—MLL N-terminal interactions largely phenocopy menin loss. Moreover, we
show that Mil1;MlI2-deficient leukemia cells exhibit enhanced sensitivity to menin interaction
inhibitors, which is consistent with each regulating complementary genetic pathways. These
data illustrate the heightened dependency of MLL-FPs on menin compared with wild-type
MLL1/MLL2 for regulation of downstream target genes and argue that the predominant
action of menin inhibitory compounds is through direct inhibition of MLL-FPs without signif-
icant contribution from MLL1/MLL?2 inhibition. © 2018 ISEH - Society for Hematology and
Stem Cells. Published by Elsevier Inc. This is an open access article under the CC BY-NC-
ND license. (http://creativecommons.org/licenses/by-nc-nd/4.0/)

Patients with chromosomal translocations involving the bridges an interaction with Lens Epithelium-Derived

Mixed Lineage Leukemia 1 gene (MLL, MLLI, KMT2A)
represent an exception to overall favorable outcomes for
children with acute leukemia [1]. Menin, which is encoded
by the Menl gene, is a tumor suppressor in neuroendocrine
tissues but is essential for MLL1 fusion oncoprotein (MLL-
FP)-mediated leukemogenesis. MLL-FP binding to menin
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Growth Factor (LEDGF), which in turn binds histone H3
dimethyl lysine 36 (H3K36me2)-modified chromatin [2,3].
Menin also interacts with endogenous wild-type MLL1 and
MLL2 [2,4,5] with quantitative proteomics indicating nearly
1:1 stoichiometry of menin with MLL1 and MLL2 com-
plexes [6]. Because of the essential nature of the menin/
LEDGEF interaction for MLL-FPs to target to chromatin,
small-molecule inhibitors have been developed that disrupt
menin binding to the N-terminus of MLL-FPs [7—11].
Menin binds to MLL-FPs, MLL1, MLL2, and other pro-
teins using the same pocket, so small-molecule inhibitors
may disrupt all of these interactions in cells. To clarify
through which pathways inhibitors of the menin—MLL N-
terminus act, we compared cellular and molecular altera-
tions in in MLL-AF9-transformed leukemia cells using
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genetic and pharmacologic manipulation of menin, MIl1,
and MII2.

Methods

Mice and generation of MLL-AF9-transformed cells
Lin™/Sca-1*/c-Kit* (LSK) or c-Kit" cells were sorted from
Cre:ERTZ;MZIJF/F;MZZZF/F and Cre:ERTz;MenIF/F mice and
transduced with MSCV-MLL-AF9-YFP or MSCV-MLL-AF9-
GFP (gifts from Drs. Scott Armstrong and Mick Milsom) as
described previously [12]. Transduced cells were replated in
M3434 medium (StemCell Technologies) for more than four
rounds to generate transformed cells.

Quantitative real-time polymerase chain reaction
Quantitative real-time polymerase chain reaction (QRT-PCR)
procedures were as described previously [12] using the Taq-
Man Gene Expression Master Mix (Applied Biosystems)
assays or primers as follows: Magohb: Applied Biosystems
MmO01200054_m1; Mef2c: Applied Biosystems
MmO01340842_m1; Gapdh: Applied Biosystems 4308313;
Meisl: GAGCAAGGTGATGGCTTGGA and TGTCCTTAT-
CAGGGTCATCATCG; Meisl Probe: AACAGTG-
TAGCTTCCCCCAGCACAGGT. The following primer pairs
were fused with SYBR Green Supermix (Bio-Rad): Pigp:
TGCCCGTCTACCTCCTTATC and ATGGGGACATCTCT-
CAATGC. Jmjdic: CACATTCTTGGATCTGTGACCA and
ATGCTGTCTTTGCAGTTGAGG. Cdkn2c: AACCATCC-
CAGTCCTTCTGTCA  and CCCCTTTCCTTTGCTCCT
AATC. Ii3ra: CTGGCATCCCACTCTTCAGAT and GGTC
CCAGCTCAGTGTGTA.

RNA-sequencing and genomic analyses

RNA-sequencing (RNA-seq) and Gene Set Enrichment Anal-
ysis (GSEA) were performed as described previously [12]
and the gene lists represented in the Venn diagrams and sup-
plemental files represent data filtered for greater than twofold
change and p < 0.05. Diagrams and overlap lists were gen-
erated using BioVenn [13]. The RNA-seq data reported here
have been deposited at the National Center for Biotechnology
Information Gene Expression Omnibus with the accession
code GSE117933.

Cell proliferation and viability assays

Proliferation was assessed by bromodeoxyuridine (BrdU)
incorporation according to the manufacturer’s protocol using
the allophycocyanin (APC) BrdU Flow Kit (BD Biosciences)
with a 30-minute incubation with BrdU. Cell viability was
determined by propidium iodide (PI, Sigma-Aldrich) and
Annexin V-APC (BioLegend) staining. Cre induction in leu-
kemia cells was initiated in culture medium supplemented
with 100 nmol/L 4-OHT (Sigma-Aldrich). After 24 hours, 4-
OHT was removed by exchanging the medium and cells were
cultured for the times indicated in the figure legends. Both
MI-2 (Cayman) and MI-2-2 were dissolved in dimethylsulf-
oxide. Three thousand cells in 200 uL were treated with MI-
2 or MI-2-2 for 3 days.

Chemistry

Chemical synthesis and chemical characterization of MI-2
and MI-2-2 compounds have been described previously
[9,10].

Results and discussion

We recently showed that co-deletion of MIll and MII2
in MLL-FP-transformed leukemia inhibited cell growth
through modulation of several leukemia survival path-
ways [12]. MLL-FPs have also been shown to directly
regulate anti-apoptotic survival pathways [14]. To
deconvolute the contributions of MLL-FP versus
MLLI1/MLL2 inhibition that would occur with menin
inhibitors, we compared the effect of deleting Menl
with that of co-deletion of MIll and MII2. We selected
the time points for analysis based on complete gene
deletion and loss of the corresponding transcript
(observed by 48 hours, Supplementary Figure E1A,
online only, available at www.exphem.org). A severe
reduction in S-phase cells was observed 5 days after
initiating Menl deletion (from 56% to 16%) concomi-
tant with a Go/G; accumulation (Figures 1A and 1B).
In contrast, MIlI;MII2 deletion resulted in milder
reduction in S-phase cells (from 56% to 32%) and
much larger accumulation of sub-Go/G; cells. The
selective effect on cell cycle may be due to the fact
that Menl deletion affects expression of the cyclin-
dependent kinases CDK4 and CDK6 and MIlI;MII2
deletion does not (Figures 1A and 1B, Supplementary
Figure E1B, online only, available at www.exphem.
org). MIlI;Mll2-deleted cells exhibited increased
Annexin V binding and PI permeability at day 3, which
accumulated over time (Figure 1C and data not shown),
suggesting that cell death plays a larger role in the
growth inhibition observed upon co-deletion of MIil]
and MII2 [12]. To broadly compare the molecular char-
acteristics of Menl versus MIlI;MII2 deficiency, we
performed side-by-side RNA-seq analysis in MLL-
AF9-transformed cells at day 3 prior to the execution
of cell cycle/cell death phenotypes. Menl deletion
resulted in both upregulated and downregulated genes
(366 and 347 genes, respectively, Figure 1D and Sup-
plemental Table El, online only, available at www.
exphem.org), whereas MIlI;MII2 deletion resulted in
fewer changes using the same criteria for data analysis
(70 upregulated and 194 downregulated, Figure 1D).
Comparison of Menl- versus MIlI;MII2-deregulated
genes showed minimal overlap of differentially
expressed genes; only 12% of the downregulated genes
and 7% of the upregulated genes in Menl-deficient leu-
kemia cells were shared with MIlI1;MII2-deficient cells
(Figure 1D). We performed qRT-PCR validation in
MLL-AF9 cells focusing on MLL-FP-regulated genes
or those unique to the MLLI1/MLL2-regulated path-
ways [12,15]. The MLL-FP targets Meis! and JmjdIc
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Figure 1. Loss of Menl versus MIl1;MII2 shows different cellular and molecular effects in MLL-AF9-transformed cells. (A,B) Representative
FACS plots (A) and quantification (B) showing BrdU incorporation and DNA content in Menl- and Mil1;MII2-deficient MLL-AF9 cells. MLL-
AF9-transformed cells were treated with ethanol or 4-OHT for 24 hours to induce the deletion of Menl or MIlI;MII2. After an additional 4
days, cells were incubated with BrdU for 30 minutes and were processed to detect BrdU and DNA content by flow cytometry. The apoptotic
sub-Go/G;, GoM, S, and Gy/G, gates are shown. (C) Relative Annexin V™ cell percentage compared with control cells 3 days after initiating
gene deletion. (D) Venn diagram showing the overlap of downregulated and upregulated genes with Menl and MIl1;MII2 deletion. Differentially
expressed genes (Supplementary Table El, online only, available at www.exphem.org) were identified as described in the Methods. (E) qRT-
PCR of select genes after Menl or MIl1;MII2 deletion in MLL-AF9-transformed cells. Gene expression was determined 3 days after initiating
gene deletion. Data are represented as averages + standard deviation (SD). *p < 0.05; **p < 0.01; ***p < 0.001; ****p < 0.0001. One rep-
resentative experiment of five is shown. (F) GSEA plots showing enrichment of MLL-AF9 direct binding targets or Dot1L-dependent genes [16]
and MLL-AF9-regulated genes [15] in MenI-deficient (4-OHT) MLL-AF9-transformed cells.
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Figure 2. Menin inhibitors phenocopy Menl deletion and collaborate with MIl1;MII2 loss to kill leukemia cells. (A) GSEA plots showing
enrichment of MI-2-2-regulated genes [20] in Menl-deleted MLL-AF9 cells and in Mll1;MIi2-deleted MLL-AF9 cells. (B) qRT-PCR of selected
target genes after MI-2-2 treatment in MLL-AF9-transformed cells. Gene expression was determined 72 hours after treatment. Data are repre-
sented as averages *+ standard deviation (SD). (C,D) Relative cell viability after and MI-2-2 (C) and MI-2 (D) treatment in MLL-AF9-trans-
formed cells with or without MIl1;MII2. MLL-AF9-transformed cells with the genotype of Cre+;MllIF/F;MIIZF/F were treated with ethanol or 4-
OHT for 24 hours, washed, and then treated with compound or vehicle for 3 additional days. Cell viabilities were all normalized to the corre-
sponding vehicle (ethanol) control. Data are represented as mean = SD. One representative experiment of two is shown.

were significantly and reproducibly downregulated
upon Menl deletion, as was the menin-regulated gene
Cdkn2c/p18, whereas expression of these genes
changed minimally or not at all upon MIlI;MII2 dele-
tion (Figure 1E and Chen et al. [12]). In contrast, the
MLL2-regulated genes Magohb, Pigp, and [I3ra were
downregulated by MIlI;MII2 deletion and not Menl
deletion (Figure 1E). Menl deletion specifically
reduced the expression of MLL-AF9-bound, MLL-AF9
upregulated, and DotlL-dependent genes, consistent
with its role as a requisite binding partner of MLL-FPs
(Figure 1F). In contrast, MIl1;MII2 deletion did not sig-
nificantly affect the same gene sets (Figure 2A). These
results illustrate that Menl deletion specifically affects
MLL-FP activity rather than the combined activity of
MLL-FPs and endogenous MLLI/MLL2 [15,16].

Although loss of MLL1/MLL2 effectively kills MLL-
AF9 cells, it apparently does so through distinct mech-
anisms and pathways compared with Menl deletion.
MLL-FPs lack the C-terminal chromatin-targeting
motifs of wild-type MLL1 and MLL2 [17—19], which
may result in a stronger dependency on the N-terminal
menin-LEDGF complex than wild-type MLL1 or
MLL2.

Because menin and MLLI/MLL2 regulate distinct
pathways, we hypothesized that MIlI;MII2 co-deletion
would be complementary to inhibition of the menin
—MLL-FP interaction. Therefore, we tested the com-
bined effect of MIlI;MII2 deletion with the menin
—MLLI1 small-molecule inhibitor MI-2 and its higher-
affinity variant MI-2-2 [9,10]. Comparing Menl deletion
with the previously described effect of MI-2-2 on
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murine MLL-AF9 cells [20], MI-2-2-downregulated
genes were significantly enriched in our Menl™'~ AML
data using GSEA (Normalized Enrichment Score
[NES] >2.7, p < 0.001), whereas MIli;MII2 double-
knockout genes were not (NES <1.5, p > 0.1;
Figure 2A). Validation experiments using independently
transformed MLL-AF9 cells showed that MI-2-2
inhibited expression of the direct MLL-FP target
genes Meisl, Cdkn2c, Jmjdlc, and Mef2c, but not
MLL2 target genes (Figure 2B). We therefore tested the
sensitivity of MIl1;MII2-deleted, MLL-AF9-transformed
cells to menin inhibitors relative to the parental cells to
determine whether inhibition of both pathways provided
additional cell killing. Strikingly, MIli;MIi2-deficient
MLL-AF9-transformed cells showed a more than
10-fold increased sensitivity to both MI-2 and MI-2-2
(Figures 2C and 2D) [9,10]. Therefore, combined inhibi-
tion of menin and MLLI/MLL2 more effectively kills
MLL-rearranged leukemia cells, likely due to their
effects on distinct genetic networks. These data also pre-
dict that targeting MLL1/MLL2 in combination with
other MLL-FP-directed strategies (e.g., DOTIL inhibi-
tors) may result in synergistic killing of leukemia cells,
similar to the demonstration that targeting MLL-FPs
with two different molecular inhibitors can produce syn-
ergistic effects [21].

The observation that MLL-FPs are much more
strongly dependent upon menin genetically or upon
menin interaction (based on use of MI-2-2) demonstrates
an interesting and perhaps unanticipated gained depen-
dency by the fusion oncoprotein. This phenomenon may
be attributed to the distinct multivalent chromatin inter-
actions between MLL1 and is fusion oncoprotein deriva-
tives, which may also be related to the observed
spreading of both MLL-FPs and menin into gene bodies
in MLL-FP-expressing cell lines [14,22]. Our data begin
to unravel the nature of this gained dependency, but fur-
ther molecular characterization will be required to
completely understand the basis for the apparently selec-
tive effect of menin inhibitors on MLL-FPs and how
menin inhibition can be combined with additional strate-
gies to maximize the specificity and selectivity of its
antileukemia activity.
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