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KEY PO INT S

� A menin-MLL1 inhibitor
halts leukemogenesis in
models of NUP98-
rearranged leukemias.

� Inhibition of menin-
MLL1 impairs leukemo-
genic gene expression
and disrupts chromatin
binding of menin, MLL1
and NUP98 fusion
proteins.

Translocations involving the NUP98 gene produce NUP98-fusion proteins and are associ-
ated with a poor prognosis in acute myeloid leukemia (AML). MLL1 is a molecular depen-
dency in NUP98-fusion leukemia, and therefore we investigated the efficacy of
therapeutic blockade of the menin-MLL1 interaction in NUP98-fusion leukemia models.
Using mouse leukemia cell lines driven by NUP98-HOXA9 and NUP98-JARID1A fusion
oncoproteins, we demonstrate that NUP98-fusion-driven leukemia is sensitive to the
menin-MLL1 inhibitor VTP50469, with an IC50 similar to what we have previously reported
for MLL-rearranged and NPM1c leukemia cells. Menin-MLL1 inhibition upregulates
markers of differentiation such as CD11b and downregulates expression of proleukemo-
genic transcription factors such as Meis1 in NUP98-fusion-transformed leukemia cells. We
demonstrate that MLL1 and the NUP98 fusion protein itself are evicted from chromatin at
a critical set of genes that are essential for the maintenance of the malignant phenotype.

In addition to these in vitro studies, we established patient-derived xenograft (PDX) models of NUP98-fusion-driven
AML to test the in vivo efficacy of menin-MLL1 inhibition. Treatment with VTP50469 significantly prolongs survival of
mice engrafted with NUP98-NSD1 and NUP98-JARID1A leukemias. Gene expression analysis revealed that menin-
MLL1 inhibition simultaneously suppresses a proleukemogenic gene expression program, including downregulation of
the HOXa cluster, and upregulates tissue-specific markers of differentiation. These preclinical results suggest that
menin-MLL1 inhibition may represent a rational, targeted therapy for patients with NUP98-rearranged leukemias.

Introduction
Acute myeloid leukemia (AML) driven by chromosomal translo-
cations involving the nucleoporin 98 (NUP98) gene on chromo-
some 11p15 is the most common genotype among children
with relapsed and refractory disease, representing a high-risk
group of patients with extremely poor outcomes.1-3 NUP98
translocations generate NUP98 fusion proteins that join the
N-terminal domain of NUP98 with various C-terminal partners
that include epigenetic modifiers and transcription factors with
homeobox domains such as the HOX genes.4,5 Previous efforts
to model NUP98-rearranged hematologic malignancies have
revealed that NUP98-JARID1A, NUP98-NSD1, NUP98-HOXA9,
and NUP98-HOXD13 fusion proteins are potent drivers of leuke-
mia development.6-9 While these fusions are potent oncopro-
teins, accompanying mutations in genes such as WT1 or FLT3
internal tandem duplications confer an even more dismal
prognosis.10 There is an urgent clinical need to understand
the mechanisms by which NUP98 fusion proteins drive
leukemogenesis.

NUP98 fusion proteins promote leukemogenesis through their
interaction with histone-modifying chromatin complexes.11-13

Previous studies have implicated histone methylation and acety-
lation at the Hoxa/b clusters, as well as the Meis1 locus, as a
mechanism that supports alterations in gene expression that pro-
mote leukemia development. Through its interaction with Wdr8,
the NUP98-NSD1 fusion recruits the Wdr82–Set1A/COMPASS
(complex of proteins associated with Set1) complex, which
deposits an activating mark on histone H3 lysine 4 (H3K4me3)
across the HOXa cluster and at the Meis1 promoter.11 NUP98
fusions also interact with the non-specific lethal (NSL) and mixed-
lineage leukemia (MLL1; also known as KMT2A) chromatin com-
plexes. NUP98-HOXA9 colocalizes with MLL1 at the Hoxa/b clus-
ters, and loss of MLL1 delays onset of disease in a NUP98-
HOXA9 mouse leukemia model, demonstrating that MLL1 is a
molecular dependency in NUP98-rearranged leukemia.13

The multiple endocrine neoplasia 1 (MEN1) gene encodes the
protein menin, which is a member of the MLL1 and MLL2
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complexes. Menin is critical for the proliferation and survival of
MLL-rearranged (MLL-r) and NPM1-mutant (NPM1c) leuke-
mia.14,15 MLL1 and menin directly interact via a 5 amino acid
stretch of MLL1 that binds to a well-defined pocket on menin.
This interaction is critical for menin function in leukemia, and
small molecules that compete for the menin binding pocket are
being developed as therapeutics in MLL-r and NPM1c AML.16-18

Recently, a selective and orally bioavailable small molecule
(VTP50469) targeting the menin-MLL1 interaction has been
effective in the treatment of MLL-r16,17 and NPM1c mutant leu-
kemia.18 In those leukemia subtypes, treatment with VTP50469
led to the loss of MLL1 and menin binding at specific loci on
chromatin and consequent downregulation of leukemogenic
gene expression.17,18 Three different menin-MLL1 inhibitors
(SDNX-5613, JNJ-75276617, and KO-539) are currently in early-
phase clinical trials. Since MLL1 is a molecular dependency in
NUP98-rearranged leukemia,13 we hypothesized that disruption
of the menin-MLL1 chromatin complex may be a rational, tar-
geted therapy for this group of patients whose AML is typically
resistant or refractory to conventional chemotherapy.

Methods
Animals
For mouse leukemia models: Lin-, cKit1, Sca-11 (LSK) cells were
isolated from C57BL/6NCrl mice (C57BL/6, Charles River Labora-
tories) or Mx1-Cre Wt1 flox/flox mice that have been previously
described.19,20 Cells were transplanted into CD45.1 recipients
(B6.SJL, Taconic). For patient-derived xenograft (PDX) experi-
ments: NOG-EF NOG-sp/sp;ko/ko (NOG) mice (Taconic) were
used as recipients. Animal experiments were performed with the
approval of the Institutional Animal Care and Use Committee at
Dana-Farber Cancer Institute, Memorial Sloan-Kettering Cancer
Center, and Nemours Children’s Health Center.

Chromatin immunoprecipitation and
sequencing (ChIPseq)
ChIPseq for MLL1, menin, and H3K4me3 was performed in
NUP98-rearranged mouse leukemia cells as previously
described.17,18,21,22 Cells were crosslinked, and nuclei were iso-
lated and sonicated using the E100S (Covaris) to shear chroma-
tin into DNA fragments ranging from 200 to 400 base pairs.
Drosophila DNA (Active Motif 53083) was added to sonicated
chromatin prior to pulldown and removal of the input fraction
according to the manufacturer’s instructions. Between 1 and 5
mg of chromatin was subjected to immunoprecipitation using
the anti-MLL antibody (Bethyl A300-086A), anti-menin antibody
(Bethyl A300-105A), anti-H3K4me3 (Abcam 8580), or Drosophila
DNA internal control antibody (Active Motif 61686). Immunopre-
cipitated DNA fragments were eluted, decrosslinked, and puri-
fied using Agencourt AMPure XP beads for the generation of
Illumina-compatible sequencing libraries.

ChIPseq of biotinylated NUP98 fusion
proteins (BioChIPseq)
BioChIPseq for NUP98-HOXD13bio was performed as previously
described.13 Chromatin was subjected to immunoprecipitation
for biotinylated NUP98-HOXD13bio using Dynabeads M-280
Streptavidin (Thermo Fisher 11205D).

PDX experiments
PDX experiments were conducted in NOG mice. Cells were
injected from NUP98-rearranged AML patient samples, and
the presence of each fusion and cooccurring mutation was
confirmed by next-generation sequencing (supplemental
Table 3 available on the Blood Web site). For survival experi-
ments, engraftment was confirmed on day 21 following
transplantation when human CD451 cells in the blood
reached 1% to 5%. Mice were subsequently randomized into
groups to receive control or VTP50469 chow. Mice were
bled weekly to assess leukemia burden. Some mice were
killed at day 14 or 36 to assess leukemia burden in marrow
and spleens.

Results
MLL1 and menin are molecular dependencies in
NUP98-rearranged leukemia
We generated murine models of NUP98-rearranged leukemia
using retroviral transduction of mouse LSK cells with a vector
system containing a fluorescent reporter (pMSCV-IRES-GFP or
pMSCV-IRES-TdTomato). We focused on NUP98-HOXA9 and
NUP98-JARID1A (also known as KDM5A) since the ability of
these fusion proteins to transform mouse LSK cells without
cooperating mutations had been previously described.9,23 To
confirm that the retrovirally transduced mouse LSK cells har-
boring these fusion oncogenes are fully transformed and give
rise to de novo leukemia in vivo, we transplanted the cells
into sublethally irradiated syngeneic recipient mice. Engraft-
ment of LSK cells transduced with either NUP98-HOXA9 or
NUP98-JARID1A fusion proteins resulted in relatively rapid
onset of disease at 112 days and 85 days, respectively (sup-
plemental Figure 1A,B). As expected, disease latency was fur-
ther reduced after secondary transplantation (NUP98-HOXA9:
42 days; NUP98-JARID1A: 56 days), indicating disease accel-
eration (supplemental Figure 1A-D, black lines). Disease pro-
gression was accompanied by a rise in transplanted cells in
the peripheral blood (supplemental Figure 1C,D). At the time
point of euthanasia, bone marrow (BM) and spleens of the
primary recipients were highly infiltrated with leukemia cells
(supplemental Figure 1E-H).

Our previous work has shown that MLL-r and NPM1c leukemia
are dependent on the menin-MLL1 interaction and respond to
VTP50469, a small molecule that inhibits the interaction
between menin and MLL1.17,18 Since NUP98 fusion proteins
interact with MLL1,13 we reasoned that these leukemias might
also depend on the menin-MLL1 interaction and may be respon-
sive to treatment with VTP50469. To test this hypothesis, we
performed genetic inactivation of menin and MLL1 using
CRISPR-Cas9 technology. We engineered NUP98-HOXA9 and
NUP98-JARID1A mouse leukemia cells to constitutively express
the Cas9 enzyme and introduced small guide RNA (sgRNA) tar-
geting MLL1 or menin using vectors containing an RFP or GFP
reporter (supplemental Table 1). We confirmed CRISPR editing
at the menin and MLL1 locus by CRISPRseq and immunoblot-
ting for menin protein (supplemental Figure 2A,B). Next, we
assessed the ability of cells expressing these sgRNAs to
compete with nontransduced cells in an in vitro cell competi-
tion assay. We found that sgRNA targeting the menin or
MLL1 gene results in rapid depletion of cells compared to
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Figure 1. MLL and menin are molecular dependencies in NUP98-rearranged leukemia. (A) NUP98-HOXA9 (top panel) and NUP98-JARID1A (bottom panel) mouse
leukemia cells engineered to constitutively express Cas9 were transduced with sgRNA targeting MLL1, menin, RPA3 (positive control) and luciferase (negative control).
Cells expressing sgRNA also express an RFP or GFP reporter, and the y-axis quantifies the percent RFP1 or GFP1 cells at each time point. Bars represent mean 6

SEM. Two-way ANOVA with Dunnett’s multiple comparisons test was performed, ****P , .0001. Data are representative of 3 independent experiments. (B,C) Mouse
leukemia cells expressing NUP98-HOXA9 (B) or NUP98-JARID1A (C) were treated with an escalating dose curve of VTP50469. Data are representative of 5 independent
experiments. (D,E) Expression of CD11b on NUP98-HOXA9 (D) or NUP98-JARID1A (E) mouse leukemia cells treated with an escalating dose curve of VTP50469. Data
are representative of 5 independent experiments. Bars represent mean 6 SEM. Two-way ANOVA with Dunnett’s multiple comparisons test was performed, ***P 5 .002,
****P , .0001.
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the common essential gene Rpa3 (Figure 1A), indicating a
strong dependency of NUP98-rearranged leukemia cells on
the MLL1-complex, and more specifically on both MLL1 and
menin.

To determine whether we could exploit this dependency on
MLL1 and menin therapeutically, we treated NUP98-JARID1A
and NUP98-HOXA9 mouse leukemia cells with the menin-MLL1
inhibitor VTP50469 in vitro and quantified live cell numbers after
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Figure 2. MLL1 is displaced from chromatin upon treatment with VTP50469 at a subset of critical genes. (A,B) Gene expression changes at day 3 (top panels)
and day 6 (bottom panels) of treatment with 2 mM VTP50469 in mouse leukemia cells expressing NUP98-HOXA9 (A) or NUP98-JARID1A (B). n 5 3 replicates per time
point. (C,D) Gene-set enrichment analysis of gene expression changes in NUP98-HOXA9 (C) or NUP98-JARID1A (D) mouse leukemia cells treated with VTP50469 com-
pared with that seen in MLL-r (MA9) and NPM1c mouse leukemia cells. (E) Tornado plots and average signal plots depicting genome-wide MLL1, menin, and H3K4me3
chromatin changes upon treatment with VTP50469 as determined by ChIPseq in mouse leukemia cells expressing NUP98-HOXA9. (F) Gene tracks of MLL1 chromatin
occupancy in NUP98-HOXA9 mouse leukemia cells treated with VTP50469 as determined by ChIPseq in reads per million (rpm) at selected genes. (G) Violin plots
depicting change in MLL1 occupancy for genes that display changes in gene expression vs all genes in NUP98-HOXA9 mouse leukemia cells after 3 days (left panel) or
6 days (right panel) of treatment with VTP50469. Data are representative of 2 independent experiments. One-way ANOVA was performed.
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9 days of treatment. Both NUP98-JARID1A and NUP98-HOXA9
leukemia cells demonstrated sensitivity to menin-MLL1 inhibi-
tion, with an IC50 of 84 nM and 517 nM, respectively (Figure
1B,C). Mouse LSK cells transduced with a control empty vector
(EV) showed no response to VTP50469. We observed a dose-
dependent upregulation of the differentiation marker CD11b
(Figure 1D,E), while acute induction of apoptosis was not
detected (supplemental Figure 2C,D). Cytologically, treatment
of NUP98-JARID1A and NUP98-HOXA9 leukemia cells with
VTP50469 resulted in phenotypic changes consistent with mye-
loid differentiation (supplemental Figure 2E,F). These experi-
ments show that NUP98-rearranged leukemia requires the
menin-MLL1 interaction for the maintenance of cell division and
maintenance of an undifferentiated leukemia phenotype.

VTP50469 treatment impairs leukemogenic gene
expression and disrupts chromatin binding of
MLL1 and NUP98 fusion proteins
Next, we sought to perform a comprehensive assessment of the
molecular effects of menin-MLL1 inhibition in NUP98-fusion leu-
kemia. To understand how menin-MLL1 inhibition influences
gene expression, we performed RNAseq in NUP98-fusion
mouse leukemia cells treated with VTP50469. After 3 days of
treatment, we observed remarkably specific changes in gene
expression in NUP98-HOXA9 and NUP98-JARID1A mouse leu-
kemia cells (Figure 2A,B, top panels). At this early time point,
expression of proleukemogenic transcriptional regulators, such
Meis1, Eya1, and Pbx3, was significantly repressed. After 6 days
of treatment with VTP50469, we observed .Log2 fold downre-
gulation of more than 250 to 300 genes, which is consistent
with our observation of phenotypic differentiation at later time
points (Figure 2A,B, bottom panels). GSEA-based comparison
changes in gene expression demonstrated that this pattern of
transcriptional reprogramming is similar to that seen in MLL-r
and NPM1c leukemia cells treated with VTP5046917,18 (Figure
2C,D), suggesting that inhibition of menin-MLL1 impacts a pro-
gram that is central to maintaining an undifferentiated stem cell
state across multiple types of leukemia.

To determine whether treatment with VTP50469 disrupted the
menin-MLL1 chromatin complex in NUP98-HOXA9 and NUP98-
JARID1A mouse leukemia cells, we performed ChIPseq for
menin and MLL1. Menin chromatin occupancy was decreased
genome-wide, consistent with our previous results showing
global loss of menin upon treatment with VTP5046917,18 (Figure
2E). By contrast, we observed no changes in genome-wide
MLL1 chromatin binding or H3K4me3 marks in cells treated with
VTP50469 (Figure 2E, supplemental Figure 3A), consistent with
our previous studies.17,18 We observed loss of MLL1 chromatin
association at specific genes which were also among those with
the most significantly reduced gene expression, such as Meis1,
Eya1, and Pbx3 (Figure 2F,G, supplemental Figure 3B,C).

Based on previous observations in other leukemias, we hypothe-
sized that changes in MLL1 chromatin occupancy would corre-
late with gene expression changes induced by VTP50469. At
both early and late time points of drug treatment, we observed
that significantly repressed gene expression (defined as those
genes with .Log1.5 fold change in expression) is correlated
with loci that demonstrate significant changes in MLL1 occu-
pancy (Figure 2F,G, supplemental Figure 3B,C, and supplemen-
tal Tables 2 and 3). For example, genes such as Meis1
demonstrate almost complete loss of MLL1 chromatin binding
at the promoter and also demonstrate significantly reduced
gene expression upon menin-MLL1 inhibition.

Our previous studies suggest that NUP98 fusion proteins associ-
ate with the MLL chromatin complex,13 and therefore, we ques-
tioned whether the NUP98 fusion itself was evicted from
chromatin upon treatment with VTP50469. To address this
hypothesis, we employed a mouse leukemia model that
expresses a C-terminal Flag-Avi tagged NUP98 fusion protein in
cells that stably express bacterial BirA biotin ligase. As a result,
NUP98 fusion proteins are biotinylated and can be immunopre-
cipitated from chromatin using streptavidin beads. This strategy
was used to generate mouse leukemia cells expressing NUP98-
HOXD13 and has been previously described.13 We confirmed
that these cells, hereafter referred to as NUP98-HOXD13bio, are
sensitive to menin-MLL1 inhibition and upregulated markers of
differentiation such as CD11b (supplemental Figure 4A,B). Using
this model, we found that treatment with VTP50469 did not
induce global changes in NUP98-HOXD13bio chromatin occu-
pancy (Figure 3A). In previous studies, we defined a subset of
NUP98-HOXD13bio gene targets,13 and we were interested in
whether VTP50469 induced chromatin changes at these loci. At
NUP98-HOXD13 targets, treatment with VTP50469 led to the
eviction of MLL1, menin, and the NUP98-HOXD13bio fusion pro-
tein itself (Figure 3B). For example, genes such as Meis1, Eya1,
and Mef2c (all NUP98-HOXD13 targets that function as tran-
scriptional regulators that maintain an undifferentiated stem cell
phenotype) were among those that displayed the most signifi-
cant loss of MLL1, menin, and NUP98 fusion chromatin binding
(Figure 3B).

Overall, loss of NUP98 fusion protein chromatin occupancy was
most significant at those NUP98 fusion target loci that also dis-
played .Log2 fold change in gene expression (Figure 3C, sup-
plemental Table 4). To understand whether loss of NUP98-
HOXD13bio was also associated with loss of MLL1, we per-
formed MLL1 ChIPseq in NUP98-HOXD13bio cells. We observed
that genes which demonstrate the most significant loss of MLL1
also demonstrate the most significant loss of NUP98 fusion pro-
tein (Figure 3B,D). We did not observe significant loss of MLL1,
menin, and NUP98-HOXD13bio chromatin occupancy at the
HOXa cluster, nor did we observe changes in HOXa gene
expression (supplemental Figure 4C). Changes at the HOXa
cluster are sluggish compared with loci such as Meis1, and these

Figure 3. NUP98-fusion proteins dissociate from chromatin upon treatment with VTP50469 at a subset of critical genes. (A) Tornado plot and average signal
plot depicting genome-wide NUP98-HOXD13bio chromatin occupancy as determined by ChIPseq in mouse leukemia cells expressing NUP98-HOXD13bio. (B) Gene
tracks of MLL1, Menin, and NUP98-HOXD13bio ChIPseq signal (rpm) at selected genes. (C) Violin plot depicting changes in NUP98-HOXD13bio occupancy for previously
defined NUP98-HOXD13 target genes13 that display .log2 fold change in gene expression (dark blue, n 5 19 genes) vs all NUP98-HOXD13 targets (light blue, n 5 295
genes) vs all genes (gray, n 5 616 genes). (D) Scatterplot depicting all genes that display changes in both NUP98-HOXD13bio (x-axis) and MLL1 (y-axis) chromatin occu-
pancy as measured by ChIPseq in NUP98-HOXD13bio mouse leukemia cells. Data are representative of 2 independent experiments. Two-way ANOVA with Dunnett’s
multiple comparisons test was performed.
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Figure 4. Rescue of Meis1 gene expression abrogates sensitivity to menin-MLL1 inhibition in NUP98-fusion leukemia. (A) Quantitative PCR for Meis1 mRNA in
NUP98-HOXA9 mouse leukemia cells engineered to overexpress Meis1 and treated with DMSO or 2 mM VTP50469. Data are representative of 3 independent experi-
ments. Two-way ANOVA with Dunnett’s multiple comparisons test was performed, ****P , .0001. (B) Immunoblot for Meis1 protein in NUP98-HOXA9 mouse leukemia
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results are consistent with our previous findings in MLL-r and
NPM1c leukemias.17,18 These results suggest that menin-MLL1
inhibition destabilizes chromatin complexes containing NUP98
fusion proteins, leading to the downregulation of a proleukemo-
genic gene expression program.

Rescue of Meis1 gene expression abrogates
sensitivity to VTP50469
Since Meis1 was one of the critical loci consistently impacted by
treatment with VTP50469, we questioned whether restoration of
Meis1 expression was sufficient to rescue proliferation of NUP98
fusion cells in the presence of VTP50469. First, we used retrovi-
ral overexpression of Meis1 in NUP98-JARID1A and NUP98-
HOXA9 mouse leukemia cells. We confirmed that Meis1 mRNA
and protein expression increased above baseline, compared
with EV controls (Figure 4A,B). Meis1 expression remained high
in cells overexpressing exogenous Meis1 despite treatment with
VTP50469 (Figure 4A,B). Cell proliferation assays demonstrated
a lack of response to menin-MLL1 inhibition and failure to upre-
gulate markers of differentiation such as CD11b in cells overex-
pressing Meis1 (Figure 4C,D).

Next, in order to achieve more physiologic restoration of Meis1
gene expression, we used the CRISPRa system24 with sgRNA
targeting the endogenous Meis1 locus to enhance transcrip-
tional activity at the Meis1 promoter (supplemental Table 5).
CRISPRa-induced upregulation of Meis1 resulted in increased
expression at the transcript and protein level compared with the
luciferase control (Figure 4E,F). CRISPRa-induced expression of
Meis1 blunted the suppressive effects of VTP50469 on Meis1
transcription and translation, as Meis1 mRNA and protein levels
remained higher than the EV DMSO control despite VTP50469
treatment (Figure 4E,F). Similarly, we found that CRISPRa medi-
ated upregulation of Meis1 rescued the phenotype and ren-
dered NUP98-HOXA9 mouse leukemia cells unresponsive to
VTP50469 (Figure 4G). Rescue of Meis1 expression in NUP98-
JARID1A mouse leukemia cells had significant, albeit more mod-
est effects, on responsiveness to menin-MLL1 inhibition (supple-
mental Figure 5A-G). These results using 2 independent
methods show that the menin-MLL1 chromatin complex main-
tains the malignant phenotype in part through activation of pro-
leukemogenic transcription factors such as Meis1. Loss of
NUP98 fusion and MLL1 binding results in decreased Meis1
expression, and failure to suppress Meis1 renders NUP98-fusion
leukemia cells unresponsive to menin-MLL1 inhibition.

Menin-MLL1 inhibition eradicates disease in vivo
in NUP98-rearranged models of AML
Our in vitro studies suggest that menin-MLL1 inhibition may be
a rational, targeted therapeutic strategy for patients with
NUP98-rearranged leukemia. Therefore, we investigated
whether VTP50469 would be effective in treating NUP98-rear-
ranged leukemia in vivo in mice. First, we treated our mouse

model of NUP98-JARID1A leukemia with chow containing 0.1%
VTP50469 and monitored disease (TdTomato1CD45.21 cells)
in peripheral blood and survival. Remarkably, treatment with
VTP50469 led to a survival advantage of 56 days (P 5 .0016)
(Figure 5A). Whereas the percent of transplanted leukemia cells
rose rapidly in control mice between 30 and 50 days after trans-
plant, VTP50469-treated mice demonstrated significantly longer
disease latency and onset of clinical illness (Figure 5B).

Next, we established 3 NUP98-rearranged PDX models by
engrafting AML patient samples into immunocompromised
NOG mice (supplemental Table 6). We monitored percent
human CD451 cells in the peripheral blood to understand the
time course of disease progression. Upon engraftment, we ran-
domized mice into cohorts that received control or VTP50469
chow. Two NUP98-rearranged PDX leukemia models responded
to menin-MLL1 inhibition and demonstrated durable remissions.
Mice harboring a NUP98-NSD1 PDX (NTPL-511) demonstrated
a complete response to menin-MLL1 inhibition and are still alive
approximately 250 days after VTP50469 chow was discontinued
and with no evidence of peripheral blood disease (Figure 5C,D).
Mice harboring a NUP98-JARID1A PDX (CPCT0021) were also
successfully treated with VTP50469 and had a median survival
advantage of 75 days (P , .0001) (Figure 5E,F). Control mice
developed clinical illness and lost approximately 10% of body
weight around day 60 following transplantation (supplemental
Figure 6A). By contrast, mice treated with VTP50469 survived for
an additional 60 days even after treatment was discontinued but
ultimately relapsed around day 120 (Figure 5E,F). Similar to the
control mice, treated mice demonstrated low burden of disease
in the peripheral blood even when they became clinically ill and
suffered relapse (Figure 5F, supplemental Figure 6A). In a sepa-
rate experiment, we harvested control and VTP50469-treated
mice after 36 days, and we observed a significantly decreased
burden of disease in the BM and spleen of treated mice (supple-
mental Figure 6B). Altogether, these results in 2 clinically rele-
vant PDX models demonstrate that menin-MLL1 inhibition can
slow progression and even eradicate disease in NUP98-rear-
ranged leukemia, although cooccurring mutations might influ-
ence response to therapy.

We next tested a second NUP98-NSD1 AML PDX that also har-
bored cooccurring mutations in ASXL1, IDH1, WT1, FLT3-ITD,
and BCORL1 (MSKG5191) (supplemental Table 6). We found
that this PDX was unresponsive to VTP50469 (supplemental Fig-
ure 7A-C), possibly due to the downstream impact of these
cooccurring mutations which have been implicated in clonal
hematopoiesis and resistance to both chemotherapy and epige-
netic targeted therapies.10,25,26 Since WT1 mutations frequently
cooccur with NUP98 translocations in AML, we generated a
mouse model of NUP98-NSD1 leukemia on a Wt1 loss of func-
tion background (Mx1-Cre Wt1 flox/flox) model that has been
previously described.19,20 We found that these cells (NUP98-

Figure 4 (continued) cells engineered and treated as in (A). (C) NUP98-HOXA9 mouse leukemia cells engineered as in (A) and treated with an escalating dose curve of
VTP50469. Data are representative of 3 independent experiments. (D) Expression of CD11b on NUP98-HOXA9 mouse leukemia cells overexpressing Meis1 and treated
with an escalating dose curve of VTP50469. Data are representative of 3 independent experiments. Two-way ANOVA with Dunnett’s multiple comparisons test was per-
formed, ****P , .0001. (E) Quantitative PCR for Meis1 mRNA in NUP98-HOXA9 mouse leukemia cells engineered to constitutively express dead Cas9 (dCas9) and tran-
scriptional activators MS2, p65, and HSF1 with small guide RNAs targeting Meis1 or luciferase and treated with 2 mM VTP50469. Data are representative of 3
independent experiments. Two-way ANOVA with Dunnett’s multiple comparisons test was performed, ****P , .0001. (F) Immunoblot for Meis1 protein levels in cells
engineered and treated as in (E). (G) NUP98-HOXA9 mouse leukemia cells engineered as in (E) and treated with an escalating dose curve of VTP50469. Data are repre-
sentative of 3 independent experiments.
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NSD1, Wt12/2) were sensitive to VTP50469 with an IC50 of 24
nM, upregulated CD11b, and displayed phenotypic differentia-
tion toward a mature myeloid lineage (supplemental Figure 8A-
D). Moreover, we observed significant downregulation of Meis1
gene expression and loss of MLL1 chromatin occupancy at the
Meis1 locus (supplemental Figure 8E-G), showing that Wt1 loss
does not interfere with the mechanism by which VTP50469 halts
a proleukemogenic gene expression program.

Next, we sought to characterize gene expression changes that
occur in response to VTP50469 in vivo. We performed RNAseq
in human CD451 leukemia cells isolated from BM of control
and treated mice bearing NUP98-NSD1 PDX (NTPL-511) mice
after 14 days of VTP50469 treatment. We observed downregula-
tion of the distal HOXA cluster genes, including HOXA9 and
HOXA11, in addition to other proleukemogenic genes such as
MEIS1 and MEF2C (Figure 5G, supplemental Figure 9A,B). We
also observed downregulation of genes with remarkable tissue
specificity for B and T lymphocytes, as well as plasmacytoid den-
dritic cells (Figure 5G, supplemental Figure 9A,C). Previous work
suggests that these 3 lineages may share a common hematopoi-
etic precursor.27 Interestingly, we observed upregulation of
tissue-specific genes for several mature myeloid lineages, includ-
ing megakaryocytes, erythrocytes, and granulocytes (Figure 5G,
supplemental Figure 9D).

We also characterized gene expression changes at a later
time point in our NUP98-JARID1A PDX (CPCT0021). We per-
formed RNAseq from human CD451 cells isolated from BM
after VTP50469 treatment of 36 days. We observed downre-
gulation of the HOXA cluster, including HOXA3, HOXA5,
HOXA7, and HOXA9, in addition to other proleukemogenic
genes such as CEBPA and ZNF521 (Figure 5H, supplemental
Figure 10A,B).28,29 Interestingly, we observed significant
upregulation of genes that are exquisitely specific for mega-
karyocytes and erythroblasts, including von-Willebrand factor
(VWF), the platelet glycoprotein IIb/IIIa complex, and hemo-
globin E (Figure 5H, supplemental Figure 10C). Furthermore,
we observed a striking increase in expression of VWF protein
by immunohistochemistry (IHC) in BM of VTP50469-treated
mice (supplemental Figure 10D). These results may point to a
megakaryocyte-erythroid progenitor as the cell of origin for
this patient’s AML. Indeed, this patient’s AML blasts express
markers of megakaryocyte and erythrocyte differentiation:
CD41, CD61, and CD71 (supplemental Table 6). These results
suggest that menin-MLL1 inhibition leads to concomitant
downregulation of stem cell-associated genes and upregula-
tion of tissue-specific genes, thus releasing the brakes on dif-
ferentiation toward a pathway that may have been destined
for the leukemia cell of origin.

Discussion
Our studies demonstrate that menin and the menin-MLL1 interac-
tion is a molecular dependency in NUP98-fusion leukemia, and
an inhibitor of this interaction halts leukemogenesis and drives
differentiation. Treatment of NUP98-JARID1A and NUP98-
HOXA9 leukemia with VTP50469 results in changes in gene
expression at a critical subset of target genes. In our models of
NUP98-rearranged leukemia, treatment with VTP50469 results in
a global loss of menin and selective loss of both MLL1 and
NUP98 fusion protein chromatin occupancy at a subset of genes
that are essential for leukemia maintenance. Among these genes,
loss of both MLL1 and the NUP98 fusion is associated with down-
regulated gene expression, including at the Meis1 locus. Rescue
of Meis1 expression via retroviral overexpression or CRISPRa
abrogates responsiveness to VTP50469. The central role of Meis1
in leukemogenesis in NUP98-fusion hematologic malignancies
suggests that NUP98 and MLL fusion oncoproteins may coopt
similar molecular mechanisms of cell transformation. Nonetheless,
rescue of Meis1 expression likely activates other proleukemo-
genic transcriptional networks, and there are probably other
equally critical pathways downstream of Meis1 that influence
responsiveness to menin-MLL1 inhibition. NUP98-rearranged
PDX models are sensitive to VTP50469 in vivo; thus, targeted
inhibition of the menin-MLL1 interaction represents a novel, ratio-
nal therapeutic approach that warrants immediate clinical investi-
gation for patients with NUP98-fusion hematologic malignancies.

These results suggest that NUP98 fusion proteins depend on
the MLL1 chromatin complex to maintain a chromatin state that
supports NUP98 fusion association with chromatin and, in turn,
a proleukemogenic gene expression program. Our data also
provides evidence that targeting the menin-MLL1 interaction is
sufficient to disrupt MLL1 binding to chromatin. Previous work
on NPM1c leukemia demonstrated that targeting the menin-
MLL1 interaction leads to eviction of MLL1 from chromatin at a
subset of loci that are essential for maintenance of a proleuke-
mogenic gene expression program.18 Our results extend these
findings to NUP98-rearranged leukemia. Of particular impor-
tance, we show that oncogenic NUP98 fusion proteins are
themselves displaced from chromatin. Mechanistically, the
downstream impact of inhibiting the menin-MLL1 interaction in
NUP98-rearranged AML may be similar to what we have previ-
ously reported in NPM1c AML, since both models rely on
wildtype MLL1. Furthermore, both NPM1c and NUP98 fusions
may be recruited to specific loci by CRM1,30 a finding which is
also supportive of the concept that menin-MLL1 may play similar
roles in these leukemias.

We have provided evidence that NUP98-fusion proteins with 4
different C-terminal binding partners (HOXA9, HOXD13,

Figure 5. In vivo mouse leukemia models and patient-derived xenograft models of NUP98-fusion leukemia respond to menin-MLL1 inhibition. (A) Survival analy-
sis of CD45.1 mice engrafted with NUP98-JARID1A mouse leukemia cells (CD45.2), treated with control or 0.1% VTP50469 chow (yellow shading) (n 5 5 control mice,
n 5 8 VTP50469-treated mice). (B) Percent TdTomato positive CD45.2 positive NUP98-JARID1A mouse leukemia cells in the peripheral blood of CD45.1 recipient mice
treated with control or 0.1% VTP50469 chow (n 5 5 control mice, n 5 8 VTP50469-treated mice). (C) Survival analysis of NOG mice engrafted with a NUP98-NSD1 PDX,
treated with control, 0.05% or 0.1% VTP50469 chow (n 5 5 mice per group; P , .001 using Log-rank [Mantel-Cox test]). (D) Percent human CD45 cells in the peripheral
blood of NOG mice engrafted with a NUP98-NSD1 PDX, treated with control, 0.05% or 0.1% VTP50469 chow (n 5 5 mice per group). Error bars represent S.E.M. (E) Sur-
vival analysis of NOG mice engrafted with a NUP98-JARID1A PDX, treated with 0.1% VTP50469 chow for 60 days (yellow shading) (n 5 5 mice per group; P , .001 using
Log-rank [Mantel-Cox test]). (F) Percent human CD45 cells in the peripheral blood of NOG mice engrafted with a NUP98-JARID1A PDX, treated with control or 0.1%
VTP50469 chow for 60 days (yellow shading) (n 5 5 mice per group). (G,H) Heatmap of gene expression changes characterized by RNAseq in human CD45 cells isolated
from BM of NOG mice bearing a NUP98-NSD1 PDX (G) or NUP98-JARID1A PDX (H). Values in each cell represent the Log2 fold change in gene expression (VTP
treated mice/Control mice).

904 blood® 10 FEBRUARY 2022 | VOLUME 139, NUMBER 6 HEIKAMP et al

D
ow

nloaded from
 http://ashpublications.net/blood/article-pdf/139/6/894/1869855/bloodbld2021012806.pdf by guest on 04 M

ay 2024



JARID1A, and NSD1) are sensitive to VTP50469. This sug-
gests that most NUP98 fusion proteins rely to some extent on
the menin-MLL1 interaction, which is in keeping with data
that shows the NUP98 portion of the fusion proteins interacts
with the MLL1 complex.13 However, previous work from many
laboratories suggests that the functions endowed by the
COOH-terminal fusion partner in NUP98-rearranged and
MLL-rearranged AML drive epigenetic dysregulation and pro-
mote leukemogenesis.6,13,23 It will be of interest to see if the
function of the COOH-terminal partner influences therapeutic
responsiveness. Future studies will help determine whether all
or a subset of NUP98-rearranged AML are sensitive to menin-
MLL1 inhibition. In addition, cooccurring mutations might
also influence the responsiveness of NUP98-rearranged leuke-
mia to menin-MLL1 inhibition. For example, our VTP50469-
resistant NUP98-NSD1 PDX model (MSKG5191) harbors sev-
eral cooccurring mutations (ASXL1, BCORL1, and IDH1) that
might influence this PDX model’s responsiveness to menin-
MLL1 inhibition. Further understanding of fusion protein biol-
ogy and the mechanisms by which cooccurring mutations
may alter responsiveness to targeted therapies will be essen-
tial as we translate menin-MLL1 inhibitors to the clinic.

Phenotypic differentiation toward the megakaryocyte/erythroid
lineage in NUP98-rearranged PDX models treated with menin-
MLL1 inhibition is unique among other PDX models we have
studied (unpublished data). This observation could suggest that
the cell of origin for NUP98-rearranged leukemia may be a pro-
genitor that has already committed to the megakaryocyte/ery-
throid lineage. Indeed, NUP98-JARID1A fusions are found in
both acute erythroid and acute megakaryoblastic leukemia
(AMKL).31–33 Efforts to model NUP98-JARID1A leukemia in
human CD341 cord blood cells have also produced AMKL.34 In
a mouse model, the NUP98-HOXD13 fusion was shown to
inhibit megakaryocytic differentiation.7,35 Our RNAseq results
from a NUP98-JARID1A PDX model treated with VTP50469
revealed upregulation of a subset of genes expressed almost
exclusively by mature megakaryocytes and erythrocytes. We
also observed concomitant downregulation of stem cell-
associated genes such as ZNF521, a transcription factor that
represses erythroid differentiation through its interaction with
GATA1.36 These results suggest that menin-MLL1 inhibition
drives differentiation toward a specific mature hematopoietic lin-
eage, perhaps one that is defined by the preexisting epigenetic
landscape of its cell of origin.

Finally, just as malignant cells develop resistance to con-
ventional chemotherapy, leukemia treated with epigenetic-
targeted therapies such as menin-MLL1 inhibitors is also
likely to develop resistance if administered as monother-
apy. It is likely that alternative mechanisms and pathways

might be able to overcome the reliance of NUP98-rear-
ranged leukemia on the menin-MLL1 interaction and down-
stream gene expression changes. Further studies to
understand molecular dependencies and resistance path-
ways will be of utmost importance in developing combina-
tion and salvage therapies. The experiments described here

support the inclusion of patients with NUP98-rearranged
AML in the early-phase trials of molecules that target the
menin-MLL1 interaction.
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