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Abstract:

Leukemias with NUP98 rearrangements exhibit heterogeneous phenotypes such as acute myeloid leukemia
(AML) , T-acute lymphoblastic leukemia (T-ALL), or myelodysplastic syndrome/neoplasms (MDS)
associated with fusion partners, whereas the mechanism responsible for this heterogeneity is poorly
understood. Through genome-wide mutational and transcriptional analyses of 177 NUP98-rearranged
leukemias, we show that cooperating alterations are associated with differentiation status even
among leukemias sharing the same NUP98 fusions, such as NUP98::KDM5A acute megakaryocytic leukemia
(AMKL) with RB1 loss or T-ALL with NOTCH1l mutations. CUT&RUN profiling of in vitro cord blood CD34+
cell (cbCD34) models of major NUP98 fusions revealed that NUP98 fusion oncoproteins directly
regulate differentiation-related genes contributing to the disease phenotypes, represented by
NUP98: :KDM5A binding to MEIS2 or GFI1B for megakaryocyte differentiation. In patient samples,
NUP98-fusion oncoprotein binding patterns are heterogeneous, potentially shaped by somatic
mutations and differentiation status. Using cbCD34 models and CRISPR/Cas9 gene editing, we show
that RB1 loss cooperates with NUP98::KDM5A by blocking terminal differentiation toward platelets
and expanding megakaryocyte-like cells, whereas WT1l frameshift mutations skew differentiation
toward dormant lymphoid-myeloid primed progenitor cells and cycling granulocyte-monocyte progenitor
cells, providing evidence for NUP98-rearranged leukemia phenotypes affected by cooperating
alterations. NUP98::KDM5A cbCD34 models with RB1 or WT1l alterations have different sensitivities to
menin inhibition, suggesting that cellular differentiation provides stage-specific menin
dependencies and resistance mechanisms that can be leveraged for future treatment strategies for
NUP98-rearranged leukemia.
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ABSTRACT

Leukemias with NUP98 rearrangements exhibit heterogeneous phenotypes such as acute myeloid leukemia (AML),
T-acute lymphoblastic leukemia (T-ALL), or myelodysplastic syndrome/neoplasms (MDS) associated with fusion
partners, whereas the mechanism responsible for this heterogeneity is poorly understood. Through genome-wide
mutational and transcriptional analyses of 177 NUP98-rearranged leukemias, we show that cooperating alterations
are associated with differentiation status even among leukemias sharing the same NUP98 fusions, such as
NUP98::KDM5A acute megakaryocytic leukemia (AMKL) with RB7 loss or T-ALL with NOTCH1 mutations.
CUT&RUN profiling of in vitro cord blood CD34+ cell (cbCD34) models of major NUP98 fusions revealed that
NUP98 fusion oncoproteins directly regulate differentiation-related genes contributing to the disease phenotypes,
represented by NUP98::KDM5A binding to MEIS2 or GFI/1B for megakaryocyte differentiation. In patient samples,
NUP98-fusion oncoprotein binding patterns are heterogeneous, potentially shaped by somatic mutations and
differentiation status. Using cbCD34 models and CRISPR/Cas9 gene editing, we show that RB7 loss cooperates
with NUP98::KDM5A by blocking terminal differentiation toward platelets and expanding megakaryocyte-like cells,
whereas WT1 frameshift mutations skew differentiation toward dormant lymphoid-myeloid primed progenitor cells
and cycling granulocyte-monocyte progenitor cells, providing evidence for NUP98-rearranged leukemia phenotypes
affected by cooperating alterations. NUP98::KDM5A cbCD34 models with RB1 or WT1 alterations have different
sensitivities to menin inhibition, suggesting that cellular differentiation provides stage-specific menin dependencies
and resistance mechanisms that can be leveraged for future treatment strategies for NUP98-rearranged leukemia.

KEY POINTS:

Genome-wide profiling reveals somatic alterations in NUP98-rearranged leukemia associated with fusion partners
and phenotypes.

The dependency of NUP98-rearranged leukemia on menin can be affected by differentiation state and cooperating
mutations.

DATA SHARING STATEMENT:

The sequencing data from patient samples newly generated in this study (RNAseq: n=10, WGS: n=2, WES: n=2,
scRNAseq: n=9, CUT&RUN: n=64) and undeposited data from previous studies (RNAseq: n=3) have been
deposited in the European Genome-Phenome Archive (EGA), which is hosted by the European Bioinformatics
Institute (EBI), under accession EGAS00001005760.

Output files from Cell Ranger for scRNAseq data of 9 samples from 8 NUP98r patients and 4 samples from cbCD34
models in this study were deposited in GEO under accession number GSE287716. Bulk RNAseq data (log2CPM
count data) from cbCD34 models were deposited in GEO under accession number GSE287297. Processed
CUT&RUN data (bigwig files and binding peaks) from primary patient samples and CD34 models were deposited
in GEO under accession number GSE287298.

Patient samples were de-identified and replaced with unique research IDs, which are maintained using an honest
broker, in accordance with institutional protocols and ethical guidelines. This unique research ID cannot be linked
to patient identification outside of the research team.

Other data generated in this study are available in Supplemental tables or upon request to the corresponding author.
We did not use any custom code in this study.
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INTRODUCTION

The prognosis of children with acute myeloid leukemia (AML) remains unsatisfactory with high relapse rates’-3. This
is partly attributed to subtypes associated with poor treatment response, such as KMT2A rearrangements
(KMT2Ary*5, UBTF tandem duplications (UBTF-TD)6, CBFA2T3::GLIS278, and NUP98 rearrangements
(NUP98r).5210 Understanding the genetic background and disease mechanisms of these subtypes is needed to
develop efficient treatment strategies based on biology and molecular mechanisms.

NUP98r with various fusion partners are known to be associated with specific hematologic malignancies." NUP98r
accounts for roughly 7% of pediatric AML, with NUP98::NSD1 predominantly found in adolescents with
myelomonocytic AML, whereas NUP98::KDM5A is often found in acute megakaryocytic leukemia (AMKL) in young
children.582° Other NUP98r fusion partners have also been reported in T-cell acute lymphoblastic leukemia (T-ALL)2,
myelodysplastic neoplasms (MDS)'3, or mixed phenotype acute leukemia (MPAL)'". Recent genomic studies
focusing on NUP98r AML confirmed known associations of NUP98::NSD1 with FLT3 internal tandem duplications
(ITD) and WT1 mutations or NUP98::KDM5A with chromosome 13 loss involving RB1.8.10.15 However, genome-wide
studies on various NUP98r leukemias are needed to better understand the association of genomic features with
disease phenotypes.

Mechanistically, recent studies revealed that NUP98 fusion oncoproteins (FOs) bind to gene loci active in NUP98r
AML, such as MEIS1, HOXA/B clusters, and CDK6.'%'® This binding is partly driven by intrinsically disordered
regions of the N-terminal NUP98, which mediate transcriptional condensate formation'®29, and DNA/chromatin
binding domains of the C-terminal partners. This knowledge has mostly been derived from mouse or non-
hematopoietic human models due to a lack of human NUP98r leukemia models. An understanding of molecular
mechanisms, including NUP98-FO-binding profiles, in human hematopoietic cells is necessary for developing
mechanism-based therapeutics for NUP98r leukemias.

To reveal phenotype-specific mutational profiles, we obtained and reanalyzed 175 publicly available AML and T-
ALL datasets along with genome-wide characterization of 10 new pediatric and young adult NUP98r cases using
RNA sequencing (RNAseq) and whole genome/exome sequencing (WGS/WES). These data were corroborated by
single cell RNAseq (scRNAseq) and epigenetic profiling by CUT&RUN?2' of samples with major NUP98 fusions,
revealing NUP98-FO binding profiles associated with fusion partners and disease phenotypes. Functional
characterization of recurrent gene alterations using cord blood CD34 models showed the NUP98 fusion- and
phenotype-dependent impact on cell growth and transcriptional profiles associated with drug responses, which can
be a basis for overcoming these refractory hematopoietic neoplasms.

METHODS
Experimental details are found in Supplementary Methods.

Patient cohort: Tumor samples from patients with acute leukemia were obtained with written informed consent
using a protocol approved by the institutional review board (IRB) in each institute. Samples for RNAseq (n=10),
WGS (n=2), and WES (n=2) were newly sequenced in this study. The rest of the data were obtained from previous
publications (Tables S1-4)3:6810.1322-30 or public databases (see details in Supplementary Methods), establishing a
cohort with 185 samples from 177 patients, including 8 patients with data at multiple time points (Table S1). RNAseq
data were available for all samples (n=185) and DNA data for 91 samples (WGS:43, WES:16, both:32, Tables S2-
9). Fusion genes were identified by CICERO?" and manual inspection of sequencing data, confirming NUP98 fusion
transcripts in all cases.

Cord blood CD34+ modeling: Cord blood CD34+ cells (cbCD34) were purchased from Lonza (2C-101) or the
Carolinas Cord Blood Bank/Duke University. Cells were cultured in StemSpan SFEM Il media (STEMCELL
Technologies) supplemented with penicillin—streptomycin, I-glutamine, and recombinant human SCF, FLT-3 ligand,
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TPO, and IL6 (all 50 ng/mL, PeproTech), SR-1 (1 ymol/L), and UM171 (35 nmol/L, for Fig.4) or UM729 (10 nmol/L,
for Fig.6-7, all STEMCELL Technologies). Cells were transduced with lentivirus expressing NUP98::KDM5A,
NUP98::NSD1, NUP98::HOXA9, or empty vector controls, and transduced mCherry+ cells were enriched by flow
sorting on day 7 of transduction. For the introduction of somatic alterations, coCD34 models were transduced with
lentivirus expressing Cas9 to establish cell lines with constitutive Cas9 expression. Transduction of gRNA-
expressing vectors (for WT1, RB1, and the AAVS locus) was performed around day 40-60 from the transduction of
NUP98-FOs.

RESULTS
Transcriptional heterogeneity of pediatric NUP98r leukemia

In our pediatric and young adult NUP98r leukemia cohort (median age: 8.6, range: 0.4-28), AML was the dominant
disease (n=162), followed by T-ALL (n=18), therapy-related myeloid neoplasms (t-MN, n=4), and MDS (n=1),
reflecting heterogeneous NUP98r hematologic neoplasms (Fig.1A). Among fusion partners, NSD71 was the most
frequent (n=92, 51.7%), followed by KDM5A (n=45, 25.3%, Fig.1B, Fig.S1B, Table S8). RAP1GDS1 (n=11, 6.2%)
was the third most common partner, with nine NUP98::RAP1GDS1 found in T-ALL cases. NUP98::KDM5A is
enriched in infants, whereas NUP98::NSD1 and other partners were broadly found in adolescents and young adults
(Fig.1C), consistent with its known occurrence in adult AML.%'5 Most of the other partners fall into the functional
categories of epigenetic regulators (n=12, 6.7%) or homeobox proteins (n=9, 5.1%). Partners with epigenetic
regulatory functions, including NSD1 and KDM5A, frequently have plant homeodomain (PHD) fingers in the retained
C-terminus, suggesting structural redundancy (Fig.S1B-C). Functions of the remaining 6 partners were broad,
ranging from RNA-binding (DDX1/10), maintenance of DNA structure (HMGB3 and CEP295), or without known
function (LNP1 and CCDC28A), but all had domains with multiple a-helices with linker sequences resembling
homeobox domains or PHD.

Appreciating the known heterogeneity of the disease phenotypes of NUP98r leukemia, we performed transcriptional
analyses with other subtypes of AML® (n=816) and T-ALL3° (n=1,320) as a background cohort (Fig.S2A, Table S10).
UMAP (Uniform Manifold Approximation and Projection) and unsupervised clustering revealed 10 clusters driven
by driver alterations and differentiation status. NUP98r malignancies were distributed to 6 of these clusters (Fig.1D,
Fig.S2B-D). Most NUP98::NSD1 samples were clustered with AML with NPM1 mutations or UBTF-TD showing high
HOXA/B gene expression (the HOXB cluster, n=114). By contrast, samples with NUP98::KDM5A were
predominantly clustered with other AEL/AMKL subtypes (the AEL/AMKL cluster, n=37), although rare cases
clustered with subtypes with KMT2A-rearranged and KAT6A-rearranged AML with HOXA expression (the HOXA
cluster, n=10) or with mature ALL (the TLX cluster, n=3). NUP98::RAP1GDS1 samples were mainly clustered with
other early T-cell precursor-like ALL (the ETP-like cluster, n=16), whereas they were also found in the HOXB, TLX,
or immature AML clusters (n=5). Although HOXA/B gene expression is recognized as a hallmark of NUP98r
leukemia, we observed that NUP98::NSD1 samples lack posterior HOXB (HOXB6-9) expression and immature/T-
ALL cases lack HOXB or both HOXA/B expression (Fig.S2E). These data show that NUP98r leukemias are
heterogeneous, and even the same fusion partners can contribute to variable phenotypes.

Mutational background of NUP98r leukemia associated with disease phenotypes

To assess genetic factors contributing to the transcriptional heterogeneity of NUP98r, we investigated the genomic
landscape using DNA data and an RNAseg-based pipeline®8 (Fig.1A), including single nucleotide variants (SNV),
insertions and deletions (indel), ITD, copy number variations (CNV), and fusion genes other than NUP98
rearrangements (Tables S5-9). Among 53 recurrently altered genes, the most frequent alteration was FLT3-ITD
(n=70, 37.8%), followed by WT1 (n=44, 23.8%) and NRAS mutations (n=30, 16.2%) (Fig.2A-C). Chromosome 13
deletions involving RB 1810 were found predominantly in NUP98::KDM5A cases (n=23, 14.1%), with deleted regions
extending in both 3’ and 5’ directions of RB1, often affecting the tumor suppressor BRCA2 (Fig.S3A). We also
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identified RB1 loss in cases with only RNAseq by assessing for allelic imbalance of single nucleotide polymorphisms
(SNPs) within and around the RB1 locus; however, RB1 loss could still be underestimated as AMKL cases without
detectable CNV also showed low RB7 RNA expression (Fig.S3B-C). RB1 loss was associated with high expression
of stem cell markers (GATA2, CD96, and BMI1) among NUP98::KDM5A AMKL samples, and gene set enrichment
analysis (GSEA) showed enrichment of genes involving AMKL phenotypes (Fig.S3D-F). GSEA also showed
changes in genes related to cell growth and mitochondrial function, consistent with the known function of
RB1/E2F3233 (Fig.S3F). Additionally, genome-wide profiling revealed JAK2 (n=6, 3.2%), GATA1 (n=3, 1.6%), and
MPL (n=3) mutations associated with the AEL/AMKL cluster (Fig.2C), all of which were frequently found in non-
Down syndrome AMKL.8

FLT3-ITD and WT1 were highly co-occurring and enriched in NUP98::NSD1 AMLs (Fig.2A-C). Variant allele
frequencies (VAFs) of WT1 and FLT3-ITD were generally high both at diagnosis and relapse (Fig.S4A-C). FLT3-
ITD and RAS-related mutations were less likely to co-occur, especially among NUP98::NSD1 samples, and VAFs
of RAS mutations were variable (Fig.2B, Fig.S4A-B), indicating RAS mutations existing in independent clones or
subclonal to FLT3-ITD34. Differentially expressed gene (DEG) analysis showed high expression of immunity-related
genes, such as MRC1 (CD206) or IL2RA (CD25), in FLT3-ITD+ NUP98::NSD1 AML, consistent with previous
findings in FLT3-ITD+ AML, where these markers are associated with inferior outcomes.3%:3 GSEA confirmed known
enrichment of inflammatory-related genes® (Fig.S4D-E). Samples with WT7 mutations had significantly high
expression of genes such as DNTT (TdT: Terminal deoxynucleotidyl transferase), a known marker for lymphoid-
myeloid primed progenitors (LMPP)383% and gene sets related to mitochondria and translation.

Clinically, all 12 NUP98::RAP1GDS1 leukemias were either T-ALL or immature AML (FAB MO0-1). Those with
NOTCH1 mutations (n=7, 58.3%) were predominantly found in the TLX and ETP-like clusters (6/7, 85.7%) and
associated with T cell-related expression profiles, whereas NRAS mutations were mainly found in the ETP and
immature AML clusters (Fig.S4F-H). Mutational profiling of samples in T-ALL/immature AML clusters showed
NOTCH1 mutations enriched in the ALL clusters, including those in NUP98::KDM5A ALL, whereas IL7R mutations
were enriched in immature AML clusters (Fig.2C). Thus, among immature NUP98r leukemias, NOTCH1 mutations
likely contribute to T-ALL phenotypes#’. These data collectively show the association among fusion partners,
cooperating mutations, and disease phenotypes of NUP98r malignancies.

Varieties of cellular hierarchies in NUP98r leukemia associated with fusions and cooperating alterations

Recent research showed associations between differentiation status with outcomes or drug responses in AML.4'-43
To investigate the differentiation status of NUP98r leukemia, we performed scRNAseq on 9 samples with
representative fusions (NUP98::NSD1, ::KDM5A, and ::RAP1GDS1) and obtained publicly available data from one
case with diagnosis-relapse paired (D-R) samples of NUP98::NSD1 AML (PAXLWH)*3 (Fig.3A, Fig.S5A, Table S11).
UMAP showed distinct clusters for each sample, indicating unique expression profiles of each tumor, whereas T-

cell or B-cell clusters consisted of cells from multiple patients, reflecting normal lymphocytes*344 (Fig.3B-C, Fig.S5B).

To infer the differentiation stages corresponding to normal hematopoiesis, we projected scRNAseq data onto
reference normal bone marrow and thymocyte scRNAseq data*4, which revealed unique distributions of tumor cells
in each sample (Fig.3D-F, Fig.S5C). Three NUP98::NSD1 samples (SJAML015363_D5, SJIAML016582_D1, and
SJAML061252_R1) showed various cellular hierarchies ranging from LMPP-like to monocyte-like cells (Fig.3E-F).
SJAML001441 D-R pair (FLT3-ITD+/WT1+) had enriched monocyte and granulocyte-macrophage progenitor
(GMP)-like cells at diagnosis, with increasing LMPP-like cells at relapse with an additional WT1 mutation. PAXLWH
D-R pair (FLT3-ITD+) showed homogenous LMPP-like cells at diagnosis but increased GMP or monocytic
populations at relapse with an acquired RUNXT mutation, suggesting different patterns of relapse of these
NUP98::NSD1 cases. Leukemic cells from NUP98::NSD1 patients showed aberrantly high HOXA/B gene
expression along with low expression of marker genes (e.g., ST00A12 in monocytes and ELANE in GMP) compared
with normal counterparts (Fig.S5D), confirming aberrant expression profiles. Deconvolution of bulk RNA samples
using CIBERSORT# revealed heterogeneous hierarchies among the entire cohort and variable patterns among
both D-R pairs and somatic mutations (Fig.3G, Fig.S5E). Relapse samples commonly showed low monocyte and
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high LMPP signatures, indicating expansion of stem-like populations at relapse in a subset of NUP98::NSD1 AML,
as reported in other subtypes*3.

A NUP98::KDM5A AMKL case with RB7 loss contained a cluster corresponding to megakaryocyte/erythroid
progenitors (MEP) in the normal reference (Fig.3B,E-F), showing aberrant co-expression of HOXB genes and
immune response-related IFI27 at the single cell level (Fig.S6A-B). NOTCH1* NUP98::KDM5A ALL cells were
enriched at Pro- and Pre-T cell stages with aberrant expression of hemoglobin or HOXB genes (Fig.S6A).

NOTCH1* NUP98::RAP1GDS1 cells were distributed broadly at the LMPP-ETP-Pro-T stages, whereas
NUP98::RAP1GDS1 AML cells were enriched in the LMPP cluster (Fig.3E-F, Fig.S6C). Deconvoluted bulk
NUP98::RAP1GDS1 samples in immature clusters showed LMPP-CLP (common lymphoid progenitor) signatures,
while those in the ALL clusters showed high Pro-Pre-T cell signatures, suggesting that the differentiation block of
NUP98::RAP1GDS1 occurs at various stages during T-cell development, likely affected by cooperating mutations4?
(Fig.S6C-E). Two NUP98::KDM5A ALL cases showed higher Pre-T signals than NUP98::RAP1GDS1 cases
(Fig.S6F), indicating that NUP98::KDM5A could contribute to more mature ALL than NUP98::RAP1GDS1, both
cooperating with NOTCH1 mutations.

Cord blood CD34 models recapitulate the phenotypes of NUP98r leukemia

With limited human NUP98r leukemia models that recapitulate the disease phenotypes to study the underlying
mechanisms?#046-49 we tested the transforming potential of various NUP98 FOs by transducing cord blood CD34+
cells (cbCD34) with lentiviral particles encoding major NUP98-FOs (pediatrics-NUP98::NSD1 and NUP98:KDM5A,
adult-NUP98::HOXA9). Expression of these NUP98-FOs increased clonogenic potential in methylcellulose and
enhanced cell growth in liquid culture compared with an empty vector control (Fig.4A-C), despite a gradual decrease
in CD34 expression. Flow cytometry analyses showed low CD11b expression in all conditions compared with the
control, whereas only NUP98::KDM5A demonstrated consistent CD41a expression, indicating preferential
differentiation toward megakaryocytes (Fig.4D, Fig.S7A-B). RNAseq from liquid cultures at multiple time points
revealed dynamic changes of transcriptional status unique to each NUP98-FO (Fig.4E-G, Fig.S7C-E). Consistent
with patient samples, NUP98-FO-transduced conditions showed high TAL1 and MYCN expression in addition to
upregulation of HOXA/B genes, whereas control conditions showed reduced TAL1 and increased ITGAM (CD11b)
expression, suggesting myeloid differentiation (Fig.4F). We identified 320 common genes with high expression in
conditions with NUP98-FOs, which enriched homeobox genes (Fig.4G). Notably, we also identified uniquely high
genes with each FO related to specific functions, such as GFI/1B or GATA1 related to erythromegakaryocytic
differentiation in cells with NUP98::KDM5A. Comparison with the patient cohort showed clustering of cbCD34
models with patient samples with similar fusions/phenotypes (Fig.S7E). Two cell lines with NUP98::KDM5A, CHRF-
288-1146 (megakaryocytic) and ST16535° (monocytic patient-derived xenograft: PDX), also showed unique patterns
of expression (e.g., ITGA2B and CD34 in CHRF-288-11, and ITGAM in ST1653), confirming the heterogeneity of
leukemia with NUP98::KDM5A (Fig.4E-F, Fig.S7E).

Differential gene regulation by NUP98 fusion oncoproteins

To further study how NUP98-FOs drive leukemogenesis, we profiled the genomic binding of N-terminal HA-tagged
NUP98-FOs (Fig.S8A), using anti-HA antibody in cbCD34 models along with histone modifications (H3K4me3 and
H3K27ac) and menin using CUT&RUN?' (Fig.5A-B, Fig.S8B-D). FO-binding peaks were enriched in the promoter
and intronic regions of protein-coding genes with high reproducibility among biological replicates (Fig.S8C). All three
FOs showed binding to the HOXA-B clusters as previously reported using different models 619, whereas the binding
patterns along the anterior-posterior axes were unique to each fusion, corresponding to RNA expression, active
histone modifications, and menin binding (Fig.5A, Fig.S8D). Cells with empty vector controls showed only weak
H3K4me3 and H3K27ac signals on the HOXA/B clusters, consistent with the observed low RNA expression
(Fig.5A) . Comparisons of protein-coding genes with FO-binding peaks showed 97 common target genes for all
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three NUP98-FOs, including genes involved in leukemogenesis and hematopoiesis (e.g., RUNX1, CDK6), whereas
each FO also showed specific targets and binding motifs (Fig.5B, Sig.S8B). Notably, NUP98::KDM5A uniquely
showed peaks at ETS motifs and on GF/1B and MEIS2, which are megakaryocyte/erythroid differentiation
regulators®'-%4, indicating that direct regulation of differentiation-related genes could drive phenotypes of
NUP98::KDM5A AMKL.

We next sought to profile endogenous NUP98-FO binding without epitope tags in patient samples or cell lines. We
tested N-terminus NUP98 (N-NUP98) antibodies in cbCD34, which showed similar binding patterns albeit with
weaker signals yielding fewer peaks than HA-antibody, possibly underestimating weak FO-binding (Fig.S9A).
CHRF-288-11 and ST1653 showed NUP98 signals at genes highly expressed in these cell lines, such as HOXA/B
genes and MEIS1, with menin co-localization (Fig.S9B). Contrarily, weak or low signals were observed in an empty
vector control from cdCD34 models or RUNXT::RUNX1T1 AML (lacking HOX gene expression) or UBTF-TD AML
(resembling NUP98::NSD1 AML expression®) (Fig.5A, Fig.S9B). We then applied CUT&RUN using antibodies for
N-NUP98 and histone modifications (H3K4me3, H3K27ac, H3K27me3) for 14 NUP98r patient samples covering
NUP98::NSD1, NUP98::KDM5A, and NUP98::RAP1GDS1 (Fig.5C, Fig.S9C, Table S12). N-NUP98 antibodies
revealed target genes for each FO, including HOXA/B genes with heterogeneous patterns even within the same
NUP98-FO groups (Fig.5D-E). Also, N-NUP98 antibodies showed NUP98::KDM5A-specific targets (1,518 genes),
whereas 21 genes, including MEIS2 or MECOM, were NUP98::KDM5A AMKL-specific. Genes with H3K4me3
peaks showed a broad overlap among samples, whereas 61 genes, including /IGF2BP3 associated with
megakaryocyte development5®, were unique to NUP98::KDM5A AMKL (Fig.S9D). For H3K27ac and H3K27me3
signals with broad peaks that could span multiple genes, we applied the PBS®¢ (probability of being signal) approach
to quantify the genome-wide signals. This analysis revealed that genome-wide H3K27ac status correlated with
disease phenotypes, whereas H3K27me3 status was associated with fusion partners (Fig.5F). Comparisons of
NUP98::KDM5A with the other fusions (NUP98::NSD1 and NUP98::RAP1GDS1) showed limited regions with
differential H3K27ac signals (Fig.5G). In contrast, a comparison between NUP98::KDM5A AML and AMKL showed
enrichment of MECOM, IGF2BP1, or GATAZ2 regions in NUP98::KDM5A AMKL, indicating phenotype-specific
epigenetic status (Fig.5G-H, Fig.S9E). These data suggest that both fusion partners and cellular differentiation
status can affect FO-binding patterns to establish the heterogeneous epigenetic and expression profiles in NUP98r
leukemia.

Functional characterization of recurrent somatic alterations in NUP98r leukemia

Given the differential NUP98-FO binding and mutation patterns related to disease phenotypes, we investigated the
impact of co-occurring alterations on NUP98r cbCD34 models. We first established cbCD34 models with constitutive
Cas9 expression, followed by lentiviral transduction of gRNA designed to mimic WT1 frameshift mutations or RB1
loss (Fig.6A, Fig.S10A-B). In NUP98::KDM5A cbCD34 models, WT7 gRNAs enhanced cell growth compared with
AAVS-targeting controls, whereas out-of-frame indels in RB7 were enriched at later time points, indicating growth
advantages of cells with RB1 loss (Fig.6B-C). Morphologically, AAVS-controls showed cells with various degrees of
myeloid and erythrocyte/megakaryocyte differentiation, whereas RB7-gRNAs yielded larger cells with features of
maturing megakaryocytes, and WT7-gRNAs enriched homogenously small blast-like cells (Fig.6B). Flow cytometric
analysis showed that RB7-gRNAs enriched CD34+CD41a+ cells, whereas WT71-gRNAs depleted the CD41a+ cells
with increased CD34+CD41a- cells (Fig.6D, Fig.S10C). NUP98::NSD1 cbCD34 models showed growth advantages
with WT1-gRNAs, whereas RB7-gRNAs did not show either growth advantage or consistent enrichment of out-of-
frame indels, suggesting that RB7 loss specifically synergizes with NUP98::KDM5A (Fig.S10D-E). RNAseq
revealed global transcriptional changes in RB1- or WT1-gRNA conditions (Fig.6E). RB7-gRNAs led to upregulation
of CD34 and CDKN2A, which is downstream of RB1/E2F and forms a feedback loop?”-%8, and changes in immunity
genes compared with AAVS-controls (Fig.6F, Fig.S11A). WT1-gRNAs also increased CD34 expression, along with
increased MHC-class Il and decreased megakaryocyte/platelet-related gene expression (Fig.6G).

ScRNAseq from these conditions collectively showed differentiation trajectories resembling normal hematopoiesis
(Fig.6H-I, Fig.S11B). A control condition showed broad distributions with enrichment at the platelet-like populations
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adjacent to the MEP-like or megakaryocyte (MK)-like clusters. By contrast, RB7-gRNAs led to enrichment at the
MEP or MK-like clusters and lacked platelet-like populations, and WT7-gRNA resulted in a bias toward the GMP-
and LMPP-like populations rarely found in control and RB7-gRNA conditions. Pseudotime analyses showed that
RB1 was upregulated through platelet differentiation and highest in the platelet-like cluster, whereas CDKN2A
expression was high in the MEP or MK clusters but low or undetectable in the platelet cluster (Fig.6J-K, Fig.S11C).

We also observed negative correlations with RB7 and CDKN2A among NUP98::KDM5A patient samples (Fig.S11D).

The platelet-like cluster had higher expression of translation-related genes than the MK-like cluster (Fig.6L),
recapitulating changes in translation in normal platelet production from MK or proplatelets.5® These data suggest
that RB1 loss inhibits terminal platelet differentiation in the NUP98::KDM5A model, leading to the accumulation of
cells at the MK-like or MEP-like stages, resembling the megakaryocytic differentiation block seen in E2F transgenic
mice®® (Fig.6M). The LMPP population enriched in the WT7-gRNA condition was characterized by high MHC-class
Il gene and low cell-division gene expression, and cell-cycle inference indicated enrichment of cells at G1-stage in
the LMPP cluster and S/G2M in the GMP cluster (Fig.S11E-G), suggesting a unique hierarchy of proliferating GMP-
like cells and dormant LMPP-like cells with WT7-gRNA-induced mutations.

Cooperating alterations and differentiation status affect sensitivity to menin inhibition

NUP98r leukemia has been reported to be dependent on KMT2A/menin complex'8, and menin inhibitors are
currently being tested in clinical trials enrolling patients with AML, including those with NUP98r8'. Mouse models
showed that menin inhibition led to myeloid differentiation in NPM1-mutant and NUP98r leukemia models'8.62-64,
although whether menin is required for megakaryocytic lineages or AMKL is currently unclear. We tested a menin
inhibitor (revumenib) in NUP98::KDM5A CD34 models with cooperating alterations to assess the sensitivity and
impact on cellular populations (Fig.7A). Two-week treatment with revumenib (1uM) decreased cell growth in AAVS
conditions (14.1+4.6%; mean * standard error) compared with DMSO, whereas RB17- or WT71-gRNA conditions
were less sensitive (RB71-gRNA: 64.3+10.3%, WT1-gRNA, 56.81+4.0%, Fig.7B). Flow cytometric analysis showed
significant increases in the CD11b+ differentiated myeloid population in AAVS-control and WT17-gRNA conditions,
whereas RB71-gRNA conditions increased the CD34+CD41a+ population (Fig.7C), suggesting adaptive changes of
cellular hierarchies. RNAseq on day 7 of treatment showed increased expression of genes previously reported to
be downregulated in NUP98r models in all conditions, whereas CDKNZ2 family®5, inflammation, and
erythroid/megakaryocyte-related genes were enriched in AAVS conditions compared with RB7-gRNA conditions,
suggesting differentiation induced by menin inhibition (Fig.7D). Menin inhibition in WT71-gRNA showed immunity-
related changes as in AAVS controls, along with activation of monocyte/lymphocyte genes (e.g., CD48, MAFB,
Fig.S11H), suggesting partial differentiation from dominant GMP or LMPP clusters. We also tested revumenib on
ST1653 (monocytic) and CHRF-288-11 (megakaryocytic), which showed that ST1653 was sensitive to menin
inhibition but CHRF-288-11 was not, further confirming the association of differentiation status with menin-
dependency (Fig.7E). These collective data indicate that cellular differentiation and cooperating mutations can both
influence menin dependency of NUP98r leukemias (Fig.7F).

DISCUSSION

Biology-informed treatment of subtypes of pediatric leukemia is paving the way for improved clinical outcomes3-6;
however, the biology driving the heterogeneous phenotypes of NUP98r leukemia has not yet been fully
characterized. Using genome-wide mutational and transcriptional analyses of a large collective cohort of 185
NUP98r leukemia, we expand on the known association of NUP98r with WT1, FLT3-ITD, and RB1 loss to highlight
JAK2, GATA1, and MPL alterations associated with AMKL and NOTCH1 alterations with T-ALL phenotypes. Profiling
with scRNAseq and deconvolution of bulk RNAseq data additionally shows heterogeneous cellular hierarchies even
with the same fusion partners, suggesting that both fusion partners and cooperating mutations can contribute to the
expression profiles and cellular hierarchies.4'43
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Despite broadly shared binding to the HOXA/B clusters, NUP98 FO-binding patterns are also unique to each fusion
partner, whereas profiling of patient samples and cell lines showed that the binding patterns are not static and could
be dynamic according to the differentiation status, represented by AMKL-specific NUP98::KDM5A-binding to MEIS2
or MECOM. These data highlight the importance of using human hematopoietic cells to profile NUP98 FO-binding
and epigenetic status to determine their contribution to leukemogenesis. We also found that RB7 deletion and WT1
frameshift mutations could render cells with growth advantages and alter the cellular hierarchies of NUP98r in vitro
models in a fusion partner-specific manner. Previously, transplant models of coCD34 NUP98::KDM5A cells showed
heterogeneous disease phenotypes*®, and whether these cooperating mutations can affect phenotypes in vivo is to
be investigated. Although acquired mutations in the MEN1 gene have been clinically observed as mechanisms of
resistance to menin inhibitors in other AML subtypes®7-68, our in vitro models also suggest that differentiation-specific
menin dependency can be a different resistance mechanism for NUP98r leukemia. It will be critical to investigate
clinical outcomes of NUP98r AML treated with menin inhibitors according to fusion partners, cooperating mutations,
cellular differentiation, and expression profiles to identify patients who will not benefit from menin inhibition and treat
them with alternative approaches.

Mechanistically, RB1 is a repressor of E2F1 proteins, which in turn activate the expression of cell cycle-related
genes, including CDKN2 families.5”-%8 E2F1 has been shown to inhibit normal platelet differentiation, leading to the
accumulation of abnormal megakaryocytes in E2F1 transgenic mice®, whereas Cdkn2a-deficient mice showed
enhanced platelet production.?® NUP98-FO binding data from cbCD34 models suggests that preferential
differentiation toward the megakaryocytic lineage is NUP98::KDM5A-intrinsic, whereas RB17 loss could lead to the
accumulation of megakaryocytic cells and ultimately development of AMKL via high E2F activity and CDKN2 family
expression. Another consideration is the cell-of-origin of fetal hematopoiesis, which has been shown to affect the
AMKL phenotype of CBFA2T3(ETO)-GLIS2 leukemia.”® Similarly, myelogenic phenotypes of NUP98::NSD1, which
are common in adolescents and adults, may be supported preferentially in the adult hematopoietic niche.”! Future
studies using mice at the developmental stages or transplantation models could dissect the contribution of cell-of-
origin (fetal or adult definitive hematopoiesis) or microenvironments (fetal liver or bone marrow) to the NUP98r
leukemogenesis and provide mechanistic insights needed for better treatment for these refractory diseases.
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FIGURE LEGENDS

Figure 1. Heterogeneity of pediatric NUP98r leukemia

A. Details of NUP98-rearranged (NUP98r) leukemia samples (n=185, left) and analytical pipelines (right). B.
Numbers and functional annotations of fusion partners in the study cohort. Colors indicate protein functional groups.
C. Age distribution related to fusion partners and disease types. Colors indicate disease types. D. UMAP (Uniform
Manifold Approximation and Projection) plots of the transcriptional cohort (n=2,321) colored according to leukemia
subtypes (left) and NUP98 fusion partners (mid) and enrichment of fusion partners in transcriptional clusters (right).
The shapes of dots indicate disease types (circles-acute myeloid leukemia: AML, triangles-acute lymphoblastic
leukemia: ALL), and colors in the heatmap indicate enrichment of fusions in each cluster, asterisks indicate
statistically significant adjusted P-values from two-sided Fisher's exact tests and the Benjamini-Hochberg
adjustment (*<0.05, **<0.01, ***<0.001, black: enriched, blue: exclusive). In A and C, lines of the box plots represent
the 25% quantile, median, and 75% quantile, and the upper whisker represents the higher value of maxima or 1.5
x interquartile range (IQR), and the lower whisker represents the lower value of minima or 1.5 x IQR. Abbreviations.
tMN: therapy-related myeloid neoplasm, MDS/MPN: myelodysplastic syndrome/ myeloproliferative neoplasms,
AEL/AMKL: acute erythroid leukemia/ acute megakaryocytic leukemia, ETP: Early T-cell precursor ALL.
Abbreviations in leukemia subtypes are found in Table S10.

Figure 2. Mutational background of NUP98r leukemia associated with disease phenotypes

A. Genetic profiles of NUP98r samples in the cohort. Colors indicate patient annotations (top) and types of gene
alterations (bottom). B. Co-occurrence and mutual exclusivity among recurrent alterations (n=3). C. Enrichment of
somatic alterations in transcriptional clusters (left) and fusion partners (right). In B and C, colors indicate adjusted
P-values by two-sided Fisher's exact tests and the Benjamini-Hochberg adjustment (red: co-occurring, blue:
mutually exclusive), and asterisks indicate statistically significant values (adjusted P-values *<0.05, **<0.01,
***<0.001). Annotations of genes in mutational heatmaps depend on known general functions.

Figure 3. Varieties of cellular hierarchies in NUP98r leukemia

A. Strategies for single cell RNAseq (scRNAseq) and deconvolution of bulk RNAseq data. B. UMAP plots of patient
samples colored by sample source (left) and transcriptional clusters (right). C. Enrichment of cells in each cluster
indicated by colors and sizes (left) and marker gene expression indicated by colors (averaged expression) and size
(ratio of expressing cells: count>0). D. UMAP plot of reference bone marrow and thymocyte scRNAseq data, colored
according to cell labels from the original reference data44. E. Distribution of patient sample scRNAseq on the
reference data inferred by the MapQuery function in the Seurat package. Cells in normal hematopoietic cell clusters
were excluded. Cells are colored according to the cell density on UMAP. Cooperating mutations found in bulk
samples are also shown. F. Enrichment of cells with each cell label inferred by Seurat, indicated by colors and sizes.
G. Cellular component of bulk RNA samples (n=185) inferred by CIBERSORT using a signature matrix derived from
reference scRNAseq data. Bars are colored by cell populations in each sample. Abbreviations. HSPC:
hematopoietic stem and progenitor cell, LMPP: Lympho-myeloid primed progenitor, GMP: Granulocyte-monocyte
progenitor, cDC: classic dendritic cell, pDC: plasmacytoid dendritic cell, CLP: common lymphoid progenitor, DP:
CD4-CD8 double-positive T-cell, NK: natural killer T-cell, MEP: Megakaryocyte—erythroid progenitor

Figure 4. Cord blood CD34 models recapitulate the phenotypes of NUP98r leukemia

A. Experimental schema using cord blood CD34+ cell models (cbCD34). B. Colony-forming unit assays of cbCD34
models with empty control vectors or NUP98::NSD1, NUP98::KDM5A, or NUP98::HOXA9-expressing vectors. C.
Cell growth assays of cbCD34 models in liquid culture. D. Flow cytometric analysis of cboCD34 models in liquid
culture (top: CD34+, mid: CD11b+, bottom: CD41a+ population ratio: % in mCherry+ live cells). E. Principal
component analysis (PCA) of RNAseq data from liquid culture. Colors indicate NUP98 fusions, and shapes indicate
days after transduction. F. Heatmap showing expression of representative genes related to stemness or
differentiation of hematopoietic cells. The colors of cells indicate expression levels normalized among samples, and
genes are annotated on the left. G. Comparison of differentially expressed genes (DEGs) in each cbCD34 model
compared with empty vector controls at day 42. Venn diagram showing overlaps of highly expressed genes in each
model (mid) and GO term analyses of shared or specific DEGs are shown (left, right). Data was obtained from
three biological replicates (different lots of cord blood). In B-D, statistical tests were performed by a generalized
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linear mixed effect model with Poisson (B) and Gaussian (C-D) distributions, followed by comparison with empty
vector control and the Benjamini-Hochberg adjustment, asterisks indicating adjusted P-values *<0.05. Error bars
indicate mean + s.e.m. Abbreviations. FO: fusion oncoprotein, PDX: patient-derived xenograft, FDR: false-discovery
rate.

Figure 5. Differential gene regulation by NUP98 fusion oncoproteins

A. IGV tracks of the HOXA-B clusters from CUT&RUN using HA, H3K4me3, and H3K27ac antibodies in HA-tagged
NUP98r cbCD34 models (top: Empty vector control-gray, HA-NUP98::KDM5A-red, HA-NUP98::NSD1-blue, HA-
NUP98::HOXA9-black) and heatmap showing expression levels of HOXA-B genes (bottom). N-terminal NUP98
antibody was applied for the empty vector control. B. IGV tracks of differentiation-related gene loci (top: RUNX1,
GFI1B, and the HOXC cluster and Venn diagram showing overlap of protein-coding genes with annotated peaks
(bottom: FDR<0.00001). C. CUT&RUN strategy from primary patient samples or NUP98::KDM5A cell lines (CHRF-
288-11 and ST1653). D. Counts of peaks from the N-terminus NUP98 antibody in primary samples (top) and
overlaps of target genes among non-NUP98::KDM5A and NUP98::KDM5A. NUP98::KDM5A AMKL-specific 21
target genes are highlighted. Colors indicate peak annotations. E. IGV tracks of the HOXA-B cluster from CUT&RUN
using N-terminal NUP98, H3K4me3, and H3K27ac antibodies in primary leukemia samples and NUP98::KDM5A
cell lines. F. PCA of genome-wide PBS (probability being signals) scores of H3K27ac (left) and H3K27me3 (right)
from primary samples. Colors indicate expression clusters, and shapes indicate fusion partners. G. Differential
signal analysis using H3K27ac PBS scores between NUP98::KDM5A and other (NUP98::NSD1 and
NUP98::RAP1GDS1) samples (left) and NUP98::KDM5A AMKL and non-AMKL (right) calculated by limma,
followed by the Benjamini-Hochberg adjustment. Only regions with significant enrichment (adjusted P-values <
0.05) are shown. H. IGV tracks of the MECOM and MEIS2 gene loci from CUT&RUN using N-terminal NUP98,
H3K4me3, and H3K27ac antibodies in primary leukemia samples and NUP98::KDM5A cell lines.

Figure 6. Functional characterization of recurrent somatic alterations in NUP98r leukemia

A. Experimental schema of induction of cooperating alterations (RB1, WT1) in cboCD34/Cas9 models. B. Cell growth
assays of cbCD34/Cas9 NUP98::KDM5A with gRNAs targeting the AAVS, RB1, or WT1 loci (left), and cytospin of
cells on day 35 (right). C. Induction rates of indel (insertions and deletions) at days 4 and 39 in each condition.
Bars represent fractions of indel rates in all target sequence reads, and dots represent the out-of-frame indel ratio
among total indels. D. Flow gating (left), CD34+ CD41a+ positivity (mid), and CD34+ CD41a- (right) among
mCherry+ GFP+ mAmetrine+ live cells. E. PCA of RNAseq of gRNA-transduced NUP98::KDM5A cbCD34 models
at day 35. F. DEG analysis between AAVS controls and RB7-gRNA conditions (left) and gene ontology (GO) term
analysis of DEGs (right). Colors indicate DEGs and GO terms (red: high in RB71-gRNA conditions, blue: low in RB1-
gRNA conditions). G. DEG analysis between AAVS controls and WT17-gRNA conditions as shown in F. H. UMAP
plots of scRNAseq data from gRNA-transduced NUP98::KDM5A cbCD34 models at day 35, showing marker gene
expression (left), annotated clusters (mid), and cell distributions among conditions (right). Colors in plots indicate
relative expression levels, clusters, and cell density, respectively. I. Enrichment of cells with each cluster indicated

by colors and sizes. J. Pseudotime along myeloid (HSC— GMP— monocytes) and platelet (HSC— MEP— MK—

platelet) trajectories. Colors represent pseudotime scores of each single cell inferred by Slingshot. K. RB1 (top)
and CDKNZ2A (bottom) expression along the pseudotime axis in each condition, with red curves showing average
expressions. L. DEG analysis between the platelet-like and MK-like clusters in the AAVS-control condition (left)
and GO term analysis (right) of genes high in the platelet-like cluster (red) and the MK-like cluster (blue). M.
Schematics created with BioRender.com illustrating platelet differentiation in normal hematopoiesis and
NUP98::KDM5A models. Assay data were obtained in technical triplicates from an established
NUP98::KDM5A/Cas9 line and independent experiments. One data point in C was not obtained due to technical
errors. RNAseq data were obtained from six independent experiments. In B-D, statistical tests were performed by
linear mixed effect model (B) or two-sided Student’s t-test by comparing day 4 and day 39 (C) or gRNA conditions
and AAVS controls (D), and limma (F, G), followed by the Benjamini-Hochberg adjustment when applicable. DEGs
in scRNAseq (L) were identified using the FindMarker function in the Seurat package with default settings, which
calculates adjusted P-values with limma implementation of the Wilcoxon rank-sum test followed by Bonferroni
correction. Asterisks indicating P-values or adjusted P-values <0.05. Error bars indicate mean £ s.e.m.

Figure 7. Cooperating alterations and differentiation status affect sensitivity to menin inhibition

A. Experimental schema showing revumenib treatment. B. Relative cell growth of cbCD34 NUP98::KDM5A models
with gRNA treated with revumenib (0.1-1uM) compared with DMSO controls. C. Flow gating (top), CD34+CD41a+
population (left), CD34-CD41a+ population (mid), and CD34-CD11B+ populations (right) among mCherry+ GFP+
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mAmetrine+ live population at day 15. D. GSEA analyses between DMSO and revumenib-treated conditions, colors
showing NES (top-left), comparison of expression changes between AAVS and RB71-gRNA1 conditions (right),
and GO term analysis of changes enriched (difference of fold changes >1) in AAVS conditions (bottom-left). E.
Relative cell growth of unedited cdCD34 NUP98::KDM5A (control, black), CHRF-288-11 (red), and ST1653 PDX
(blue) treated with revumenib (0.1-1uyM) compared with DMSO controls. F. Schematics illustrating a cellular
hierarchy of NUP98::KDM5A models created with BioRender.com. Data was obtained from three technical
replicates using gRNA-transduced cells in Fig.6. One data point at day 15 was excluded for technical errors.
Statistical tests were performed by a generalized linear mixed effect model with Gaussian distribution, followed by
the Benjamini-Hochberg adjustment (B, E) or Student’s t-test by comparing gRNA conditions with AAVS controls
(C). Asterisks indicating P-values or adjusted P-values *<0.05. Error bars indicate mean + s.e.m.
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Contribution of Fusion Oncoproteins and Cooperating Mutations to

Disease Phenotypes in NUP98-Rearranged Leukemia

Context of Research Aim of This Study
Various NUP98 fusion partners show heterogeneous leukemia To study the genomic background of pediatric leukemia
subtypes such as acute myeloid leukemia (AML) and T-cell with NUP98 rearrangements (NUP98r) and its contribution
acute lymphoblastic leukemia (T-ALL) with poor outcomes to the disease phenotypes and therapeutic vulnerabilities
Findings
NUP98 fusion partners and cooperating alterations J Fusion and differentiation-associated gene regulation
are associated with disease phenotypes 1
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Conclusions: 1) NUP98 fusion partners and cooperating mutations are associated with
specific disease phenotypes with unique cellular hierarchies. 2) NUP98 fusion oncoproteins
bind to the genome, differentially regulating differentiation-related genes, whereas
cooperating mutations also affect differentiation status in a lineage-specific manner.

Umeda et al. DOI: 10.xxxx/blood.2024xxxxxx
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