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Abstract

NUP98 fusions comprise a family of rare recurrent alterations in AML, associated with adverse outcomes. In order to define
the underlying biology and clinical implications of this family of fusions, we performed comprehensive transcriptome,
epigenome, and immunophenotypic profiling of 2,235 children and young adults with AML and identified 160 NUP98
rearrangements (7.2%), including 108 NUP98-NSD1 (4.8%), 32 NUP98-KDM5A (1.4%) and 20 NUP98-X cases (0.9%) with 13
different fusion partners. Fusion partners defined disease characteristics and biology; patients with NUP98-NSD17 or
NUP98-KDM5A had distinct immunophenotypic, transcriptomic, and epigenomic profiles. Unlike the two most prevalent
NUP98 fusions, NUP98-X variants are typically not cryptic. Furthermore, NUP98-X cases are associated with WT1 mutations,
and have epigenomic profiles that resemble either NUP98-NSD1 or NUP98-KDM5A. Cooperating FLT3-ITD and WT1
mutations define NUP98-NSD1, and chromosome 13 aberrations are highly enriched in NUP98-KDM5A. Importantly, we
demonstrate that NUP98 fusions portend dismal overall survival, with the noteworthy exception of patients bearing
abnormal chromosome 13 (clinicaltrials gov. Identifiers: NCTO0002798, NCT0O0070174, NCT00372593, NCT01371981).
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Introduction

Acute myeloid leukemia (AML) accounts for 15-20% of all
pediatric leukemias and is a very heterogeneous disease.'?
Besides early response to induction treatment assessed by
morphology and flow cytometry-based measurable residual
disease (MRD), cytogenetic and molecular aberrations are
the most important prognostic factors that guide risk group
stratification.® Although survival rates of pediatric AML
(pPAML) patients have improved significantly, over the last
decade these have reached a plateau, with long-term sur-
vival rates around 70-80%.%>* A third of all pAML patients re-
lapse, and their outcome is poor.® In addition,
treatment-related toxicity and mortality make intensification
of treatment challenging.?® Thus, the identification of prog-
nostic subgroups for risk group and treatment stratification
is of utmost value to improve treatment and outcomes of
specifically high-risk subtypes.? Due to the very low preva-
lence of some subgroups, studies to identify these cases
can be challenging and therefore require international col-
laboration.

NUP98 (chromosome 11p15) encodes a nucleoporin protein,
which is part of the nuclear pore complex.’® NUP98 was first
shown to be fused to HOXA9 in t(7;11) FAB (French-Ameri-
can-British classification) M2 and M4 AML in 1996.% In the
last 20 years, over 30 different partner genes in AML and
therapy-related myelodysplastic syndrome have been de-
scribed.”™ NUP98 fusion proteins involve the N-terminal por-
tion of NUP98 and the C-terminal portion of the fusion
partner.® These fusion partners consist of homeodomain
proteins, which are transcription factors, and non-homeo-
domain proteins, which are thought to play a role in tran-
scriptional or epigenetic regulation.® In pAML patients,
NUPIS8 translocations with KDM5A and NSD7 have been most
frequently described.™ These patients are now notorious for
inferior outcome compared to non-NUP98-translocated pa-
tients and are treated as high-risk patients in most current
treatment protocols.®® However, NUP98 translocations with
other partners, here called NUP98-X, are rare, and their prog-
nostic relevance is unknown; consequently, there is a
necessity to define the optimal risk stratification and treat-
ment strategy for these patients. Here, we present the mol-
ecular and clinical characteristics of NUP98-translocated
pPAML patients within four consecutive Children’s Oncology
Group (COG) trials and an International Berlin-Frankfurt-
MUnster AML study group (I-BFM AML SG) collaboration. We
aim to define the clinical relevance for all NUP98 transloca-
tions with cooperating mutations and copy number variants.

Methods

Patient samples
Patients enrolled in the COG trials CCG-2961, AAMLO3P1,
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AAMLO531 and AAML1031 were eligible for this study. Details
of these studies have been previously described.™ In total,
3,493 patients were included in these studies, of which 2,235
were eligible for inclusion due to availability of comprehen-
sive NUP98 fusion, molecular, and clinical data (Online Sup-
plementary Figure 1; Online Supplementary Tables S1and S2).
For the remaining patients, these data were unavailable. In
addition, we sent out an I-BFM AML SG proposal to include
pediatric AML patients with a NUP98-X translocation from
other study groups. Consent, in accordance with the Dec-
laration of Helsinki, was obtained from all study participants.
The Fred Hutchinson Cancer Research Center Institutional
Review Board and the COG Myeloid Biology Committee ap-
proved and oversaw the conduct of this study. Adult AML
patients from the Beat AML study, The Cancer Genome Atlas
AML (TCGA LAML), and Southwestern Oncology Group
(SWOG) AML studies were included as comparators for
NUP9S8 fusion analysis and details were reported accordingly
in references.®23

Screening of NUP98 fusions

The NUP98 fusions were detected by either karyotype or
combined fusion detection algorithms STAR-fusion v1.81,
TransAbyss v1.4.10, and CICERO v0.1.8%2¢ completed on RNA
sequencing (RNA-seq). For differences in detection
methods per COG trial, see the Online Supplementary Ap-
pendix. The majority (94%) of NUP98-translocated patients
had RNA-seq evidence of their fusion. STAR-fusion was run
using default parameters with the premade GRCh37 re-
source library with Gencode V19 annotations
(https:/data.broadinstitute.org/Trinity/CTAT_RESOURCE_LIB/
). The TransAbyss software was executed with the GRCh37-
lite reference genome with the following parameters in-
cluded: fusion breakpoint reads 21, flanking pairs and
spanning reads =2 counts. CICERO fusion detection was
performed with default parameters with GRCh37-lite.
Fusions detected computationally were verified using
Fusion Inspector v.1.8.1 (Broad Institute, Cambridge, MA) and
visualized on IGV?™-%° and BAMBINO.* Beat AML (n=440) and
SWOG AML (n=206) transcriptome sequence reads were
analyzed using STAR-fusion v1.8.1 with the same reference
resource library and parameters as above.?* TCGA LAML
(n=179) RNA-seq fusion data were downloaded from sup-
plementary materials.”

Statistical methods

Data were current as of March 31, 2019. The Kaplan-Meier
method was used to estimate overall survival (OS, defined
as time from study entry to death) and event-free survival
(EFS, time from study entry until failure to achieve complete
remission [CR] during induction, relapse, or death). Relapse
risk (RR) was calculated by cumulative incidence methods
defined as time from the end of induction | for patients in
CR to relapse or death, where deaths without a relapse were
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considered competing events. Patients who withdrew from
therapy due to relapse, persistent central nervous system
(CNS) disease, or refractory disease with >20% bone marrow
blasts by the end of induction | were defined as induction |
failures. MRD was defined at the end of course one using
flow cytometry with a cut-off of 0.1% detection of disease.
The I-BFM patients were excluded from survival analyses
due to variation in study groups and treatment protocols.

Results

Clinical characteristics

Between 1995 and 2017, 3,493 AML patients were treated on
consecutive COG trials CCG-2961, AAMLO3P1, AAMLO0531, and
AAML1031, of which 2,235 were eligible for comprehensive
outcome (see Methods) and cytomolecular association ana-
lyses. Within this cohort, 160 patients (7.2%) with a NUP98
translocation were identified (Figure 1A); the remaining 2,075
patients were included as a reference cohort. In addition, six
NUP98-X cases were included via the I-BFM AML SG, dem-
onstrating that while rare, NUP98-X cases are present in
multiple cohorts of patients. However, to prevent bias due
to confounding variables, such as differences in study
groups, fusion identification methods and treatment proto-
cols, these patients were excluded from further analyses.
Characteristics of all NUP98-X patients are depicted in the
Online Supplementary Table S3.

The most common NUP9S8 translocations were NUP98-NSD1
(n=108) and NUP98-KDM5A (n=32; Online Supplementary Fig-
ure S2A). Furthermore, we identified 20 patients with 13 dif-
ferent NUP98 translocation partners, including HOXA9 (n=4),
HOXD13 (n=3), PHF15 (n=2), PHF23 (n=2) and single cases of
BPTF, BRWD3, DDX10, HMGB3, HOXA13, KAT7, PRRX1, SET, and
TOP1 (Figure 1B). Interestingly, contrasting the cryptic
NUP98-NSD1 and NUP98-KDM5A fusions, an overwhelming
majority of NUP98-X fusions were detectable as karyotypic
variants with 17 of 20 (85%) having gross alterations by g-
banding cytogenetics involving chr11p15.

Initial comparison of the NUP98 fusion cohort to the refer-
ence patients demonstrated a significant sex bias in NUP98
cases, with 61.3% being male versus 38.8% female (P=0.012)
(Figure 1C). In particular, the NUP98-NSD1 cohort contained
64.8% male versus 35.2% female patients. Additionally,
NUP98 fusions were enriched in children aged 3-10 years old
(35.6%; P=0.005). Clinical characteristics for NUP98-trans-
located subgroups are summarized in Figure 1C-E and the
Online Supplementary Table S1. In NUP98-NSD1-translocated
patients, white blood cells and blast cell counts were both
significantly higher, while in NUP98-KDM5A patients a re-
verse trend was seen. Classification by conventional cyto-
molecular stratification schemas, as previously described,”
revealed that 39% of NUP98-NSD1 patients had been clas-
sified as standard-risk (SR) and 61% as high-risk (HR). In
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contrast, most NUP98-KDM5A patients (97%) and NUP98-X
patients (95%) were classified as SR.

Comparison of NUP98 translocations with age at diagnosis
based on fusion partners (Figure 1C) showed that NUP98-
NSD1 cases had a median age of 10.2 years (reference cohort
10.0; P=0.228), whereas NUP98-KDM5A cases had a median
age of 2.7 years (P<0.001). NUP98-X patients showed a
median age of 7.9 years (P=0.30) with a bi-modal distribu-
tion; 40% of the patients were under 3 years and 50% over
5 years with no patients over 18 years old (Online Supple-
mentary Figure S2B, C). Almost all NUP98-X patients with
homeobox fusion partners (n=9) were over 3 years old (8/9),
with one exception (NUP98-HOXD13; P=0.025).

From Beat AML, TCGA LAML and SWOG, 825 adult AML cases
were screened for NUP98 fusions by RNA-seq fusion detec-
tion algorithms. Zero NUP98-KDM5A, 11 (1.3%) NUP98-NSDT1,
and two (0.2%) NUP98-X fusions were identified (NUP98-
TOP1 and NUP98-RAPIGDST). These results demonstrate that
NUPIS8 rearrangements are less common, but still present,
in older adult AML patients (13/825, 1.6%) compared to pedi-
atric and young adult AML patients (160/2,235, 7.2%; P<0.001;
Online Supplementary Figure S2D)°.

Implications of variation of fusion junction

Analysis of NUP98 fusion breakpoints by RNA-seq revealed
a high diversity of NUP98 exon junctions. Nearly 85% of
NUP9S8 fusions had a breakpoint junction in exon 12 (39.7%)
or 13 (44.9%), while the remaining breakpoints occurred in
various positions from exon 11 to exon 29 (Online Supple-
mentary Figure S2E). Exon junctions correlated with the
fusion partner, and NUP98-NSD1 fusions primarily had exon
12 (52.9%) and 13 (43.23%) junctions (Figure 1F). However,
exon 14 breakpoints were almost uniformly restricted to
NUP98-KDM5A compared to other NUP98 fusions (P<0.001).
NUP98-X cases showed a larger variability in NUP98 exon
breakpoints (Online Supplementary Table S4; Online Sup-
plementary Figure S3). NUP98 homeobox gene fusions were
enriched in exon 12 breakpoints (6/9, 66%), while PHF15
(n=2), PHF23 (n=2), and TOP1 partners had exon 13 break-
points. Besides the commonly included nucleoporin FG re-
peat domains of the NUP98 protein, a minority of cases
(n=3) included a larger portion of the protein with nucleo-
porin autopeptidase or, additionally, the Nup96 domains
(Figure 2A).

Immunophenotypes

NUP98 fusions were previously reported to be associated
with erythroid and megakaryocytic phenotypes.’®*? Upon
morphology, we identified that only NUP98-KDM5A fusions
were more often associated with the FAB M6/M7 category
compared to the reference cohort (46.9% vs. 5.5%;
P<0.001). Additionally, the immunophenotype of NUP98
fusions was examined using multidimensional flow cyto-
metry.®* NUP98-NSD1 patients expressed early progenitor
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Figure 1. Clinical characteristics of patients with and without NUP98 translocations. (A) Oncoprint depicting the major drivers of
pediatric acute myeloid leukemia (AML) patients. (B) Circos plot depicting commonly co-occurring mutations and cytogenetic ab-
normalities in NUP98-translocated pediatric AML patients. (C) Pie charts depicting the sex divisions of patients in the NUP98-trans-
located AML subgroups. (D) Circos plot representing different fusion partner genes of NUP98-X translocations in pediatric AML
patients. (E) Age distribution of AML patients. (F) Barchart (polar axis) illustrating the prevalence of NUP98 exon junctions in NUP98-
translocated AML. The Figure legend is ordered by decreasing NUP98 exon prevalence in the NUP98 fusion-positive cohort.
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markers such as CD34 and CD117 (Figure 2B; Online Sup-
plementary Figure S4). Patients harboring NUP98-NSDT and
FLT3 internal tandem duplication (-ITD) retained the imma-
ture markers but also showed evidence of monocytic
maturation compared to NUP98-NSD1 without FLT3-ITD, as
demonstrated by expression of CD11b (84%), CD36 (55%)
and CD64 (71%) (Online Supplementary Table S6). Never-
theless, NUP98-NSD1 associated phenotypes were not as
specific, or consistent, as seen in NUP98-KDM5A. The
NUP98-KDM5A immunophenotype corresponded to mega-
karyocytic maturation, with at least partial expression of
CD36, and absence of pluripotent markers CD34 and
CD123. Notably, NUP98-KDM5A patients showed clusters
that associated with co-occurrence of abnormal chromo-
some 13q (Figure 2C), demonstrating that these subsets of
patients display a unique immunophenotype. Finally,
NUP98-X fusions lacked consistent immunophenotype,
aside from the majority expressing markers of early pro-
genitors.

Cooperating karyotypic and molecular variants
Diagnostic specimens were evaluated for common trans-
locations, chromosomal aberrations and common muta-
tions, namely FLT3-ITD, WT1, NPM1, CEBPA, KIT and CBL
mutations (Figures 1A and 2C). We confirmed the well-
known enrichment of FLT3-ITD (74%) and WT7 mutations
(42%) in the NUP98-NSD1 cohort.® Almost half of NUP98-
NSD1 patients with FLT3-1TD also harbored a WT7 mutation,
indicating triple positivity for adverse outcome variants in
AML.** NUP98-NSD1 patients also had a significant associ-
ation with trisomy 8 (18.8%) compared to the reference co-
hort (5.3%; P<0.001). NUP98-KDM5A displayed a paucity of
cooperating mutations. NUP98-X patients showed a higher
prevalence of WT7 mutations compared to the reference
cohort (25% vs. 9.6%; P=0.039), associated with a higher
age at diagnosis (median age 16.3 vs. 2.3 years; P=0.032).
We identified a notably high correlation of NUP98-KDM5A
with chromosome 13 (chr13) structural variants, including
del(13qg), monosomy 13 and chr13 translocations. Abnormal
chr13 (NUP98-KDM5A/13abn) was identified in 19 NUP98-
KDM5A patients (63.3% vs. 2.3% in the reference cohort;
P<0.001). NUP98-KDM5A/13abn were significantly younger
than NUP98-KDM5A/13normal patients (median age 1.8 vs.
9.6 years; P<0.001). Thirteen NUP98-KDM5A patients
(43.3%) patients harbored del(13q) versus one NUP98-X
patient (NUP98-SET). Monosomy 13 (2/32) and transloca-
tion 13 (4/32) occurred less frequently in NUP98-KDM5A
and were not found in NUP98-NSD1 or NUP98-X (Online
Supplementary Table S5).

The majority of del(13q) in NUP98-translocated cases (92%)
began at band 139q12; the deletions ranged from 8 Mb to
59.5 Mb to the entire chromosome. The minimal commonly
deleted segment was del(13)(q14.2q14.3), containing the RB7
tumor suppressor gene (Online Supplementary Figure S5).
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RB1 loss has been previously reported in patients with
NUP98-KDMS5A;™® however, we demonstrated a much larger
region of copy number alterations, including numerous ad-
ditional genes. Of NUP98-KDM5A/13abn patients, 84%
(16/19) had NUP98 exon 13 breakpoints, suggesting that
specific NUP98 exon breakpoints in the fusion transcript
may be linked to the presence of additional cytogenetic ab-
normalities. Finally, all ten acute megakaryoblastic leuke-
mia (AMKL; FAB M7) NUP98-KDM5A cases with karyotype
data available had chr13 alterations compared to three
AMKL cases without NUP98 fusions (P<0.001).

Gene expression profiling

Unsupervised hierarchal clustering of gene expression in
NUP98-translocated patients and a reference cohort of
known fusions including KMT2A, CBFB-MYH11, RUNXT-
RUNXITT1 and DEK-NUP214, as well as 84 healthy controls
(n=988), revealed that the majority of NUP98-NSDI1
(n=104), NUP98-KDM5A (n=32), and the reference cohort
cluster by fusion identity, while no uniform clustering of
NUP98-X was observed (n=20) (Figure 3A). In order to
further understand transcriptional similarities and differ-
ences between the diverse NUP98 fusions, uniform mani-
fold approximation and projection (UMAP) was completed
on the NUP98-translocated patients’ gene expression data
(n=156). The Leiden algorithm?® identified five transcrip-
tional clusters. NUP98-NSD1 patients clustered together,
clearly separated from the majority of NUP98-KDM5A pa-
tients (Figure 3B). NUP98-X patients were dispersed, clus-
tering more closely with NUP98-NSD17 cases. The largest
proportion of NUP98-X clustering together included seven
homeobox and both PHF23 partners, suggesting transcrip-
tional similarities between NUP98-HOX fusions (cluster
C3). The next cluster most associated with NUP98-X
(cluster C5) included the majority of non-AMKL NUP98-
KDMS5A cases.

UMAP revealed segregation based on an AMKL and age-
based signature (cluster C4), which embodied 78.6% of
AMKL NUP98-translocated patients, all 3 years old or
younger. The cluster primarily contained NUP98-KDM5A
(22/32) cases and was enriched in NUP98 exon 13 break-
points. NUP98-X patients in C4 included single cases of
NUP98-SET with del(13q), NUP98-BPTF with AMKL mor-
phology, and NUP98-DDX10. Additionally, C4 included all
NUP98-KDM5A/13abn cases (Online Supplementary Figure
S6A), separating NUP98-KDM5A with and without chr13
abnormalities. Conversely, in a separate UMAP including
heterogenous pAML fusions (N=1,482), this abn13-based
clustering was not observed for non-NUP98-translocated
subtypes (Online Supplementary Figure S6B).

Differential expression analysis compared NUP98-X di-
rectly to NUP98-NSD1 and NUP98-KDM5A individually. Ex-
pression of MECOM and PRDM16, known prognostic
markers in adult and pediatric AML,* effectively separated
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Figure 2. Cytogenetics of NUP98-translocated pediatric acute myeloid leukemia. (A) Locations of breakpoints across the NUP98
gene for all NUP98-translocated acute myeloid leukemia (AML). (B) Oncoprint depicting additional copy number variations (CNV)
and mutations in NUP98-translocated patients. (C) Heatmap depicting the presence and absence of flow-cytometry immuno-
phenotype markers in NUP98-translocated AML groups. NUP98-HOX-like fusions include fusion partners HOXA9, HOXA13, HOXD13,
and PRRX1. NUP98-Reader-like fusions include fusion partners BPTF, BRWD3, DDX10, HMGB3, KAT7, PHF15, SET, and TOPI.
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Figure 3. Expression pattern of pediatric acute myeloid leukemia with various NUP98 translocations. (A) Unsupervised hierarchical
clustering by gene expression including heterogenous pediatric acute myeloid leukemia (AML) subtypes, NUP98-translocated sub-
groups, normal healthy bone marrows (NBM) and CD34* peripheral blood cells (CD34 PB). Annotation bars show AML subtype and
co-occurring mutations. (B) Uniform manifold approximation and projection (UMAP) of gene expression, followed by Leiden clustering,
for NUP98-translocated pediatric AML samples identifies five different transcriptional clusters. NUP98 fusions are indicated in different
colors: NUP98-KDM5A in purple, NUP98-NSDT in blue, and NUP98-X in green. (C) Expression of MECOM and PRDM16 genes in different
subgroups of NUP98-translocated pediatric leukemia. Same identification colors for NUP98 fusions as in (B) are used. (D) Expression
of stemness marker genes in all NUP98-translocated samples. Top bars represent French-American-British (FAB) classification and
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the NUP98 subgroups (Figure 3C). Interestingly, about
two-thirds of NUP98-KDM5A highly expressed both genes,
while NUP98-X and NUP98-NSD7 almost exclusively over-
expressed one or the other (Figure 3D). NUP98-KDM5A pa-
tients with low MECOM and low PRDM16 expression
almost uniformly lacked chr13 alterations. Additionally,
NUP98-KDM5A/13abn patients had reduced expression of
genes in the involved area, including RB1 (P<0.001), DLEU7
and SPRYD7 (Online Supplementary Figure S6C).

We attempted to identify transcriptional signatures that
might be shared between all NUP98-translocated cases
and performed differential expression analysis comparing
each group (NUP98-X, NUP98-NSD1, and NUP98-KDM5A)
independently to the reference cohort (n=1,326) (Figure
4A). This analysis confirmed high inter-patient variability
of NUP98-X fusions (Online Supplementary Figure S7).
Gene expression profiling revealed 27 differentially ex-
pressed genes (DEG) exclusively shared between NUP98-
X and NUP98-NSD1, including upregulation of DNMT3B,
MYCN, and PBX3 (Figure 4B). Within NUP98-KDM5A, a bi-
modal expression pattern of DNMT3B and MYCN was re-
lated to chr13 alterations, where cases lacking chri3
aberrations had decreased expression. NUP98-X and
NUP98-KDM5A exclusively shared 26 dysregulated genes,
including overexpression of MLLT3, IRX3, and CD79a.

The NUP98-translocated cohort had 38 DEG in common,
including upregulation of numerous HOX genes. Among
these 38 genes, 15 were also dysregulated in NUP98-
translocated cohorts compared to healthy bone marrow
samples. This minimal set of 15 genes strongly implicated
dysregulation at the HOX loci; these targets include HOXA
(chr7p15), HOXB (chr17921), hsa-mir-10a (chr17g21), and
CACNG4 (chr17g24) transcripts (Figure 4C). NUP98-X cases
expressed HOXA/B genes regardless of their fusion
partner, and 60% (12/20) expressed both HOXA/B while the
remaining third primarily overexpressed the HOXA cluster
(Online Supplementary Figure S8). Overexpression of HOX
genes and hsa-mir-10a was previously reported in NUP98-
KDM5A and NUP98-NSD17 and is now shown to be a com-
mon feature of NUP98 translocations.®®

Single-sample gene-set enrichment analysis (ssGSEA) ad-
dresses the inherent variability within diverse NUP98 fusions
and was performed to investigate alterations in the ex-
pression of down-stream targets of hsa-mir-10a and HOX
transcription factors.*” NUP98-translocated subgroups had
significantly lower enrichment scores of miR-10a-3p and
miR-10a-5p/miR-10b-5p target genes, an indication of
negative regulation, compared to normal bone marrow
samples (P<0.001). Investigation of HOX transcription factor
(TF) pathways by ssGSEA, revealed enrichment in HOXB8
molecular interactions (adj.P<0.008). The HOXB8 pathway
included well known HOX transcriptional co-factors MEIST,
MEIS2, PBX1, PBX3, PBX3,*® and the proto-oncogene RAFI.
NUP98-X and NUP98-KDM5A exhibited a positive enrich-

E.J.M. Bertrums et al.

ment of HOXA9 interacting partners (P<0.001; Figure 4D).
Additionally, we employed RCIS-Target to identify TF motifs
enriched in the overexpressed genes (fold-change >2.0) for
each NUP98-translocated cohort (Online Supplementary
Table S7). This revealed a transcriptional network in NUP98-
KDM5A with GATAT and GATA2 both highly upregulated com-
pared to the reference cohort, and their downstream target
genes concomitantly overexpressed, with concurrent down-
regulation of ERG, which is known to have an inverse rela-
tionship with GATA expression.®®

DNA methylation profiling

We analyzed DNA methylation data from 334,934 CpG
probes. We then performed dimensionality reduction using
non-negative matrix factorization (NMF) and used UMAP
to determine how the variation in DNA methylation associ-
ates with NUP98 fusion groups and normal bone marrow
(NBM). We found that NUP98 fusion groups cluster to-
gether (Figure 5A). Specifically, the HOX-activating fusions
(NSD1, HOX, and PRRX7) form a unique cluster, and also the
fusion partners with reader-like functions (BPTF, BRWD3,
DDX10, HMGB3, KAT7, PHF15, PHF23, SET, and TOPT) cluster
together. The reader-like fusions also cluster more closely
to NBM. By performing unsupervised clustering of the NMF
factors that associate with each group, we found that the
NUP98-HOX-like group clusters distinctly from the NUP98-
readers and NBM, further illustrating that NUP98 fusions
differ in methylation profiles (Figure 5B).

We further analyzed the NMF factors that associate sig-
nificantly with the NUP98-HOX, NUP98-Reader, and
NUP98-Reader plus abn13 groups (Figure 5C). In order to
identify the defining characteristics within each of these
factors, we performed enrichment analyses against chro-
matin states, histone marks, and transcription factor bind-
ing sites (Figure 5D). The NUP98-HOX group enrichments
in NMF 3 indicate that these fusions lead to Polycomb-
mediated hypermethylation at actively transcribed genes,
evidenced by H2AK119ub, H3K23me2, H3K36me2/3, and
H3K27me3 enrichment at binding motifs for RYBP (a sub-
unit of Polycomb repressor complex 1). This likely occurs
because H3K36me2/3 increases throughout the HOXA/B
clusters and at HOX targets, while H3K27me3 peaks dis-
appear as hyperactive NSD7 displaces PRC1/2 from the
HOX clusters. This may result in reducing expressing po-
tential and arresting cellular differentiation, which often
coincides with loss of imprinting, as evidenced by dual en-
richment for H3K27me3 and H3K36me3, as well as tran-
scription factor binding site enrichment for ZFP57, the
master regulator of genomic imprinting control regions.
The enrichment of NMF 6 suggests that NUP98-Reader
fusions likely lead to localization of transcriptional con-
densates at already highly expressed developmental
genes, leading to an enrichment of DNA hypermethylation
in transcribed exons.
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The enrichment of NMF 8 suggests that abnormal chri3
cases, all of which are NUP98-Reader fusions, show ad-
ditional hypermethylation of actively expressed gene
bodies, evidenced by enrichment for H3K36me3 and
H2BK120ub, along with loss of imprinting (though far less
pronounced than in NUP98-HOX fusions), which is evi-
denced by an enrichment for ZFP57 binding sites.

E.J.M. Bertrums et al.

Clinical outcome and prognostic relevance

We evaluated the impact of NUP98 translocations on re-
sponse to initial induction therapy. Overall, the morphologic
CR rate after course one for the NUP98 fusion cohort was
50% versus 78% for the reference cohort (P<0.001). NUP98-
NSD1 patients had a significantly lower CR rate of 38%
(P<0.001) compared the reference cohort, while NUP98-
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Figure 6. Survival of pediatric acute myeloid leukemia patients with NUP98 translocations. Kaplan Meier estimates of (A) overall
survival (OS) and (B) relapse risk (RR) of pediatric NUP98-translocated acute myeloid leukemia (AML) patients with different
translocation partners compared to a reference cohort without NUP98 fusions. OS of (C) NUP98-NSDT and (D) NUP98-X, when
divided by NUP98 fusion exon breakpoint. Outcome was also examined for (E) OS and (F) event-free survival (EFS) of NUP98-
KDM5A subgroups by chromosome 13 (chr13) status (monosomy 13, del(13q), translocation 13). Abn3: abnormal chr 3.
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KDM5A and NUP98-X had CR rates of 81% (P=0.729) and 65%
(P=0.176), respectively. NUP98-NSD1 and NUP98-KDM5A pa-
tients had significantly higher evidence of MRD (73%; P<0.001,
and 52%; P=0.005, respectively), while this was similar to the
reference cohort in NUP98-X (22% vs. 27%; P=0.793).

The 5-year OS for the NUP98 fusion cohort was 35% versus
64% for the reference group (P<0.001). NUP98-NSD1 pa-
tients had inferior OS (36% vs. 64%, P<0.001) and event-free
survival (EFS) (17% vs. 47%; P<0.001) compared to the ref-
erence (Online Supplementary Table S7; Figure 6A, B). Simi-
larly, adverse outcomes for NUP98-KDM5A were observed
for OS (30%; P<0.001) and EFS (25%; P=0.01). NUP98-NSD1
and NUP98-KDM5A cases showed a significantly higher 5-
year relapse risk (RR) of 64% (P=0.001) and 68% (P=0.010)
respectively, compared to the reference cohort (42%) (Fig-
ure 6B). NUP98-X displayed a similar inferior OS (35%;
P=0.009); however, EFS (35%; P=0.333) and RR (69%;
P=0.071) differences did not reach significant difference. Re-
sponse to treatment in NUP98-translocated subgroups,
examined by disease-free survival (DFS) estimates 5 years
after induction one, was lower compared to the reference
cohort (27% vs. 52%; P<0.001). This held true for all subsets;
NUP98-NSD1 (28%; P<0.001), NUP98-KDM5A (28%; P=0.012)
and NUP98-X (23%; P=0.044) (Online Supplementary Figure
S9A).

Multivariable cox regression analyses were performed to ad-
just for cytomolecular risk groups, white blood cells, and dif-
ferent NUP98-translocated subgroups (Online Supplementary
Table S8). After correction, significantly inferior OS (hazard
ratio [HR]=1.463; 95% confidence interval [CI]: 1.1-1.94;
P=0.009), EFS (HR=2.032; 95% CI: 1.59-2.59; P<0.001) and RR
(HR=1.743; 95% Cl: 11-2.76; P=0.018) were observed in NUP98-
NSD1 patients compared to the reference group. Also,
NUP98-KDM5A (HR=1.825; 95% CI: 113-2.96; P=0.015) and
NUP98-X patients (HR=1.75; 95% CI: 1.01-3.04; P=0.046)
showed poor OS, without significant differences in EFS and
RR.

We examined outcomes corresponding to fusion exon junc-
tions (Figure 6C, D; Online Supplementary Figure 9A, B). There
were no significant differences in outcome for NUP98-NSD1
or NUP98-X by exon junction, though a trend toward im-
proved outcomes was observed for NUP98-X exon 13 break-
points. NUP98-KDMS5A patients with exon 13 junctions (n=19)
had an OS of 51% compared to 0% for exon 14 breakpoints
(n=12; P=0.011) with corresponding EFS (40% vs. 0%, respect-
ively; P=0.174). Due to high concurrence of chr13 alterations
with exon 13 junctions, a similar trend was observed in
NUP98-KDM5A/13abn compared to NUP98-KDM5A/13normal
patients (EFS 45% vs. 0%; P=0.052). NUP98-KDM5A patients
had a worse prognosis compared to the reference cohort
without NUP98 fusions regardless of chr13 alterations; how-
ever, the presence of chr13 alterations within the NUP98-
KDMS5A group was associated with increased OS and EFS
(Figure GE, F).

E.J.M. Bertrums et al.

Discussion

NUP98-translocated pAML has emerged as a distinct but
heterogeneous group, and a comprehensive study defining
varied fusion partners, phenotypes, transcript subclasses and
outcomes was still lacking. Incorporation of genome, tran-
scriptome, methylation, and clinical data from several large
pediatric and adult AML studies provided deep insight into
this family of fusions. Our study demonstrates that the
underlying biology of NUP98-translocated AML is defined by
the fusion partner. Furthermore, although fusions involving
NSD7 and KDM5A are cryptic, an overwhelming majority of
NUP98-X fusions can be identified by conventional karyotype,
facilitating identification at diagnosis.

Importantly, we identified a significant overlap of cooperating
lesions including mutations (FLT3, WT7) and karyotypic alter-
ations (trisomy 8, del13q). We confirmed prior observation of
substantial enrichment of FLT3-1TD in NUP98-NSD1 patients
(80%). This extreme prevalence, and NUP98-NSD1 preceding
FLT3-1TD, suggest a causal relationship; this intriguing hy-
pothesis is being studied in our laboratory.

Recently, exon usage and fusion junctions were shown to
have clinical and biological implications; patients with a
CBFB-MYH11 fusion with the common exon 5/33 breakpoint
had significantly inferior EFS than those with less common
fusion junctions.*® We here demonstrated that patients with
NUP98-KDM5A with exon 13 involvement had a more favor-
able prognosis. However, the strong association of exon 13
usage with chri13 alterations in NUP98-KDM5A patients
makes it difficult to discern which of these factors is under-
lying this outcome difference (Figure 6; Online Supplementary
Figure S9). The difference that we discovered in prognosis
may suggest that NUP98-KDM5A cases with or without exon
13 breakpoints and chr13 abnormalities could be divided into
different subgroups. The observation that NUP98-
KDM5A/abn13 patients have a more favorable prognosis po-
tentially affects treatment stratification of these patients in
future. Furthermore, these findings provide a rationale that
future studies must go beyond simple defining the presence
or absence of a fusion and investigate specific exon usage,
inclusion/exclusion of critical functional domains, and func-
tionality of the oncoprotein.

Transcriptome profiling further defined functional classifica-
tions of NUP98 fusions. Expression of PRDM16 and MECOM
could clearly segregate NUP98-translocated subsets. PRDM16
and MECOM encode H3K9-monolmethyltransferases that
are important in the maintenance of heterochromatin integ-
rity and are selectively expressed in hematopoietic stem cells
(HSC)*¢ and linked to oncogenic transformation;* their de-
regulation could play a role in leukemogenesis of NUP98
translocations. Gene expression profiling also revealed dis-
tinct expression networks defined by translocation partner
and cooperating mutations/alterations. Not only did NUP98-
KDM5A patients cluster based on abn13, bimodal expression
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of DNMT3B, MYCN, MECOM, and PRDM16 was associated with
abn13. Interestingly, where PRDM16 is a poor prognostic factor
in AML,*® high expression was associated with NUP98-
KDM5A/abn13, which had a better prognosis in our cohort.
This association may indicate different molecular pathways
underlying leukemogenesis within NUP98-KDM5A, where
NUP98-KDM5A/13abn may have more immature HSC-like
features.

Regardless of fusion partner, NUP98 translocations shared
overexpression of HOXA/B genes. The translocation partners
KDM5A and PHF23 contain PHD protein domains, which func-
tion in histone methylation and nucleosome remodelling.?®
The HOX cluster was shown to be in a locked, transcrip-
tionally active position due to the H3K4me3-binding PHD-
domain when fused to NUP98% and this may be extendable
to the leukemogenic ability of PHF15 and BPTF, which retain
their PHD finger. Translationally, upregulation of the HOXA
cluster indicates a potential therapeutic role of menin-in-
hibitors in NUP98-translocated AML, as has been recently
shown in mice*? and in vitro studies of primary pAML
samples.*®

Chromatin modifiers, such as NSD7 and KDM5A, are fre-
quently the targets of oncogenic fusions in pediatric dis-
ease.** DNA methylation profiling suggests that rare and
diverse NUP98-X fusions share one of the two key mechan-
isms to promote leukemogenesis: either by activating the
HOX genes and their targets and promoting loss of genomic
imprinting (like NUP98-NSDT), or by directing transcriptional
machinery to developmentally inappropriate targets (as seen
in NUP98-KDM5A fusions and chromatin reader fusions). The
mutational, structural, transcriptional, and epigenomic sig-
natures of these two major groups of NUP98 fusion partners
are so starkly distinct that one cannot help but speculate
that each group should be treated as a separate subtype of
AML, where both common and rare partners are likely to re-
spond to similar treatments, whether repurposed (disulfiram
for chromatin reader fusions) or novel (CDK9 inhibitors for
HOX fusions).

Overall, NUP98 fusions constitute a highly refractory class of
AML, which justifies reclassification of NUP98 fusions, re-
gardless of fusion partner, as a high-risk subtype in future
trials. Further research may focus on NUP98 fusion cases
with aberrations of chri3, typically co-occurring with NUP98
exon 13 breakpoints and a distinctive immunophenotype,
whose outcomes are relatively favorable given standard of
care induction and/or transplantation. The balance of NUP98
fusions, with or without characteristic co-occurring muta-
tions, remains an urgent, unmet therapeutic need. The im-
munophenotype, transcriptome, and epigenome of
HOX-activating (versus chromatin-reader) fusion partners
may provide important leads towards more effective ther-

E.J.M. Bertrums et al.

apies, while their signatures may permit rapid discontinuation
of ineffective therapies in this high-risk group of patients.
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