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DEK::NUP214 acts as an XPO1-dependent transcriptional
activator of essential leukemia genes
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The t(6;9)(p22.3;q34.1) translocation/DEK::NUP214 fusion protein defines a distinct subgroup of younger AML patients classified as a
separate disease entity by the World Health Organization. DEK is a nuclear factor with multifunctional roles, including gene
regulation, while its fusion partner, NUP214, plays a pivotal role in nuclear export by interacting with transport receptors such as
XPO1. However, the precise mechanism by which DEK::NUP214 drives leukemia remains unclear. A comprehensive multi-omics
comparison of 57 AML primary samples (including whole genome sequencing, targeted sequencing, transcriptomics, and drug
screening with >500 compounds) revealed that t(6;9) cases display a selective response to XPO1 inhibitors (Selinexor & Eltanexor)
and a distinct transcriptomic signature characterized by the overexpression of FOXC1 and HOX genes that are key leukemia
mediators. CUT&RUN experiments demonstrated the direct binding of DEK::NUP214 to the promoters of FOXC1 and HOXA/B
clusters. Strikingly, the expression of these genes and the binding of DEK::NUP214 to their regulatory regions were selectively
reduced upon XPO1 inhibition in t(6;9) cells. Altogether, these results identified a novel function of DEK::NUP214 as an XPO1-
dependent transcriptional activator of key leukemia drivers and provide a rationale to explore the use of XPO1 inhibitors in this
patient population.
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INTRODUCTION
Acute myeloid leukemia (AML) with t(6;9)/DEK::NUP214 is
recognized as a separate entity in the World Health Organization
classification of myeloid neoplasms, accounting for 1% of all AML
cases [1] and characterized by a high relapse rate and young age
at diagnosis (median age of 23) [2]. Co-occurrence with FLT3-ITD is

observed in 70% of cases, which confers inferior outcomes with a
5-year overall survival rate <25%. The t(6;9)(p22.3;q34.1) chromo-
somal rearrangement results in the in-frame fusion of almost the
entire peptide sequence of DEK with the C-terminal region of
NUP214, encoding the chimeric protein DEK::NUP214 [2, 3].
NUP214 is an FG nucleoporin anchored to the cytoplasmic ring
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of the Nuclear Pore Complex that interacts with multiple transport
receptors, including exportin 1 (XPO1), and these interactions are
maintained in DEK::NUP214 [3, 4]. DEK is a ubiquitously expressed
nuclear factor with multiple functions, including gene regulation
[5]. Overexpression of DEK::NUP214 induces proliferation of
myeloid cells [6] and leads to the development of leukemia in

mice [7]. A recent study has shown that t(6;9) AML displays a gene
expression signature reminiscent of other AML subtypes, such as
NPM1-mutated patients, which is characterized by the over-
expression of HOX genes, a key leukemia driver event [8].
However, the molecular mechanisms underpinning the patho-
genicity of DEK::NUP214 and how these transcriptional changes
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are orchestrated remain unclear. Here, through multi-omics and
functional approaches in primary AML patient samples and
human cellular models, we observed a strong and selective
sensitivity to XPO1 inhibition of t(6;9) cells and demonstrated that
DEK::NUP214 acts as an XPO1-dependent transcriptional activator
of essential leukemia drivers.

STUDY DESIGN
As part of a cohort of 57 cytogenetically poor-risk AML patients,
four t(6;9) AML patient samples were subjected to a multi-omics
approach, including RNA-sequencing, whole genome/targeted
sequencing, and in vitro drug screening (>500 compounds). RT-
qPCR/RNA-seq and Western blotting assessed RNA and protein
expression, respectively. Lentiviral shRNAs were used to target
FOXC1 in the FKH-1 (t(6;9) AML cell line), followed by functional
assessments, including cell cycle, apoptosis, and colony-forming
unit assays. CUT&RUN experiments revealed DEK::NUP214’s
genomic binding sites. Detailed methodology is available in the
Supplementary data.

RESULTS AND DISCUSSION
AML primary samples with t(6;9)/DEK::NUP214 display a
unique transcriptional signature
In order to identify potential mediators underlying DEK::NUP214
leukemogenesis, we analyzed RNA-seq data of a cohort of 57
cytogenetically poor-risk AML samples that included four t(6;9)
patients (Supplementary Table 1) [9, 10]. The median age of these
DEK::NUP214 cases was 43.5 years (29–55 years) with a mean
overall survival of 1.18 years (0.90–1.85 years). The mutation
profile of each patient is shown in Supplementary Table 2 with all
4 patients harboring a FLT3-ITD.
In an unsupervised RNA-seq analysis, we first observed that

AML samples from t(6;9) patients clustered distinctly from other
AMLs (Fig. 1A), suggesting a unique transcriptional signature. To
explore this further, we integrated our RNA-seq data with a
separate series of 691 AML cases from all cytogenetic groups that
included three additional t(6;9) cases (Leucegene project, https://
leucegene.ca/). Our analysis identified 166 differentially expressed
genes (p < 0.05, Fold Change >1.5) in t(6;9) patients compared to
other AML samples (Fig. 1B; Supplementary Table 3). Among the
104 significantly upregulated transcripts, we found known
leukemia drivers (FOXC1 and HOXB genes), genes previously
reported as being dysregulated in t(6;9) patients (EYA3, SESN1,
NFIX and PRDM2) [8, 11, 12] and novel genes such as GGT5
(Fig. 1B).
Taking advantage of the FKH-1 AML cell line that harbors an

identical t(6;9) translocation as the patients in our cohort (Supple-
mentary Fig. 1A), we validated the significant up-regulation of the

fore-mentioned genes in FKH-1 cells compared to a panel of 6 non-
t(6;9) AML cell lines (Supplementary Fig. 1B).
HOXA and HOXB genes are a family of hematopoietic

transcription factors whose deregulation is a feature of leukemo-
genesis. t(6;9) AML displays the overexpression of HOXA genes
characteristic of other AML subtypes, such as patients with NPM1
mutations or KMT2A rearrangements (Fig. 1C) [8], whereas
overexpression of HOXB genes appears characteristic of t(6;9)
samples (Fig. 1C). FOXC1, another transcription factor whose
overexpression confers a monocyte/macrophage lineage differ-
entiation block and is associated with AML poorer outcomes [13],
is strikingly overexpressed (Log2FC= 4.2465) in t(6;9) cases
compared to other AML samples (Fig. 1D). This was also confirmed
in the t(6;9) FKH-1 cell line at the protein level where FOXC1 was
strongly expressed, while it was barely detected in other AML cells
(Fig. 1E). Given the established role of FOXC1 in AML pathogenesis,
we focused our attention on this transcription factor, noting that
its shRNA-mediated silencing in FKH-1 cells (Fig. 1F) led to a
significant increase in apoptosis (Fig. 1G), cell cycle arrest (Fig. 1H),
and a decrease in the number of colonies under hypoxic
conditions (3% O2) (Fig. 1I, J), paralleled to a significant
downregulation of HOX genes expression (Supplementary Fig. 1C).
These findings demonstrate an important role for FOXC1 in the
maintenance of t(6;9) leukemic cells, making it an attractive
therapeutic target for the treatment of this disease subtype.

XPO1 inhibition specifically rewires DEK::NUP214
transcriptional signature
In order to identify therapeutic vulnerabilities of t(6;9) patients, our
four primary samples were subjected to an in vitro drug screening
using our established drug sensitivity and resistance-testing
platform (DSRT) [10]. The complete drug panel comprises 527
licensed/investigational compounds, but smaller panels were
assessed in patients P2 and P3, where the number of viable cells
available was limiting. DSRT with the same drug panel had
previously been applied to a cohort of 145 AML primary samples
spanning all cytogenetic groups [10, 14] (Supplementary Table 4).
We integrated these existing data with our results in t(6;9) samples
to identify the most selective and effective compounds for these
patients. This analysis revealed that the two XPO1 inhibitors
included in the drug screening, Eltanexor and Selinexor, ranked in
the top-4 compounds tested (Fig. 2A; Supplementary Table 5).
Likewise, FKH-1 showed enhanced sensitivity to XPO1 inhibitors
compared to AML cell lines with distinct cytogenetic backgrounds
(Supplementary Fig. 2A). In support of these findings, previous
studies reported the interaction between DEK::NUP214 and XPO1
through the NUP214-FG domain [11] and, of note, the sole t(6;9)
patient included in a phase I study of Selinexor in AML achieved
complete remission [15]. In order to investigate whether XPO1
inhibition alters t(6;9)/DEK::NUP214 transcriptomic profile, we

Fig. 1 AML primary samples with t(6;9)/DEK::NUP214 display a unique transcriptional signature. A RNA-seq unsupervised clustering of 57
cytogenetically poor-risk AML samples [10], including four t(6;9) cases. Different colors represent distinct cytogenetic AML subtypes. B Volcano
plot representing differentially expressed genes in t(6;9) primary AML samples vs other cytogenetic AML subtypes (RNA-seq analysis
integrating our cohort of 57 poor-risk cases and 691 cases from the Leucegene cohort (Leucegene project, https://leucegene.ca/) (significance
determined by Kernel MCC > 0.105 and log2FoldChange (l2fc) > 0.58). Kernel MCC is a shorthand for Matthews Correlation Coefficient of a kernel
density estimation (KDE)-based classifier. C mRNA expression levels HOXA and HOXB genes in t(6;9) samples compared to KMT2A-rearranged and
other poor-risk AMLs (n= 57). DmRNA expression level of FOXC1 in t(6;9) patients compared to other poor-risk AMLs (n= 57). E FOXC1 protein
expression across the AML cell line panel (OCI-AML3, KASUMI-1, THP-1, FKH-1, P31-FUJ, MV4;11 and K562). GAPDH was used as an
endogenous control. F Bar chart showing FOXC1 silencing efficiency by RT-qPCR after shRNA/scramble transduction of FKH-1 cells. Relative
expression levels were calculated using the ΔCT method, normalized to the average of GAPDH and 18S rRNA. G Representative flow
cytometry plot for the apoptosis assay, with FOXC1 knockdown (KD)/scramble (scr) FKH-1 cells stained with Annexin V (X-axis) and DAPI (Y-
axis). The bar graph illustrates the percentage of live cells (DAPI– Annexin V–), early apoptosis (DAPI– Annexin V+), late apoptosis (DAPI+

Annexin V+), and dead cells (DAPI+ Annexin V–). H Bar graph representing cell cycle analysis by flow cytometry based on DNA content stained
with DAPI of FOXC1 KD/scr FKH-1 cells. Each group of bars indicates the percentage distribution of cells in G0/G1, S, and G2/M phases. I Bar
graph showing the number of colonies of FOXC1 KD/scr FKH-1 cells after the colony forming unit (CFU) assay. J Representative images of
colonies corresponding to the CFU assay. Asterisks indicate statistical significance (*: p < 0.05, **: p < 0.01, ***: p < 0.001, ****: p < 0.0001 and ‘ns’
denotes non-significant differences).
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performed RNA-seq post in vitro exposure to Selinexor of t(6;9)
and non-t(6;9) primary AML cells. We included a treatment control,
Omacetaxine, another compound with increased toxicity in t(6;9)
cells identified during the drug screening (Fig. 2A; Supplementary
Fig. 2B). 36 out of the 104 genes upregulated at diagnosis in t(6;9)

primary samples as compared to other AML samples (Supple-
mentary Table 3), including FOXC1, NFIX, EYA3, SESN1, PRDM2 and
HOX genes, were significantly downregulated in t(6;9) cells upon
XPO1 inhibition (Fig. 2B; Supplementary Fig. 2C; Supplementary
Table 6), but, critically, not in non-t(6;9) primary samples
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(Supplementary Fig. 2D; Supplementary Table 6). No differences
were observed in the expression of these genes upon Omacetax-
ine treatment in any of the samples analyzed (Supplementary
Fig. 3A–C; Supplementary Tables 6-7). These results suggest a
strong XPO1 dependency in t(6;9) AML to establish its onco-
transcriptomic signature.

DEK::NUP214 acts as an XPO1-dependent transcription factor
Our findings raised the question of whether DEK::NUP214 has a
direct role in transcriptional regulation and whether XPO1
contributes to this effect. To address this, we first overexpressed
HA tagged-DEK::NUP214 by lentiviral transduction of HEK-293T (DN-
HA-293T model) and validated the interaction between
DEK::NUP214 and XPO1 by co-immunoprecipitation (Supplemen-
tary Fig. 4A-B). We next conducted CUT&RUN experiments in both
the DN-HA-293T model (HA antibody) and the FKH-1 cell line
(NUP214 antibody) using empty vector-HEK-293T model (EV-293T)
and KASUMI-1 cell line as negative controls, respectively. These
experiments revealed that DEK::NUP214 binds to the promoters of
801 genes (Supplementary Table 8), with around one third
encoding DNA or RNA binding proteins (FDR= 6.53e–09,
GO:0003676) involved in transcription, DNA replication, DNA repair
and RNA processing. Of note, 10 of the genes differentially
expressed between t(6;9) and non-t(6;9) patients were also among
the direct targets of DEK::NUP214 identified in the CUT&RUN experi-
ments, including FOXC1 and HOXB genes (Fig. 2C; Supplementary
Fig. 4C). We also demonstrated that DEK::NUP214 binds to the
promoters of the HOXA cluster (Fig. 2C; Supplementary Fig. 4C). The
binding of DEK::NUP214 to the regulatory regions of FOXC1, HOXB
and HOXA genes was further confirmed by CUT&RUN-qPCR [16] (see
Supplementary Material & Methods) in the FKH-1 cell line, using
KASUMI-1 cells as a negative control (Fig. 2D). These findings
provide the first evidence of DEK::NUP214’s direct interaction with
DNA, suggesting a role as a putative transcriptional activator of key
leukemia players. CUT&RUN experiments after Selinexor treatment
of FKH-1 cells showed that XPO1 inhibition resulted in the loss of
the binding of DEK::NUP214 to the regulatory regions of these
target genes (Fig. 2E), indicating that this interaction is dependent
on the presence of XPO1 and explaining the specific gene
expression rewiring after Selinexor treatment in t(6;9) cells.
Altogether, we demonstrate that a distinct transcriptional

program is conserved in t(6;9) AML and characterized by the
overexpression of essential leukemic factors (e.g., FOXC1, HOXA
and HOXB genes) that are directly regulated by DEK::NUP214. We
also found a functional interplay between XPO1 and the fusion
protein, resulting in a selective sensitivity of t(6;9) cells to XPO1
inhibition that specifically reverts this transcriptomic profile.
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