
haematologica | 2020; 105(7) 1857

Received: March 1, 2019.

Accepted: September 24, 2019.

Pre-published: September 26, 2019.

©2020 Ferrata Storti Foundation

Material published in Haematologica is covered by copyright.
All rights are reserved to the Ferrata Storti Foundation. Use of
published material is allowed under the following terms and
conditions: 
https://creativecommons.org/licenses/by-nc/4.0/legalcode. 
Copies of published material are allowed for personal or inter-
nal use. Sharing published material for non-commercial pur-
poses is subject to the following conditions: 
https://creativecommons.org/licenses/by-nc/4.0/legalcode,
sect. 3. Reproducing and sharing published material for com-
mercial purposes is not allowed without permission in writing
from the publisher.

Correspondence: 
JUERG SCHWALLER 
j.schwaller@unibas.ch

Haematologica 2020
Volume 105(7):1857-1867

ARTICLEAcute Myeloid Leukemia

doi:10.3324/haematol.2019.219188

Check the online version for the most updated
information on this article, online supplements,
and information on authorship & disclosures:
www.haematologica.org/content/105/7/1857

Ferrata Storti Foundation

Inv(11)(p15q23), found in myelodysplastic syndromes and acute myeloid
leukemia, leads to expression of a fusion protein consisting of the N-ter-
minal of nucleoporin 98 (NUP98) and the majority of the lysine methyl-

transferase 2A (KMT2A). To explore the transforming potential of this
fusion we established inducible iNUP98-KMT2A transgenic mice. After a
median latency of 80 weeks, over 90% of these mice developed signs of dis-
ease, with anemia and reduced bone marrow cellularity, increased white
blood cell numbers, extramedullary hematopoiesis, and multilineage dyspla-
sia. Additionally, induction of iNUP98-KMT2A led to elevated lineage mark-
er-negative Sca-1+ c-Kit+ cell numbers in the bone marrow, which outcom-
peted wildtype cells in repopulation assays. Six iNUP98-KMT2Amice devel-
oped transplantable acute myeloid leukemia with leukemic blasts infiltrating
multiple organs. Notably, as reported for patients, iNUP98-KMT2A
leukemic blasts did not express increased levels of the HoxA-B-C gene clus-
ter, and in contrast to KMT2A-AF9 leukemic cells, the cells were resistant to
pharmacological targeting of menin and BET family proteins by MI-2-2 or
JQ1, respectively. Expression of iNUP98-KMT2A in mouse embryonic
fibroblasts led to an accumulation of cells in G1 phase, and abrogated
replicative senescence. In bone marrow-derived hematopoietic progenitors,
iNUP98-KMT2A expression similarly resulted in increased cell numbers in
the G1 phase of the cell cycle, with aberrant gene expression of Sirt1, Tert,
Rbl2, Twist1, Vim, and Prkcd, mimicking that seen in mouse embryonic
fibroblasts. In summary, we demonstrate that iNUP98-KMT2A has in vivo
transforming activity and interferes with cell cycle progression rather than
primarily blocking differentiation.
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ABSTRACT

Introduction

The gene encoding the 98 kDa nuclear pore protein (NUP98) is recurrently
involved in chromosomal translocations associated with various hematologic
malignancies. Most of these translocations result in the expression of fusion genes
comprising the N-terminal phenylalanine-glycine (FG)-repeats of NUP98 fused to
a large group of different partners of which the homeobox family of transcription
factors (such as HOXA9 or HOXD13) or non-homeobox epigenetic regulators are
a part.1,2 Like NUP98, the lysine methyltransferase KMT2A, also referred to as
“mixed lineage leukemia” (MLL) gene, encoding for a SET-domain histone H3K4
methyltransferase is a recurrent target of leukemia-associated chromosomal
rearrangements. These generally lead to expression of fusion transcripts that con-
tain the amino-terminal moiety of KMT2A fused to different partners, of which
AF4, AF9, ENL and AF10 are among the most prevalent of the currently more than
70 known.3,4 Several KMT2A fusions have been shown to be hematopoietic onco-
genes, which phenocopy the disease in vivo when expressed in murine bone mar-



row (BM).3-6 In cases in which these fusions do not con-
tain the KMT2A-SET (suppressor of variegation 3–9,
enhancer of zeste, and trithorax) domain, they acquire
H3K79 or H4R3 histone methyltransferase- or acetyl-
transferase activity through interactions with several co-
factors.5,6 The interaction between chromatin and
KMT2A fusions, mediated by the N-terminal menin- and
the LEDGF (lens epithelium-derived growth factor) bind-
ing domain, has been shown to be crucial for mainte-
nance of the leukemic phenotype.7-10 Exploration of the
KMT2A-menin-LEDGF interaction triad has led to the
development of a series of promising small molecules
with potent antileukemic activity.11,12 More recent studies
have proposed physical interactions between NUP98, and
NUP98 fusion proteins, with KMT2A and non-specific
lethal histone-modifying protein complexes. Parallel
genetic studies using mouse models suggested that
NUP98-fusion gene driven leukemogenesis might be
dependent on KMT2A function.13-15
Inv(11)(p15q23) has been reported as the sole chromo-

somal abnormality in patients with several hematologic
malignancies including myelodysplastic syndromes
(MDS) and acute myeloid leukemia (AML);16-20 however,
to date NUP98-KMT2A fusion expression has only been
reported in two patients with AML.19 Using fluorescent in
situ hybridization and reverse transcription quantitative
polymerase chain reaction (PCR), Kaltenbach et al. found
that inv(11)(p15q23) leads to fusion of the NUP98-FG-
repeats to almost the entire KMT2A open reading frame
(ORF).19 In this case, exon 1 encoding for the N-terminal
menin-LEDGF interaction domain is lost. In contrast to
other KMT2A- or NUP98-fusion associated diseases,
NUP98-KMT2A+ leukemic blasts did not express known
KMT2A targets such as the HOXA-gene cluster (HOXA5,
HOXA7, HOXA9, or HOXA10) suggesting alternative
mechanisms of transformation. As the size of the NUP98-
KMT2A fusion ORF (>12 kb) limits the ability to test its
transforming activity by retroviral expression in BM cells,
we generated an inducible transgenic mouse model. We
found that iNUP98-KMT2A expression led to a sympto-
matic21 hematologic disease mimicking human MDS or
AML that, as in patients, was not associated with elevat-
ed expression of the Hox-A-B-C gene cluster.19 Thus, our
work formally proves that a fusion, in which the N-termi-
nus of KMT2A is replaced by the FG-repeats of NUP98, is
a leukemogenic oncogene. 

Methods

Primary induction of iNUP98-KMT2A expression
Adult transgenic mice were provided with doxycycline-

impregnated chow pellets (400 ppm Doxycycline Diet, Harlan-
Teklad) ad libitum from 6-8 weeks of age until analysis. All exper-
iments were conducted in compliance with Swiss animal wel-
fare laws and were approved by the Swiss Cantonal Veterinary
Office of Basel Stadt.

Flow cytometry, colony-forming assays and cell culture
Total BM cells were isolated from wildtype (WT) C57BL/6

and iNUP98-KMT2A mice and processed with the Direct
Lineage Cell Depletion kit (Miltenyi Biotec, Bergisch Gladbach,
Germany). For immunophenotypic analysis, cells were incubat-
ed with antibodies recognizing the mouse lineage markers:
CD11b (Mac-1), Ly-6G (Gr-1), CD117 (c-Kit), FcgRII/III, Ter119,

CD71, B220, CD3, and CD34. For lineage marker-negative Sca-
1+ c-Kit+ (LSK) characterization, lineage marker negative (Lin-)
BM cells were stained with Ly-6A/E (Sca-1), c-Kit, CD150
(SLAM1) and CD48, as well as CD45.1 and CD45.2 antibodies. 

For proliferation experiments, 1x105 Lin- BM cells were cul-
tured in liquid media containing murine stem cell factor (100
ng/mL), murine interleukin 3 (6 ng/mL), human interleukin 6 (10
ng/mL) and doxycycline (1 μg/mL). For colony-forming assays,
5x103 Lin- cells were plated in 2 mL of methylcellulose
(MethoCult M3434, StemCell Technologies, Vancouver,
Canada) and counted after 8-10 days. For cell cycle analysis, cells
were fixed for 16 h at 4°C in a 4% paraformaldehyde solution
(Thermo Scientific, Monza, Italy) then stained with Hoechst
33342 (Invitrogen, Waltham, USA) and pyronin Y (Sigma, St.
Louis, USA) for 40 min at room temperature, flowed for 15 min
on ice, before washing in FACS buffer and analysis. For in vitro
experiments, unless indicated otherwise, doxycycline was used
at a concentration of 1 μg/mL.

PO-PRO-1 and 7-aminoactinomycin D staining of apop-
totic cells

Apoptotic cells were quantified using the PO-PRO-1 and 7-
aminoactinomycin D staining kit (Invitrogen, Waltham, USA) in
accordance with the kit protocol.

Expression analysis of senescence-related genes in
iNUP98-KMT2A mouse embryonic fibroblasts

Mouse embryonic fibroblasts (MEF) were generated by isola-
tion of E14.5 embryos from iNUP98-KMT2Amice and the geno-
type was checked by PCR. To investigate senescence, WT and
iNUP98-KMT2A MEF were grown in Dulbecco modified Eagle
medium with doxycycline and serially passaged into 100 mm
plates when 90% confluence was reached. β-Galactosidase
staining was performed using the Senescence β-Galactosidase
Staining kit (Cell Signaling, Leiden, the Netherlands) when WT
MEF started showing signs of senescence. RNA was extracted
from MEF cell pellets at early and late passages and senescence-
related gene expression was analyzed by quantitative real-time
PCR using a commercially available kit (RT2 Profiler PCR Array,
QIAGEN AG, Hombrechtikon, Switzerland) (Online
Supplementary Table S2) as well as by manual quantitative PCR
using specific primers. Gene expression levels on the RT2 Profiler
PCR Array were normalized to an internal panel of housekeep-
ing genes, whereas individual quantitative PCR data were nor-
malized to Gapdh.

Exposure of leukemic blasts to menin and BET
inhibitors

iNUP98-KMT2A and KMT2A-AF9 leukemic blasts were iso-
lated and treated for 48 h in vitro with 0-500 nM of the BRD4
inhibitor JQ1/vehicle (dimethylsulfoxide, DMSO) or 0-12 μM of
the menin-interaction inhibitor MI-2-2/vehicle (DMSO). Cell
cycle analysis was performed at the 48 h time-point after stain-
ing with Hoechst 33342 and pyronin Y as described above.

Results

Establishing iNUP98-KMT2A transgenic mice
To address the transforming potential of NUP98-

KMT2A, we cloned a full-length human fusion ORF into
the p2LOX targeting-vector to integrate it into the Hprt
gene locus on the X-chromosome under the control of a
doxycycline-responsive element in embryonic stem cells.
A reverse Tet transactivator (rtTA) stably integrated in the
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Rosa26 locus allows doxycycline-regulated transgene
expression (Figure 1A).19,22,23 We used primarily female
mice to mitigate the effects of any potential sex-related
differences in transgene expression. 

Induction of iNUP98-KMT2A results 
in an myelodysplastic syndrome-like disease in vivo
Primary-induced iNUP98-KMT2A mice developed signs

of distress after a variable latency of 13-106 weeks (median
latency=80 weeks, n=22) (Figure 1B). Blood values from
non-induced iNUP98-KMT2A mice did not differ signifi-
cantly from those of WT mice (Online Supplementary Figure
S1A). We also explored disease induction by transplanting
total BM from naïve (off doxycycline) iNUP98-KMT2A
mice into lethally irradiated syngenic WT mice. In compar-
ison to primary-induced mice, BM transplant recipient ani-
mals developed the symptoms earlier (median latency=32
weeks, P=0.0007, log-rank test, n=5) (Figure 1B, Online
Supplementary Table S3). 
Most symptomatic primary-induced iNUP98-KMT2A

mice had peripheral blood counts in the normal range
with slightly increased numbers of white blood cells, and
reticulocytes. Decreases were seen in hemoglobin levels
and red blood cell numbers (P=0.049, unpaired t-test,
n=15) (Figure 1C). Blood values from iNUP98-KMT2A
BM transplant recipients revealed a similar trend to those
of primary-induced samples in all parameters analyzed
with significantly increased numbers of white blood cells
(P=0.0006, unpaired t-test, n=5) and reduced cellular
hemoglobin levels (P=0.03, unpaired t-test, n=5). Notably,
the overall cellularity of the BM of primary-induced mice
was reduced (P=0.0099, unpaired t-test, n=9) relative to
controls. Further analysis of different BM subpopulations
revealed decreased numbers of myeloid cells (Mac-1+/Gr-
1+), B cells (B220+), and T cells (CD3+) (Online
Supplementary Figure S1B). Signs of intramedullary apop-
totic cell death was found in some but not all mice as
measured by combined PO-PRO-1 and 7-aminoactino-
mycin D staining (Figure 1C) with non-significant
increased apoptosis of CD71+Ter119+, but not of myeloid
(Mac-1+, Gr-1+) or lymphoid (CD3+/CD8+/B220+) cells
from primary-induced animals relative to WT controls
(Online Supplementary Figure S1C). In primary induced
mice we occasionally observed signs of dysplasia on
blood smears, with the appearance of bi-lobed myeloid
cells and polychromatophilic reticulocytes (Figure 1D) as
well as signs of extramedullary hematopoiesis in the
spleen and the liver (Figure 1E). 
The BM of iNUP98-KMT2A mice that had been on doxy-

cycline for several months displayed rather heterogeneous
immunophenotypes: some showed an increase in Mac-
1+/Gr-1+ cells, whereas others showed a marked decrease in
mature myeloid cells with concomitant increases in
FcgRII/III+ and c-Kit- populations (Figure 1F, G). 
To address potential reversibility, we transplanted

iNUP98-KMT2A BM cells into lethally-irradiated WT recip-
ients on doxycycline: upon development of symptoms in
the first mouse, we reverted to non-doxycycline chow and
followed the remaining mice for several months. Disease-
free survival was significantly increased by the removal of
doxycycline food (median latency=49 weeks, P=0.002, log-
rank test, n=6) (Figure 1B) although analysis of peripheral
blood at death revealed that many parameters remained
similar to those of BM transplant recipients on doxycycline
until death (Figure 1C). 

Collectively, these data show that transgenic expression
of iNUP98-KMT2A alters the hematopoietic system in vivo:
there were increases in the numbers of white blood cells
and apoptotic cells, and decreases in hemoglobin and the
numbers of red blood cells and cells in the BM with signs of
extramedullary hematopoiesis and morphological signs of
dysplasia with some interindividual differences.

Expression of iNUP98-KMT2A leads to expansion and
competitive advantage of hematopoietic stem and
progenitor cells 
We next studied the impact of iNUP98-KMT2A expres-

sion on the cellular hierarchy of the BM. We found that
prior to developing symptoms (mean time on doxycycline:
36 weeks), iNUP98-KMT2A mice displayed an expansion
of Lin- Sca-1+ c-Kit+ (LSK) hematopoietic stem and progeni-
tor cells (HSPC) (P=0.04, unpaired t-test, n=4) (Figure 2A,
Online Supplementary Figure S1D). Further breakdown of the
LSK compartment revealed no significant changes in the rel-
ative distribution of CD34- long-term hematopoietic stem
cells, and CD34+, CD48+, CD150- multipotent progenitors
(Figure 2B). Interestingly, we found that iNUP98-KMT2A
LSK, but not mature cells, from asymptomatic mice (mean
time on doxycycline: 55 weeks) were cycling more than
control cells as shown by a reduced fraction of quiescent
cells in G0 phase (P=0.0098, unpaired t-test, n=3) and an
increase in the G1 fraction (Figure 2C, Online Supplementary
Figure S1E).  
To address the functional consequence of the increased

LSK number in iNUP98-KMT2A mice on doxycycline, we
performed competitive repopulation assays. Naïve CD45.2+

iNUP98-KMT2A or WT (CTRL) total BM cells were trans-
planted 1:1 with CD45.1+ WT total BM cells into lethally-
irradiated CD45.1+ WT recipients (on doxycycline) and the
cellular chimerism in the peripheral blood was determined
4, 8, 12, 18, and 25 weeks after transplantation. We
observed that the proportion of CD45.2+ iNUP98-KMT2A
cells in the peripheral blood steadily increased over time
(Figure 2D) whereas the chimerism in mice that received
CD45.2+ WT BM cells did not change significantly, remain-
ing near to 50%. The percentage of iNUP98-KMT2A
CD45.2+ cells was initially lower than that of CTRL (WT)
(P=0.0153, t-test, n=5). After 18 weeks, CD45.2+ iNUP98-
KMT2A cell numbers had increased by 1.6-fold compared
to week 4 (P=0.034, t-test, n=5) and by 25 weeks CD45.2+

iNUP98-KMT2A cell numbers had further increased rela-
tive to initial measurements (P=0.004, t-test, n=5) and were
20% greater than CD45.2+ WT cells at the same time-point
[P=0.019, 2-way analysis of variance (ANOVA), n=4].
Interestingly, iNUP98-KMT2A CD45.2+ cells contributed to
a greater extent to the myeloid lineage (Gr-1+) and the B lin-
eage (B220+) but equally to the T lineage (CD3+), compared
to WT controls (Figure 2E). Transplantation of total BM
from primary recipients into lethally-irradiated CD45.1+

secondary recipients resulted in a heterogeneous outcome:
in two mice (“M1” & “M2”) the BM was dominated by
CD45.2+ cells, while two other mice (“M4” & “M5”)
showed predominantly CD45.1+ cells. One mouse (“M3”)
developed a CD45.2+ AML 23 weeks after transplantation
(Figure 2F).  

Some iNUP98-KMT2A mice develop transplantable
acute myeloid leukemia
After a median latency of 62 weeks, six out of 22

iNUP98-KMT2A mice on doxycycline developed a
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Figure 1. Expression of iNUP98-KMT2A leads to development of a myelodysplastic syndrome-like disease in transgenic mice. (A) iNUP98-KMT2A mice contain a reverse
Tet transactivator (rtTA) element in the Rosa26 gene locus on chromosome 6 (Chr 6), and a human NUP98-KMT2A open reading frame after a TET-responsive element
(TRE) in the Hprt locus on the X-chromosome (Chr X). Administration of the tetracycline analog, doxycycline (DOX) leads to expression of the NUP98-KMT2A fusion construct.
(B) Kaplan-Meier curves for DOX-exposed primary-induced adult (6-10 weeks) iNUP98-KMT2A mice and wildtype (WT) littermates (CTRL), as well as adult WT irradiated
recipients of iNUP98-KMT2A total bone marrow transplants (BMT) exposed to DOX (BMT + DOX) and BMT recipients taken off DOX (BMT DOX rem) after 31 weeks.
*P<0.05, **P<0.01, ***P<0.001, ****P<0.0001, log-rank test. (C) Blood values from DOX-exposed adult iNUP98-KMT2A mice and WT littermates (CTRL), as well as
adult WT irradiated recipients of iNUP98-KMT2A total BMT exposed to DOX (BMT + DOX) and BMT recipients taken off DOX (BMT DOX rem) after 31 weeks. *P<0.05,
**P<0.01, ***P<0.001, unpaired t-tests. WBC: white blood cells; RBC: red blood cells; HGB: hemoglobin; LUC: abnormal leukocytes. (D) Dysplastic immature myeloid cells
on peripheral blood smears of pre-leukemic DOX-induced iNUP98-KMT2A mice as well as WT recipients of iNUP98-KMT2A total BMT on DOX. Scale bar: 10 μm. (E)
Histopathology sections of DOX-exposed iNUP98-KMT2A mice show extramedullary hematopoiesis in the spleen and liver. Scale bar: 100 μm. (F) Immunophenotype (Mac-
1, Gr-1, FcyRII/III and c-Kit, given in %) of total bone marrow cells from pre-leukemic iNUP98-KMT2A mice. The flow plots are representative of three mice/group. (G)
Immunophenotype (Mac-1, Gr-1, FcyRII/III and c-Kit, given in %) of total bone marrow cells from WT mice transplanted with iNUP98-KMT2A bone marrow on DOX. Mice
exhibited two diverse phenotypes; denoted a and b. Transplanted mice off DOX were used as the negative control. 
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leukemic phenotype characterized by the presence of
leukemic blasts on peripheral blood smears, and exten-
sive leukemic infiltration in the BM, spleen, liver and
lungs (Figure 3A, Online Supplementary Figure S2A). This
was accompanied by significantly increased white blood
cell counts (P=0.0018, unpaired t-test, n=5) and abnormal
leukocytes (“LUC”) (P=0.0468, unpaired t-test, n=5)
counts in the periphery and splenomegaly (Figure 3B,
Online Supplementary Table S4). Immunophenotypic
analysis of highly-infiltrated BM revealed intermediate to
high expression levels of myeloid markers Mac-1, Gr-1,
and FcgRII/III in five out of six mice, with baseline expres-
sion of B220 and CD3 lymphoid markers characterizing
the disease as AML (Figure 3C, Online Supplementary
Figure S2B-D). 
Transplantation of total BM from diseased mice into

sublethally-irradiated WT mice induced disease in 100%
of recipients. Whereas disease development was fully
doxycycline-dependent upon transplantation of AML

cells from one donor (“M1”) (median latency 28 weeks,
P=0.025, log-rank test, n=4), leukemic cells from another
donor (“M2”) resulted in disease in all recipients regard-
less of doxycycline administration, with a similar latency
(26-37 weeks) to that of recipients of “M1” cells on doxy-
cycline (Figure 3D). Flow cytometric analysis of BM sam-
ples from transplanted leukemic mice revealed hetero-
geneity in M1 (“M1a” & “M1b”) BM recipients, including
a marked doxycycline-dependent increase in CD3+ cells,
but a consistent myeloid phenotype in recipients of M2
(Figure 3E).
Given the long latency to develop primary disease, we

explored whether additional genotoxic insults might
accelerate disease induction. Indeed, sublethal g-irradia-
tion (1x 600 cGy) of asymptomatic 3- to 4-week old
iNUP98-KMT2A mice on doxycycline resulted in earlier
onset of disease symptoms than that observed in sub-
lethally-irradiated WT mice (median latency 26 weeks vs.
undefined; P=0.032, log-rank test, n=5) (Figure 3F, Online
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Figure 2. Expression of iNUP98-KMT2A results in LSK cell expansion with a competitive repopulation advantage. (A) Lineage negative (Lin-) bone marrow (BM) cells
from pre-leukemic iNUP98-KMT2A mice and wildtype (WT) littermate controls (CTRL) were stained for c-Kit and Sca-1 and analyzed by flow cytometry. *P<0.05,
unpaired t-test. (B) Lin- BM from pre-leukemic iNUP98-KMT2A mice and WT littermate controls were stained for markers of long-term hematopoietic stem cells (LT-
HSC) (LSK, CD150+, CD48-) and multipotent progenitors (MPP) (LSK, CD34+, CD48+, CD150-) and analyzed by flow cytometry. The percentages of LSK identified as
LT-HSC and MPP are shown. (C) Cell cycle analysis of LSK from pre-leukemic iNUP98-KMT2A mice and WT littermate controls. **P<0.01, unpaired t-test. (D)
Competitive repopulation assay: lethally-irradiated CD45.1 WT recipients were transplanted with a 1:1 mixture of total BM cells from CD45.2 iNUP98-KMT2A and
CD45.1 WT mice in the presence of doxycycline (DOX). The percentage of CD45.2 cells present in the peripheral blood was measured by flow cytometry over a period
of 25 weeks. *P<0.05, unpaired t-test. (E) At week 25 of the competitive repopulation assay, the CD45.2+ cells were analyzed for percentages of Gr-1, CD3, and
B220 markers. (F) Cellular BM chimerism of WT CD45.1+ mice 25 weeks after competitive transplantation with CD45.2+ iNUP98-KMT2A BM. All mice were exposed
to DOX throughout the experiment.
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Figure 3. Expression of iNUP98-KMT2A induces a transplantable acute myeloid leukemia in some mice. (A) Histological sections and peripheral blood (PB) smears
from four leukemic iNUP98-KMT2A mice. Scale bar: 10 μm. (A) Blood values from doxycycline (DOX)-treated iNUP98-KMT2A mice which developed symptoms of
leukemia as well as wildtype (WT) littermate controls (CTRL). *P<0.05, **P<0.01, unpaired t-test, n=5. WBC: white blood cells; LUC: abnormal leukocytes; RBC: red blood
cells. (C) Gr-1 and Mac-1 expression on total BM cells from leukemic iNUP98-KMT2A mice and a representative control mouse. (D) Total BM from leukemic mice M1
and M2 was transplanted into WT recipients in the presence or absence of DOX. Kaplan-Meier curves show disease-free survival of transplanted animals. **P<0.01,
log-rank test. (E) Representative immunophenotypes of total BM of recipients (on DOX) (from Figure 3D) either transplanted with iNUP98-KMT2A acute myeloid leukemia
from mouse M1: M1a and M1b; or from mouse M2. (F) iNUP98-KMT2A mice were exposed to DOX 48 h prior to sublethal irradiation (600 cGy). Irradiated (IR) WT mice
were used as controls. Kaplan-Meier curves illustrate disease-free survival. *P<0.05, log-rank test. (G) Representative histopathology section of a symptomatic irradiated
iNUP98-KMT2A mouse. The BM is infiltrated with blasts which are also visible in the peripheral blood (PB) and kidney. Scale bars: PB: 10 μm; BM & kidney: 100 μm.  
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Supplementary Table S5) and that seen in our cohort of pri-
mary-induced, non-irradiated iNUP98-KMT2A mice on
doxycycline (median latency 26 vs. 80 weeks; P=0.0003,
log-rank test, n=6) (Online Supplementary Figure 3A). All
symptomatic mice had extensive multi-organ infiltration
by leukemic blasts, which were visible on peripheral
blood smears as well as in the BM and kidneys (Figure
3G). Collectively, these data show that expression of
iNUP98-KMT2A leads to an MDS-like disease and in
some cases to transplantable AML in mice.

Expression of iNUP98-KMT2A results in aberrant cell
cycle progression and escape from senescence
In the presence of doxycycline (1 μg/mL), ex vivo prolif-

eration of Lin- iNUP98-KMT2A BM cells was significantly
impaired in liquid culture containing cytokines (murine
stem cell factor, interleukin-6, and interleukin-3 (Online
Supplementary Figure S3B). Expression of iNUP98-KMT2A
was verified on day 6 of the culture (Online Supplementary
Figure S3C). However, iNUP98-KMT2A expression did
not significantly alter the clonogenic growth of BM cells
in methylcellulose containing doxycycline (Online
Supplementary Figure S3D). Cell cycle analysis of Lin-

iNUP98-KMT2A BM cells challenged with doxycycline in
vitro revealed an increase in the number of cells in G1

phase (P=0.033, unpaired t-test, n=3) at the expense of G0

and G2/M phases (P=0.049, unpaired t-test, n=3) (Online
Supplementary Figure S3E), similar to what was observed
in LSK from iNUP98-KMT2A mice on doxycycline
(Figure 2C).
To further explore the impact of iNUP98-KMT2A

expression on cell cycle regulation we established MEF.
We first verified iNUP98-KMT2A expression in the MEF
(Figure 4A). We then determined cell cycle progression of
iNUP98-KMT2A MEF on doxycycline and found accumu-
lation of the cells in the G1 phase (P=0.081, unpaired t-
test, n=3) with a significant reduction of the percentage of
cells in the G2/M phase (P=0.029, unpaired t-test, n=3)
(Figure 4B). Initially, both iNUP98-KMT2A and WT MEF
grew at similar rates; however, upon serial propagation of
the cells we observed reduced growth of WT MEF with
signs of senescence (visualized by X-gal staining for
senescence-associated β-galactosidase activity) after 10-
13 passages (Figure 4C, Online Supplementary Figure S3F,
G). In contrast, iNUP98-KMT2A MEF continued to grow
at an increased rate (P=0.0156, Wilcoxon matched-pairs
signed rank test, n=2) up to, and beyond, passage 40. To
understand how iNUP98-KMT2A MEF escape senes-
cence, we compared the expression of 84 genes related to
cell cycle regulation and senescence using a commercial
array-based reverse transcription PCR assay. Combining
two independent experiments revealed no significant
changes in gene expression at an early time-point (pas-
sage 1) (Figure 4D) while the levels of expression of eight
genes were significantly reduced in iNUP98-KMT2A MEF
relative to WT MEF at later passages (passage 10-13)
(Figure 4E). 
Genes that were found to be dysregulated in late-pas-

sage iNUP98-KMT2A MEF samples were further analyzed
in iNUP98-KMT2A HSPC, which had been exposed to
doxycycline in vitro for 48 h. Expression patterns observed
in MEF for Sirt1, Rbl2, Twist1, Prkcd, Vim, and Tert were
found to be similar in iNUP98-KMT2A HSPC, demon-
strating common patterns of gene regulation in MEF and
primary iNUP98-KMT2A cells (Figure 4F). 

iNUP98-KMT2A+ acute myeloid leukemia cells do not
express the HoxA-B-C gene cluster and are resistant 
to compounds targeting the KMT2A-menin interaction 
In contrast to other NUP98 fusions, primary patients’

NUP98-KMT2A AML cells were shown to express
reduced levels of the HOXA-B-C gene cluster.19 Likewise,
leukemic blasts from diseased iNUP98-KMT2Amice gen-
erally expressed very low levels of HoxA5, HoxA9,
HoxA10, HoxB4, HoxB6, HoxC6 and HoxC9 mRNA com-
pared to normal BM cells or to leukemic blasts trans-
formed by retroviral KMT2A-ENL (rKMT2A-ENL) or the
rKMT2A-AF9 fusion genes (Figure 5A).24
The lack of KMT2A exon 1 encoding for the very N-ter-

minus, which mediates the menin/LEDGF interaction,
predicts that cells carrying the NUP98-KMT2A fusion
protein would be resistant to small molecule menin
inhibitors. However, if leukemic transformation by
NUP98 fusions depends on KMT2A, as suggested by
recent studies,14,25 NUP98-KMT2A leukemic blasts might
be susceptible to inhibition by small molecules targeting
critical KMT2A functional interactions. To address this
question, we exposed cells from two leukemic iNUP98-
KMT2A mice (“M1” & “M3”) to different doses of the
small molecule menin inhibitor (MI-2-2) and to a bro-
modomain inhibitor blocking BET-family proteins includ-
ing BRD4 (JQ1) previously shown to efficiently block
KMT2A and KMT2A-fusion controlled transcription.26 As
shown in Figure 5B, MI-2-2 (3-12 μM) did not impair
growth of iNUP98-KMT2A leukemic blasts but at 6 μM
and 12  μM induced a G1 cycle arrest in leukemic cells
expressing the rKMT2A-AF9 fusion (P<0.0001, two-way
ANOVA, n=2), with a concomitant decrease in the pro-
portion of cells in the S-phase (P<0.0001, two-way
ANOVA, n=2) and in the G2/M-phase (6 μM: P=0.0246;
12 μM: P=0.0144, two-way ANOVA, n=2). Exposure of
iNUP98-KMT2A cells to low (0.05-0.5 μM) doses of JQ1
did not induce cell cycle arrest or significant cytotoxicity
as seen in rKMT2A-AF9 cells (Figure 5C), but increased
the fraction of cells in the G1 phase of the cycle, suggest-
ing alternative transforming mechanisms of NUP98-
KMT2A compatible with a defective cell cycle checkpoint
control. 

Discussion

Inv(11)(p15q23) has been reported in a heterogeneous
group of human hematologic malignancies including
MDS, AML, peripheral T-cell lymphoma, childhood acute
lymphoblastic acute leukemia, myeloma and hairy cell
leukemia.20 In the majority of the myeloid cases,
inv(11)(p15q23) was the sole cytogenetic abnormality,
suggesting a role as a leukemogenic driver. Expression of
a NUP98-KMT2A fusion gene has so far been reported in
two AML patients with inv(11)(p15q23).19 Detailed
molecular work-up of additional patients is needed to
delineate the epidemiology of this rare entity. Notably,
inv(11)(p15q23) was also found in some solid cancers but
never analyzed in more detail.20 To determine the trans-
forming potential of the NUP98-KMT2A fusion gene we
developed inducible transgenic mice. This approach
avoids some of the drawbacks of retroviral gene transfer
such as cooperating integration events or transduction
bias of early myeloid progenitor cells. In addition, the
large size of the NUP98-KMT2A fusion ORF would clear-
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ly limit the generation of high-titer retroviral particles.
We used a doxycycline-regulated transgenic expression
system in which the rtTA is integrated into the ubiqui-
tously expressed Rosa26 locus and the NUP98-KMT2A
fusion is in the Hprt locus under control of a tet-respon-
sive minimal promoter, previously used to model the
impact of cellular origin in KMT2A-AF9 and KMT2A-
ENL-driven leukemia.22,23,27 
Secondary transplantation of iNUP98-KMT2A

leukemic cells revealed that the inherent leakiness of the
system might be sufficient to drive the phenotype in the
absence of doxycycline after cellular selection in the
mouse (Figure 3D) suggesting that, in contrast to KMT2A-
AF9 or KMT2A-ENL, low level NUP98-KMT2A transgene
expression is sufficient to exert its oncogenic activity or
that expression of the transgene might be required for ini-

tial transformation but not for maintenance of neoplastic
cells in all cases. 
Retroviral expression, as well as constitutive or condi-

tional activation, of many AML-associated fusions
[involving the retinoic acid receptor alpha (RARA), core
binding factor (CBF) or KMT2A] in the hematopoietic
system of the mouse often closely phenocopies human
disease.28,29 In most of these models, AML develops after
a long latency without evidence of a symptomatic pre-
leukemic MDS phase, with few exceptions such as the
Vav1-promoter driven NUP98-HOXD13 fusion.30 NUP98-
HOXD13 mice developed T-cell leukemia, undifferentiat-
ed leukemia, megakaryocytic and erythroid leukemia or
symptomatic MDS. In contrast, iNUP98-KMT2A mice (5
out of 22) only developed Gr-1+/Mac-1+/c-Kit+ AML.
Leukemic transformation of NUP98-HOXD13 mice was
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Figure 4. iNUP98-KMT2A expression impairs cell cycle progression of murine embryonic fibroblasts and bone marrow-derived hematopoietic stem and progenitor
cells. (A) Murine embryonic fibroblasts (MEF), derived from iNUP98-KMT2A and wildtype (WT) control (CTRL) littermate mice were cultured in vitro in the presence of
doxycycline (DOX) (1 μg/mL). iNUP98-KMT2A expression is shown relative to the level of GAPDH expression. *P<0.05, unpaired t-test, n=3. (B) Flow cytometry-based
cell cycle analysis showed increased G1 and decreased G2/M fractions of in vitro-cultured iNUP98-KMT2A+ MEF compared to WT controls. *P<0.05, unpaired t-test,
n=3. (C) iNUP98-KMT2A and WT MEF cultured for eight passages in the presence of DOX (1 μg/mL) were stained for senescence-associated B-galactosidase activity
with X-Gal (left panel). The number of X-Gal+ cells in the culture was quantified (right panel). Images and counts are representative of three biological replicates. Scale
bars: 100 μm. **P<0.01, unpaired t-test, n=3. (D) Differential mRNA expression from early (passages 1-2) and late (passages 8-10) passaged WT and iNUP98-
KMT2A MEF analyzed by a RT2 PCR array. Significant (P<0.05) changes are highlighted in red. (E) Validation of differentially expressed genes in MEF (Figure 4D) by
quantitative polymerase chain reaction analysis in WT and iNUP98-KMT2A hematopoietic stem and progenitor cells after exposure to DOX (1 μg/mL) in vitro for 48
h. *<0.05, unpaired t-test, n=3.
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accompanied by spontaneous mutations in Nras, Kras
and Cbl; however, no such mutations were found in
three iNUP98-KMT2A mice that developed AML31 (data
not shown). Several studies also demonstrated leuke-
mogenic cooperation of NUP98-HOXD13 with overex-
pression of Meis1, MN1, or loss of p53 or p15INK4B.32-35
Intercrossing of transgenic NUP98-HOXD13 mice with
Flt3-internal tandem duplication (ITD) knock-in mice
resulted in acceleration to a fully-penetrant AML pheno-
type.36 In contrast to NUP98-HOXD13, we observed that
transplantation of iNUP98-KMT2A BM cells retrovirally
overexpressing FLT3-ITD did not accelerate the disease
(data not shown).36
In the presence or absence of FLT3-ITD, pre-leukemic

NUP98-HOXD13 cells expressed significantly increased
levels of HoxA7, HoxA9, HoxB4, HoxB6, HoxB7, HoxC4 and
HoxC6mRNA.30,36 In sharp contrast, BM cells from diseased
iNUP98-KMT2A mice expressed significantly reduced lev-
els of the HoxA-B-C gene cluster compared to normal BM
cells, recapitulating what was shown in primary NUP98-
KMT2A+ AML cells.19 Expression levels of HoxA-B-C genes
below those observed in normal HSPC suggest that the
iNUP98-KMT2A fusion may affect the function of normal
KMT2A in a dominant-negative manner. 

Previous work showed that KMT2A plays a critical
role in cell cycle progression.37 Interestingly, under base-
line conditions, we found a higher proportion of
iNUP98-KMT2A Lin- cells in S-phase when compared to
WT cells supporting previous studies indicating that
ablation of normal KMT2A function results in defective
S-phase cell cycle entry. The percentage of both WT and
iNUP98-KMT2A cells in S-phase decreased following
exposure to ionizing radiation (data not shown) as has
been demonstrated previously.38 Interestingly, compared
to control cells, in vitro doxycycline treatment of both
iNUP98-KMT2A BM-derived HSPC and MEF led to the
accumulation of cells in the G1-phase, mirroring what
was seen in LSK cells taken from iNUP98-KMT2A mice
that had been on doxycycline food for several months.
Further experiments with MEF showed that expression
of iNUP98-KMT2A abrogated cellular senescence: com-
pared to WT cells, iNUP98-KMT2A MEF on doxycycline
never showed any signs of crisis and could easily be
propagated for >45 passages. In contrast, iNUP98-
KMT2A cells off doxycycline showed signs of a crisis at
passages 10-12 but were able to escape and could also be
propagated for over 40 passages (data not shown), suggest-
ing that very low expression of iNUP98-KMT2A is suffi-
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Figure 5. iNUP98-KMT2A acute myeloid leukemia cells express low levels of Hox genes and are resistant to small molecule menin and Brd4 inhibitors. (A)
Expression of HoxA, -B, and -C genes was quantified by quantitative polymerase chain reaction (qPCR) analysis in total bone marrow from wildtype (WT) control (CTRL)
cells, leukemic cells from iNUP98-KMT2A mice as well as from mice transplanted with retrovirally-transduced KMT2A-ENL (rKMT2A-ENL) and rKMT2A-AF9 cells.
Expression relative to that of WT cells is shown. *P<0.05, **P<0.01, ***P<0.001, ****P<0.0001, one-way analysis of variance (ANOVA) relative to control, n=3.
(B) rKMT2A-AF9 and iNUP98-KMT2A leukemic blasts were treated with the menin inhibitor, MI-2-2, for 48 h at the indicated concentrations and the cell cycle phase
was analyzed by flow cytometry. The figure shows the percentage of cells in each phase of the cell cycle. *P<0.05, **P<0.01, ***P<0.001, ****P<0.0001, two-
way ANOVA relative to cells treated with dimethylsulfoxide (DMSO), n=2. (C) rKMT2A-AF9 and iNUP98-KMT2A leukemic blasts were treated with the BRD4 inhibitor,
JQ1, for 48 h at the indicated concentrations. Cell cycle phase was analyzed by flow cytometry. The figure shows the percentage of cells in each phase of the cell
cycle. *P<0.05, two-way ANOVA relative to DMSO-treated cells, n=2.
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cient to provide the cells the signals to escape apoptosis
after crisis. 
Among the genes downregulated in late passage

iNUP98-KMT2A relative to control MEF, many have
been implicated in cell cycle- or senescence-regulatory
capacities. Previously, sirtuin1 (sirt1)-deficient MEF were
shown to be resistant to replicative senescence through a
p53-dependent mechanism;39 there is also evidence to
suggest that Sirt1 plays a crucial role in Foxo3-activated
cell cycle arrest.40 It has been shown that the insulin-like
growth factor 1 receptor (IGF1R) ligand, insulin-like
growth factor (IGF1), is involved in cellular senescence
control through the Sirt1-p53 axis,41 in line with a pro-
posed model whereby p53-dependent cellular senes-
cence is counteracted by inhibition of IGF1R signaling.42
In a lung fibroblast cell model, Rbl2 (p130) expression
was increased along with E2F-4 and markers of cellular
senescence following heat shock protein-27 (HSP27)
knock-down. Inhibition of Rbl2 counteracted the effects
of HSP27 knock-down and significantly reduced senes-
cence-associated β-galactosidase staining in a p53-inde-
pendent manner.43 Additionally, the ribonuclease poly-
merase Tert (telomerase reverse transcriptase), which
maintains telomeric ends, has a well-demonstrated role
in resisting senescence; however, some primary tumor
samples have tested negative for telomerase activity44

and alternative mechanisms to overcome replication-
associated telomeric shortening have been proposed
with evidence for alternative lengthening of telomeres in
10-15% of cancers.45 Finally, the role of protein kinase C
delta (Prkcd) in senescence is currently poorly under-
stood, but studies have suggested that Prkcd is an impor-
tant mediator of transforming growth factor-β-induced
senescence.46
Peptides and small molecule antagonists of KMT2A-

menin/LEDGF interactions have been shown to reduce the
transforming activity of KMT2A fusions by interfering with

binding to targets, including the HOX-A gene cluster.5-10 It
has been shown that leukemic transformation by NUP98
fusions is KMT2A-dependent;14 this would support the idea
that iNUP98-KMT2A AML cells are susceptible to small
molecules targeting the N-terminus of WT KMT2A.
Conversely, the lack of the menin/LEDGF interaction site
would predict poor sensitivity of iNUP98-KMT2A AML
cells to these compounds. Indeed, compared to KMT2A-
AF9-driven cells, iNUP98-KMT2A leukemic cells were
resistant to blockade of the KMT2A-menin interaction by
the small molecule MI-2-2 at concentrations previously
demonstrated to inhibit growth of human KMT2A-AF4
and murine KMT2A-AF9 transformed cells.12,47 iNUP98-
KMT2A AML cells also showed a reduced sensitivity to the
BET-bromodomain inhibitor JQ1, which interferes with
active transcription and elongation through displacement of
BRD4 from chromatin,48 while challenge of KMT2A-AF9
cells recapitulated published growth inhibition.26 This sug-
gests that targeting KMT2A might not be suitable for effi-
cient therapeutic interference with NUP98-KMT2A AML.
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