
Mouse embryonic stem cells that express a NUP98-HOXD13
fusion protein are impaired in their ability to differentiate and can
be complemented by BCR-ABL.

Christopher Slape1, Yang Jo Chung1, Paul D. Soloway2, Lino Tessarollo3, and Peter D
Aplan1

1Genetics Branch, National Cancer Institute, National Institutes of Health, Bethesda, MD, USA

2Division of Nutritional Sciences, Cornell University, Ithaca, NY, USA

3Mouse Cancer Genetics Program, Center for Cancer Research, National Cancer Institute, National
Institutes of Health, Bethesda, MD, USA

Abstract
NUP98-HOXD13 (NHD13) fusions have been identified in patients with myelodysplastic syndrome
(MDS), acute myelogenous leukemia (AML) and chronic myeloid leukemia blast crisis (CML-BC).
We generated “knock-in” mouse embryonic stem (ES) cells that express a NHD13 fusion gene from
the endogenous murine NUP98 promoter, and used an in vitro differentiation system to differentiate
the ES cells to haematopoietic colonies. Replating assays demonstrated that the partially
differentiated NHD13 ES cells were immortal, and two of these cultures were transferred to liquid
culture. These cell lines are partially differentiated immature haematopoietic cells, as determined by
morphology, immunophenotype and gene expression profile. Despite these characteristics, they were
unable to differentiate when exposed to high concentrations of Epo, G-CSF, or M-CSF. The cell lines
are incompletely transformed, as evidenced by their dependence on IL3, and their failure to initiate
tumours when injected into immunodeficient mice. We attempted genetic complementation of the
NHD13 gene using IL3 independence and tumorigenicity in immunodeficient mice as markers of
transformation, and found that BCR-ABL successfully transformed the cell lines. These findings
support the hypothesis that expression of a NHD13 fusion gene impairs haematopoietic
differentiation, and that these cell lines present a model system to study the nature of this impaired
differentiation.
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INTRODUCTION
The NUP98-HOXD13 (hereafter NHD13) fusion gene is formed by the t(2;11)(q31;p15)
translocation, which has been observed in patients with myelodysplastic syndrome (MDS) and
acute myeloid leukemia (AML) [1]. The NUP98 gene is involved in numerous other
translocations resulting in at least 20 different fusion genes, with nine of the known fusions
involving homeodomain genes. NUP98 translocations have been recognised in patients with
a wide array of haematological malignancy, including MDS, AML, CML and pre-T cell
lymphoblastic leukemia/lymphoma (pre-T LBL) [2].
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NUP98 is located at chromosome 11p15.5 and encodes a nucleoporin protein that normally
mediates transport of RNA and protein across the nuclear membrane. GLFG repeats within the
amino-terminal region of the NUP98 protein are thought to form a docking site for the nuclear
transport signal receptor proteins known as karyopherins [3,4]. A GLEBS motif, also within
the amino terminal portion of the NUP98 protein, forms a binding site for the RAE1 mRNA
export factor [5]. In addition, a recent report suggests that this interaction is important for proper
mitotic division [6].

The NUP98 fusion genes invariably encode a fusion protein consisting of the amino terminal
portion of the normal NUP98 protein fused to the carboxyl terminal portion of the partner gene.
In the case of the homeobox partners, this portion includes the DNA-binding homeodomain.
As the N-terminal portion of NUP98 has transactivation potential [7], these NUP98-HOX
fusion proteins are suspected to act as aberrant transcription factors.

Vertebrate HOX genes are organised into four genomic clusters (A, B, C and D), each
containing between 9 and 11 genes arranged in 13 paralogous groups. The HOX genes are
transcription factors, featuring a common DNA-binding domain termed the homeodomain.
The HOX genes are critical for developmental processes including haematopoiesis, during
which genes of the A, B and C (but not D) clusters are expressed [8]. Several lines of evidence
have implicated HOX gene deregulation in leukemic transformation. First, multiple HOX
genes have been identified as fusion partners of NUP98 in chromosomal translocations
associated with acute leukemia [2]. Second, gene expression profiling has shown that
upregulation of several HOX genes occurs in leukemias of different origins [8,9]. This
overexpression has been demonstrated to have functional significance during leukemic
transformation [10–12] and to be a marker of poor prognosis [13]. Finally, we and others have
reported that expression of NUP98-HOX fusions leads to myeloid malignancies in transgenic
and retroviral transduction model systems [14–17]. NHD13 transgenic mice developed a highly
penetrant MDS which was either fatal or developed to a fatal acute leukemia [17].

To determine whether expression of a NHD13 fusion gene under control of endogenous
NUP98 regulatory sequences is leukemogenic, we used homologous recombination to produce
“knock-in” (hereafter KI) ES cells that expressed the NHD13 fusion gene from the endogenous
NUP98 locus. Herein, we report that the NHD13 embryonic stem cells were not able to
contribute to a live mouse. However, by subjecting the NHD13 ES cells to an in vitro
differentiation system, we were able to establish a haematopoietic cell line model of NHD13
haematopoietic disease, offering a novel type of model system to investigate this disease.

MATERIALS AND METHODS
Generation of NHD13 ES Cells

The NHD13 KI vector was constructed by ligation of the 3’ end of the NHD13 fusion gene
derived from the index patient to exon 12 of the murine NUP98 using the ApaI site common
to human and murine NUP98 exon 12 (Figure 1a). A floxed neomycin resistance cassette was
inserted for selection of the targeted ES cells [18].

Blastocyst injection
To generate chimeric mice, day e3.5 blastocysts were harvested and injected with 10–12 ES
cells. Up to 10 injected blastocysts per uterine horn were transferred to pseudopregnant
recipient mice through a dorsal medial incision, and the pregnancies proceeded to term [19].
For some experiments, the pseudopregnant recipient mice were euthanized at pre-term time
points, and the embryos dissected to remove the placenta, yolk sac, and fetus.
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In vitro differentiation of ES cell lines
ES cell lines were cultured in ES Maintenance Media (15% FBS, 1mM sodium pyruvate, 100
U/ml penicillin, 100 ug/ml streptomycin, 2mM L-glutamine, 0.1 mM Non-Essential Amino
Acids, 10 ng/ml mLIF and 100 uM monothioglycerol (MTG) in Dulbecco’s Modified Eagle’s
Medium (DMEM) high glucose (Stem Cell Technologies)) on a layer of primary embryonic
fibroblasts. Cell lines were cultured under standard conditions in Iscove’s Modified Dulbecco’s
Medium (IMDM) with 15% fetal bovine serum, 2mM L-glutamine, 100 U/ml penicillin and
100 ug/ml streptomycin.

Differentiation of ES cells to hematopoietic colonies was accomplished using Stem Cell
Technologies protocols and reagents [20]. Briefly, 2 × 10³ ES cells were plated in 35 mm non-
adherent petri dishes in “Primary Differentiation Medium” (IMDM in 0.9% methylcellulose
plus 15% FCS, 150 uM MTG, and 40 ng/ml mSCF) to induce embryoid body (EB) formation.
At day 7, the EBs were given 1.0 ml of “Feed Medium” (IMDM plus 15% FCS, 150 µM MTG,
160 ng/ml mSCF, 30 ng/ml mIL-3, 30 ng/ml hIL-6, and 3 U/ml hEpo). After 12 to 13 days of
primary differentiation, EBs were harvested, disrupted with collagenase, and plated in
“Hematopoietic Medium” [0.9% methylcellulose, 15% FCS, 150 µM MTG, BIT 9500 (1%
BSA, 10 ug/ml Insulin, 200 ug/ml Transferrin), 3 U/ml hEpo, 160 ng/ml mSCF, 30 ng/ml
mIL-3 and 30 ng/ml hIL-6]. Colonies were evaluated at day 10 post secondary differentiation.

Treatment with differentiating agents
The cytokine-induced differentiation assay was performed using methylcellulose (Methocult
M3120, StemCell Technologies Inc.) with 15% FBS, along with a low concentration of IL3
(1 ng/ml) to support growth and 1x or 10x cytokine concentrations for the cytokine under
investigation. The 1x concentrations used in the forced differentiation assay were IL6 (10ng/
ml), SCF (160 ng/ml), EPO (3U/ml) granulocyte colony stimulating factor (G-CSF) (10ng/
ml), macrophage colony stimulating factor (M-CSF) (10ng/ml) and granulocyte macrophage
colony stimulating factor (GM-CSF) (10ng/ml). For treatment of cells in liquid culture, 1X
concentrations of the individual cytokines were used.

Treatment with decitabine (Sigma) and trichostatin A (TSA; Sigma) was performed in IMDM
with 15% FBS, along with a low concentration of IL3 (1 ng/ml) to support growth. In the first
protocol, cells were split the day before treatment, and were then treated with decitabine alone
(3d at 1 uM or 100nM), TSA alone (1d at 50 nM or 5 nM), or decitabine followed by TSA
(decitabine, 3d at 1 uM followed by TSA, 1d at 50 nM, or decitabine 3d at 100 nM followed
by TSA, 1d at 5 nM). Following the treatment period, drugs were washed out and cells were
allowed to recover for three days before being assayed by FACS. In the second protocol, cells
were split the day before treatment and were then treated with decitabine alone (2d at 100 nM),
TSA alone (16 h at 5 nM), or decitabine followed by TSA (decitabine, 2d at 100 nM followed
by TSA, 16 h at 5 nM). Following the treatment period, drugs were washed out and cells were
allowed to recover in normal growth medium for one day before FACS analysis.

Retroviral transduction
Infectious retroviral particles was constructed by cotransfection of 293T cells with pVpack-
GP, pVpack-Eco (Stratagene) and plasmids prepared from the Human Fetal Liver Plasmid
cDNA Library (Stratagene) according to the manufacturer’s instructions. Virus containing
media (VCM) was harvested 48 hours post-transfection. Infection of the 188D and 189L2 cell
lines was performed by resuspending 5×105 to 5×106 cells with VCM containing 5ug/ml
protamine sulfate and 10 ng/ml IL3. VCM was replaced with fresh medium after 24 hours.
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Cell Transfection
Transfections of the cell lines were performed using DMRIE-C transfection agent (Invitrogen),
according to the manufacturer’s instructions. Plasmids used were pMIG-BCR-ABL (gift from
Dr Warren Pear), pEGFP-C2 (Clontech) and pTRE2hyg (Clontech). Selection was performed
in 500ug/ml G418 (Invitrogen) or 500ug/ml hygromycin (Invitrogen).

Flow cytometry
A total of 106 cells were washed in phosphate-buffered saline (PBS) and then resuspended in
100 ul 2% FBS in Hanks’ Buffered Saline Solution (HBBS). 5ul of appropriate antibodies were
added and the mixture incubated at 4°C for 30 min. The following antibodies were used as PE
conjugates: IgG (as isotype control; 0.4 ug/ml); CD34 (1.25 ug/ml); CD3 (0.4 ug/ml); Sca (0.4
ug/ml); Mac-1 (0.2 ug/ml); IgM (0.4 ug/ml); CD41 (1.0 ug/ml). The following antibodies were
used as FITC conjugates: IgG (as isotype control; 0.4 ug/ml); Gr-1 (0.1 ug/ml); Ter119 (0.4
ug/ml); Kit (1.0 ug/ml); B220 (1.0 ug/ml) (all antibodies were purchased from BD
Biosciences). Cells were then washed twice in PBS and resuspended in 500 ul of 1% propidium
iodide in 2% FBS in HBBS. Fluorescence was detected and analysed using a FACSort flow
cytometer (Beckman Coulter) with CellQuest data analysis software.

Microarray analysis
Total RNA was isolated from cultured cells using TRIZOL reagent (Invitrogen). Control RNA
was Universal Murine Reference RNA (Stratagene). Fifteen micrograms of total RNA was
reverse transcribed using oligo (dT) primer and Stratascript reverse transcriptase (Stratagene)
for 1 hour at 42°C. Cell line and reference cDNA were labeled with Cy3 or Cy5 (Amersham
Biosciences) and then combined and hybridized to 9984-feature murine cDNA arrays (NCI-
Frederick), for 16 hours at 42°C. The hybridized slides were scanned using a GenePix 4000A
Microarray Scanner (Axon). Image analysis was performed using the GenePix 5 software
(Axon).

Ligation-mediated PCR
Genomic DNA was digested with NlaIII or MseI and ligated to linkers constructed by annealing
the oligonucleotides 5’-
GTAATACGACTCACTATAGGGCTCCGCTTAAGGGACCATG-3’ and 5’-Phos-
GTCCCTTAAGCGGAG-C3spacer-3’ for NlaIII-digested DNA, and 5’-
GTAATACGACTCACTATAGGGCTCCGCTTAAGGGAC-3’ and 5’-Phos-
TAGTCCCTTAAGCGGAG-C3spacer-3’ for MseI-digested DNA (Integrated DNA
Technologies, Coralville, IA). Primary PCR was performed using primers designed to the
linkers and the LTR of the pFB retroviral sequence. Secondary PCR was performed using
nested primers after 1:50 dilution of the primary PCR product. Products were ligated into
pGEM-T Easy (Promega) and transformed into DH5α cells (Invitrogen). Plasmid DNA was
isolated (Qiagen) and sequencing was performed using an SP6 primer with BigDye Terminator
and analysed on a 3730 DNA Analyzer (Applied Biosystems).

Immunodeficient mouse xenotransplant tumour assays
Nude and Scid mice were obtained from Charles River Laboratories. Cells were washed and
resuspended in PBS at a concentration of 2.5 × 107/ml. Subsequently, aliquots of 200 µL (5 ×
106 cells) were injected either subcutaneously or intraperitoneally into nude or Scid recipient
mice. Mice were monitored daily and euthanised when tumour formation became apparent.
Mice in which tumours did not form were monitored for six months.
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RESULTS
Generation of NHD13 ES Cells

The NHD13 targeting construct is shown in Figure 1a. Proper targeting of the murine
NUP98 locus will generate a chimeric mouse-human transcript in which the first 11 exons are
derived entirely from the endogenous murine Nup98, exon 12 is a mouse/human hybrid exon,
and exon 2 of human HOXD13 is fused in frame to NUP98 exon 12 (Figure 1a). This fusion
recapitulates the NHD13 fusion seen in patients with the t(2;11)(q31;p15). The NHD13 vector
was electroporated into J1 ES cells, which were then selected with G418 and ganciclovir
counter-selection. Southern blot analysis was performed to identify those clones in which
homologous recombination had occurred (Figure 1b). An extraordinarily high targeting
frequency was obtained; 185/228 (81%) of the ES cells had been properly targeted. Indeed,
one clone, designated 73, was found to have no germline allele, suggesting that the clone had
either undergone two recombination events, a gene conversion, or a non-disjunction event
(Figure 1b).

To verify that the targeted locus was properly transcribed, RNA was extracted from four
heterozygous clones and assayed by RT-PCR for expression of the fusion transcript. All
expressed similar levels of the transcript (data not shown). To test whether the transcript is
correctly translated within the ES cells, three clones (two with one allele targeted and one with
two alleles targeted) were subjected to western blot analysis using an anti-HOXD13 antisera
to detect expression of the NHD13 fusion protein. The expected size of the NHD13 protein is
approximately 50 kD. The blot confirmed that a protein of slightly more than 50 kD was
expressed at high levels (Figure 1c). Growth curves indicated that the heterozygous NHD13
cells had growth characteristics similar to the parental cells, and that the homozygous
NHD13 cells expanded at a reduced rate (Figure 1d).

Inability to generate chimeric mice with NHD13 cells
In an attempt to generate NHD13 mice, several independent NHD13 clones were microinjected
into wild-type blastocysts, and the blastocysts transferred to pseudo-pregnant mothers. Several
experiments were performed, and a total of 254 blastocysts were injected with four independent
NHD13 ES clones, by two experienced microinjectionists. A total of 26 pups were born; seven
died in the neonatal period, and 19 developed into adulthood. None of these 19 mice were
positive for the NHD13 allele, as assessed by coat color as well as PCR analysis of tail biopsy
DNA or peripheral blood DNA. Reasoning that these mice might still be chimeric in the germ
tissue, several of the 19 surviving mice were crossed with wild-type mice; none of 32 offspring
of these mice were positive for the NHD13 allele.

We considered that the inability to generate chimeric mice may have been due to technical
problems with these ES clones. Therefore we repeated the targeting in a different facility with
an independent strain of ES cells (CJ7). We again noted a very high targeting efficiency (35/76
or 46%), and obtained a large number of successfully targeted clones. Both a pool of 12
individual clones as well as single clones were injected into blastocysts. In sum, a total of 85
blastocysts were injected and transferred; again, none of 19 pups born were chimeric by coat
color.

To assess whether we could detect the NHD13 allele in the developing embryo, we euthanized
mice implanted with blastocysts between e10.5 and e14.5 and analyzed contribution of the J1
NHD13 cells by PCR and/or Southern blot (Table 1). The implantation and resorption rates of
76% and 13%, respectively, were within an expected range. The NHD13 allele was consistently
detected in a fraction of embryos at all gestational periods by PCR. However, Southern blot
analysis failed to show any contribution from the NHD13 ES cells in three litters that were
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analyzed. This indicated that the contribution was below the level of sensitivity of the Southern
blot assay, and suggested that the contribution of the NHD13 ES cells to the developing embryo
was minimal.

We considered the possibility that the neomycin resistance cassette and PGK promoter used
for selection of the NHD13 ES cells might effect the expression of nearby genes, and lead to
a lack of chimeric animals through an unexpected positional effect [21–23]. Therefore, the
floxed PGK-Neo resistance cassette was removed using Cre recombinase. The resultant PGK-
Neo-deleted NHD13 ES cells were microinjected into blastocysts to generate chimeric mice.
Again, the microinjections resulted in very few liveborn pups, and none were chimeric. Taken
together, these findings suggest that NHD13 ES cells are impaired in their ability to differentiate
and contribute to an adult animal.

In vitro differentiation of ES cells
The NHD13 fusion gene has been shown to impair megakaryocytic differentiation of K562
cells [17], and impaired differentiation was considered to be the likely cause for failure of the
NHD13 ES cells to contribute to the adult mouse. To explore the effects of the NHD13 knock
in on the differentiation potential of the targeted cells, we performed a series of in vitro
differentiation experiments, using an established ES cell differentiation protocol [20]. In this
procedure, ES cells are first differentiated to embryoid bodies (EBs; primary differentiation),
which are then disaggregated and the single cells plated in methylcellulose containing SCF,
IL3, IL6, and EPO (secondary differentiation). Although the primary differentiation of the
parental J1 as well as two independent NHD13 ES clones (designated 188 and 189) produced
typical-appearing EBs, the secondary differentiation showed clear differences between the J1
and NHD13 derived cells. Grossly, the methylcellulose dishes from the parental J1 cells showed
primarily loose aggregates of cells typical of CFU-GM colonies(Figure 2a–Figure 2b), whereas
the NHD13 dishes had a preponderance of dense clusters of cells, similar to BL-CFCs (Figure
2d–Figure 2e and Figure 2g). Wright-Giemsa stained cytospin slides showed that these cells
had a very primitive morphology, with a high nuclear/cytoplasmic ratio, prominent nucleoli,
and uncondensed chromatin (Figure 2f, compare with Figure 2c). Replating of the
methylcellulose cultures resulting from the secondary differentiation demonstrated that the
partially differentiated NHD13 cells were effectively immortal in this system, surviving more
than 12 replatings, whereas cells derived from the parental J1 ES stem cell line survived only
3 replatings. The entire differentiation procedure was repeated 3 times, with similar results for
each experiment.

Generation of IL3 dependent cell lines
After the cells derived from NHD13 clones 188 and 189 cells had been replated 12 times in
methylcellulose with IL3, IL6, SCF and Epo, they were transferred to liquid culture to
determine whether they could grow in suspension, and to define which cytokines were
necessary for survival. Successive withdrawal of each of the cytokines demonstrated that IL3
was necessary and sufficient for the cells to survive and proliferate in liquid culture (Figure
3a). We established cell lines from three separate differentiation experiments; these cell lines
were designated 188D, 189D, 188L1, 189L1, 188L2, and 189L2. We have focused our more
detailed studies on one IL3 dependent cell line derived from NHD13 ES clone 188 (188D),
and one derived from NHD13 ES clone 189 (189L2). These cell lines have now been in
continuous liquid culture for over three years.

Both the morphology and FACS profile of the 188D and 189L2 cell lines were similar. The
morphologic appearance of these cells was reminiscent of an erythroid or megakaryoblastic
leukemia, as the cells displayed deeply basophilic cytoplasm, cytoplasmic blebbing,
perinuclear clearing, prominent nucleoli, and variable vacuolisation (Figure 3b). FACS
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analysis showed that the 188D and 189L2 cells stained positively for markers of haematopoietic
progenitor cells, including c-kit, CD31, and CD34. The cells stained weakly for CD41, and
were negative for markers of more differentiated haematopoietic cells, including Mac1, Gr1,
ter119, CD3 and B220 (Figure 4a and Figure 4b).

The mRNA expression profile of the 188D and 189L2 cell lines was determined by comparing
the expression profile of the NHD13 cell lines with that of a universal reference RNA consisting
of RNA pooled from 11 different cell lines (Stratagene). The two genes most highly expressed
relative to the reference RNA were Hbb (haemoglobin beta) and Csf2rb2 (IL3 receptor),
consistent with the IL3 dependence and erythroid appearance of the cells. In addition, several
other highly expressed genes (haemoglobin alpha, Eraf (erythroid associated factor), and
Nfe2 (nuclear factor, erythroid derived 2)), are known to be specifically involved in
haematopoiesis, especially erythropoiesis (Table 2). Taken together, the morphology, FACS
analysis, and gene expression profile support the assertion that these are primitive,
incompletely differentiated haematopoietic cells.

Response to differentiating agents
We treated the 188D and 189L2 cell lines with single cytokines and combinations of cytokines
to determine if they could differentiate into mature haematopoietic cells. 188D and 189L2 cells
that were plated in methylcellulose supplemented with either IL6 (10 ng/ml), SCF (160 ng/
ml), Epo (3 U/ml or 30 U/ml), G-CSF (10 ng/ml or 100 ng/ml), M-CSF (10 ng/ml or 100 ng/
ml), or GM-CSF (10 ng/ml) alone did not form colonies. To determine if the cells would
differentiate if survival was supported by IL3, the experiment was repeated in the presence of
low (1 ng/ml) or high (10 ng/ml) concentrations of IL3. In this experiment, the cells survived,
however, the number and morphology of CFU-GM, CFU-GEMM, and BFU-E colonies was
not appreciably different between the IL3 only controls and the samples incubated in the
presence of IL6, SCF, Epo, G-CSF, M-CSF, or GM-CSF (data not shown).

A similar experiment was performed in liquid culture to allow for analysis of the results by
FACS. The 188D and 189L2 cells were incubated for five days in the presence of G-CSF (100
ng/ml), M-CSF (100 ng/ml), or Epo (30 U/ml). At the end of five days, all cells were dead. To
determine if the cells would differentiate if survival was supported by IL3, the experiment was
repeated in the presence of low (1 ng/ml) or high (10 ng/ml) concentrations of IL3; control
cells were treated with low or high concentrations of IL3 alone. After five days incubation,
cells were analyzed by May-Giemsa staining and FACS with Mac-1 and Gr-1. In no instance
did the cells show evidence of differentiation by morphology or flow cytometry. This inability
to respond to supraphysiological concentrations of cytokines is a measure of the robustness of
the block in differentiation induced by the NHD13 gene.

We treated the 189L2 cell line with either a demethylating agent (decitabine) or a deacetylation
agent (Trichostatin A; TSA) or both to determine whether the cells would differentiate under
these conditions. The treatment protocols used were taken from published reports that treated
hematopoietic cell lines with these agents [24,25]. The initial conditions as described in
methods were highly toxic to the cells (3–23% cell viability). Subsequent conditions using a
shorter exposure to decitabine and TSA (see methods) were less toxic (52–69% cell viability).
FACS analysis of cells following these treatments showed no change in the level of expression
of c-kit, CD34, Gr-1, Mac-1, Ter119, B220 or CD3, indicating that no differentiation occurred
under these treatment conditions.

Tumorigenicity in immunodeficient mice
To investigate the tumorigenic potential of these cells, nude mice were injected either
intraperitoneally or subcutaneously with parental J1 ES cells and NHD13 ES cells (clone #
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188). These mice developed teratomas within 2–6 weeks and were sacrificed (Table 3; Figure
5a and Figure 5b). When the IL3 dependent 188D and 189L2 cell lines were injected into nude
mice, the mice survived six months without developing teratomas, subcutaneous tumors, or
leukemia. These findings support the contention that the 188D and 189L2 cell lines have
partially differentiated and are therefore no longer totipotent, and that they are also not fully
transformed.

Complementation with a cDNA Library
Dependence on IL3 and failure to induce tumours in nude mice are both indicative of cells that
are not fully transformed. In an effort to identify genes which may complement the NHD13
fusion protein during leukemic transformation, we infected the 188D and 189L2 cell lines with
a human fetal liver cDNA retroviral library and selected for clones that were able to survive
and proliferate in the absence of IL3. This infection was performed three times. In all
experiments, the infection efficiency was determined by GFP expression in a parallel infection,
and a minimum transduction efficiency of 30% was achieved. In total, two clones, from one
experiment only, grew in the absence of IL3. PCR using primers specific to the retroviral vector
sequence amplified the cDNAs that had been integrated into the genomes of these two clones.
We determined that these two clones were closely related, with one clone containing six
insertions and the other containing the same six insertions as well as a seventh insertion. The
seven cDNA inserts were identified as ARMC1 (Armadillo repeat containing 1), AHSG
(Alpha-2-HS-glycoprotein), Transferrin, Beta actin, Angiotensinogen, GrpE-like 1 (chaperone
protein) and Haemoglobin alpha 2. While none of these were considered likely candidates for
complementation, they were nonetheless cloned into the pFB (Invitrogen) retroviral vector and
used to infect 188D and 189L2 cells. However, none of these seven cDNAs conferred IL3
independence. We next considered whether the retroviral insertions may have upregulated a
gene in the mouse genome and thereby made the cell IL3 independent. To address this, we
used ligation-mediated PCR to identify retroviral insertion sites. We identified four insertion
sites using this technique. One of these was an insertion in 11qB1.3, 5 kb 5’ of the IL3 gene.
We conclude that upregulation of the IL3 gene is responsible for the IL3 independent status of
the clone. Therefore, while our infection protocol and selection system were both successful,
we were unable to identify any collaborating genes using this approach.

Complementation with an activated tyrosine kinase
Because we were unable to identify a complementary gene by retroviral infection, we sought
instead to test a candidate gene for complementation as a proof of principle. An evolving
paradigm suggests that AML patients have one mutation which impairs differentiation, and a
complementary mutation, often involving tyrosine kinases, that increases cell proliferation and/
or decreases apoptotic cell death [26]. Since the NHD13 protein seems to impair
haematopoietic differentiation, we reasoned that the NHD13 cells could be complemented by
an oncogenic tyrosine kinase such as BCR-ABL. To test this hypothesis, after removal of the
floxed G418 cassette with a Cre expression vector, we co-transfected the 188D and 189L2 cell
lines with a BCR-ABL expression vector and pEGFP-C2 or pTRE2hyg to allow G418 or
hygromycin selection respectively. Stable transfectants were selected, and when IL3 was
removed from the cultures, the BCR-ABL transfected cell lines survived and expanded at a rate
similar to that of the parental cell lines in the presence IL3, demonstrating that BCR-ABL was
able to effectively complement NHD13 in this system (Figure 6).

To test the hypothesis that BCR-ABL expression had converted the non-malignant, IL3
dependent 188D cell line to fully transformed cells, one of the 188D transformants that
expressed BCR-ABL (188G3BA3) was injected subcutaneously into Scid mice. These mice
uniformly developed chloromas at the site of injection within two weeks, indicating that the
cell line was fully transformed (Table 3, Figure 5c). Mice injected in parallel with PBS or
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parental 188D cells were healthy without tumours for at least six months. This reaffirms the
complementary ability of NHD13 and BCR-ABL to fully transform cells. However, as these
cell lines formed chloromas rather than teratomas, the partially differentiated NHD13 cells
have lost the totipotency that the ES cells possessed. The chloroma cells stained negative for
myeloperoxidase, and the BCR-ABL transfected cells were negative by FACS analysis for Gr-1
and Mac-1, similar to the untransfected cells. This finding is similar to the immunophenotype
seen in mouse BCR-ABL/NUP98-HOXA9 leukemias [27].

DISCUSSION
We generated NHD13 KI ES cells, and demonstrated that the mRNA and protein is correctly
expressed. Following blastocyst injection of these ES cells, however, the resultant mice showed
no contribution of the NHD13 cells in any tissues examined. These observations suggest that
as differentiation of the embryo proceeds, cells carrying the NHD13 allele are lost, consistent
with the notion that the NHD13 fusion gene impairs differentiation. Consistent with the above
findings, NHD13 ES cells did not differentiate normally using an in vitro methylcellulose assay,
and produced predominantly BL-CFCs. However, some CFU-GM colonies were identified,
indicating that the differentiation block is not absolute.

The morphology, FACS analysis, and gene expression profile support the assertion that the
IL3 dependent cell lines 188D and 189L2 established through the in vitro differentiation
protocol are primitive, incompletely differentiated haematopoietic cells. The contention that
these immortalised cell lines were at least partially differentiated was further supported by the
observation that these cells did not form teratomas in vivo, indicating that the cell lines were
no longer totipotent. Of note, the 188D and 189L2 cell lines were unable to differentiate further
following exposure to either demethylation or deacetylation agents, or supraphysiological
concentrations of the cytokines GM-CSF, G-CSF, M-CSF or erythropoietin. These
observations support the hypothesis that the NHD13 gene induces a strong, but not complete,
differentiation block and are consistent with reports demonstrating transgenic mice expressing
NHD13 develop a myelodysplastic syndrome with differentiation arrest that progresses to acute
leukemia after a long latent period [17]. Taken together, these findings reaffirm the
classification of the NHD13 fusion gene as a Class II type event according to the proposed two
class model of leukemogenesis [28].

The partially differentiated, IL3-dependent, 188D and 189L2 cell lines were not fully
malignant, since injection of these cell lines into immunodeficient mice did not produce
tumours. As the cell lines were not fully malignant, it seemed that they might provide a useful
system to test for complementation of the NHD13 fusion gene, which could be assayed by
conversion to IL3 independence, or by tumour formation in immunodeficient mice. Our first
effort to complement, using a retroviral cDNA library from human fetal liver, did not succeed.
In those experiments, we were only able to produce one true IL3 independent clone, and it
seems likely that this clone was converted to IL3 independence by upregulation of the IL3
gene, as the clone contained a retroviral integration immediately 5’ of the IL3 locus. As a
complementary approach, we turned to a specific candidate gene, BCR-ABL, which provides
a strong proliferation signal that might complement the NHD13 differentiation block. This
approach was successful; expression of the BCR-ABL gene in either 188D cells or 189L2 cells
converted them to IL3 independence, and a representative 188D BCR-ABL cell line was
tumorigenic in nude mice. The reason we were unable to complement NHD13 with cDNA
from a fetal liver library is unclear. It may be that no single gene, other than the potent BCR-
ABL kinase, is capable of complementing NHD13 in this system.

Although it is not clear how NUP98-HOX fusion genes impair differentiation, it has been
suggested that NUP98-HOX fusions act similar to overexpression of native HOX genes, with
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the NUP98 portion of the fusion providing a cryptic transcription activation domain, and the
HOX portion providing DNA binding activity [29,30]. However, relatively few bona fide
targets for the abd-b HOX genes have been identified. Intriguingly, MYB, which has recently
been shown to be upregulated in response to overexpression of the abd-b HOX gene HOXA9
[31], was shown to be highly expressed in the IL-3 dependent NHD13 cell line (Table 2).
Additionally, MYB is well known to inhibit hematopoietic differentiation in a number of model
systems [32,33]. Thus, one can speculate that the NHD13 cell lines inhibit differentiation, at
least in part, through overexpression of MYB.

In summary, we present a novel model system of haematopoietic disease caused by expression
of a NHD13 fusion gene. A block in the normal hematopoietic differentiation scheme seems
to occur at the haematopoietic progenitor cell stage. Although the impaired differentiation
caused by the NHD13 fusion gene is insufficient for complete transformation of a cell, we
demonstrate that the tyrosine kinase BCR-ABL is capable of complementing the NHD13 fusion
gene to form a fully malignant cell.
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Figure 1. Insertion and expression of NHD13 allele into NUP98 loci
a) Schematic comparing NUP98 allele with NHD13 KI allele. S = SstI, A = ApaI. 12 denotes
exon 12 of NUP98 gene. Open boxes represent mouse sequence (endogenous NUP98); grey
boxes represent human sequence (inserted portion of NHD13). Triangles represent loxP sites.
A G418 resistance cassette is indicated as a horizontal striped box‥ The diagonally striped box
represents the position of the probe used for Southern blot. b) Southern blot of parental and
NHD13 ES cells. J1 indicates the parental ES cell, BJ indicates ES cells targeted with an
unrelated construct, and. MEF indicates murine embryonic fibroblasts. 73, 190, 191, and 136
are independent ES clones. Sizes of germline (GL) and NHD13 knock-in (KI) alleles are shown.
c) Western blot showing expression of NHD13 allele in parental, heterozygous and
homozygous targeted clones. The endogenous HOXD13 and NHD13 proteins are indicated
with arrows. d) Growth curves of parental and heterozygous and homozygous NHD13 ES cells
in culture.
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Figure 2. In vitro differentiation of J1 parental and NHD13 clones
Entire dish (a,d) single colony (b,e) , and Wright-Giemsa stained single cell (c,f) images of
the secondary differentiation (a–c, parental J1 cells; d–f, NHD13 knock-in cells). Note the
denser, more compact colony formation of the NHD13 clones. g) Counts of colony types
formed during secondary differentiation. Open bars represent GEMM colony number; grey
bars represent BFU-E colonies; diagonally striped bars represent GM colonies; black bars
represent BL-CFC colonies.
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Figure 3. Growth of differentiated NHD13 cells in liquid culture
a) Growth curve of 188D and 189L2 cell lines in various concentrations of IL3. Asterisks
indicate the last data point that could be plotted, as no viable cells were identified under these
conditions after day 1. b) Wright-Giemsa stained cytospin of 188D cell line. Note deep
basophilic cytoplasm, perinuclear clearing, and nuclear blebbing.
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Figure 4. Immunophenotype of 188D and 189L2 cell lines
a) 188D immunophenotype. b) 189L2 immunophenotype. Thin lines represent isotype control;
heavy lines represent CD antigen.
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Figure 5. ES cells form teratomas, whereas 188D/bcr-abl cells form chloromas
a) Haematoxylin and eosin (H&E) stained teratoma formed by injection of J1 ES cells. b) H&E
stained teratoma formed by injection of 188 ES cells. c) H&E stained chloroma formed by
injection of 188D cells expressing BCR-ABL. Magnifications shown are 100x, insets 400x.

Slape et al. Page 17

Leukemia. Author manuscript; available in PMC 2008 June 1.

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript



Figure 6. Expression of BCR-ABL in 188D cells eliminates the dependence on IL3
a) 188G3ev (empty vector transfectant) and 188G3BA3 (BCR-ABL transfectant) cells in
culture in the presence and absence of IL3. Note the apoptotic appearance of 188G3ev (empty
vector) cells and the round, refractile, and intact cell membranes of 188G3BA3 cells in the
absence of IL3. b) Cell counts (in cells/ml) were performed 24 hours after the withdrawal of
IL3 from the cultures. Cells were seeded at 5×105/ml.
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