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Abstract
Cytoplasmic nucleophosmin (NPMc+) mutations and FMS-like tyrosine kinase 3 (FLT3) internal
tandem duplication (ITD) mutations are two of the most common known molecular alterations in
acute myeloid leukemia (AML), and they frequently occur together suggesting cooperative
leukemogenesis. To explore the specific relationship between NPMc+ and FLT3/ITD in vivo, we
crossed Flt3/ITD knock-in mice with transgenic NPMc+ mice. Mice with both mutations develop
a transplantable leukemia of either myeloid or lymphoid lineage, definitively demonstrating
cooperation between Flt3/ITD and NPMc+. In mice with myeloid leukemia, functionally
significant loss of heterozygosity of the wild-type Flt3 allele is common, similar to what is
observed in human FLT3/ITD+ AML, providing further in vivo evidence of the importance of loss
of wild-type FLT3 in leukemic initiation and progression. Additionally, in vitro clonogenic assays
reveal that the combination of Flt3/ITD and NPMc+ mutations causes a profound monocytic
expansion, in excess of that seen with either mutation alone consistent with the predominance of
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myelomonocytic phenotype in human FLT3/ITD+/NPMc+ AML. This in vivo model of Flt3/ITD
+/NPMc+ leukemia closely recapitulates human disease and will therefore serve as a tool for the
investigation of the biology of this common disease entity.
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Introduction
Patients with AML represent a large and heterogeneous group. Much work has been
undertaken to identify unique molecular genetic alterations in AML that are clinically and
functionally significant, work greatly facilitated recently by next generation sequencing
technology. Internal tandem duplication (ITD) mutations of the FMS-like tyrosine kinase 3
(FLT3) gene and mutations of the nucleophosmin gene (NPM1) are two of the most
frequently identified [1, 2].

NPM1 encodes nucleophosmin (NPM) which is a ubiquitously expressed nucleocytoplasmic
shuttling phosphoprotein. Although the bulk of NPM resides in the nucleolus, it constantly
exchanges between the nucleus and cytoplasm [3]. NPM plays a key role in several cellular
functions including ribosome biogenesis and maintenance of genomic stability via
regulation of centrosome duplication and control of DNA repair [4]. NPM also interacts
with the oncosuppressors p53 and ARF and their partners thus controlling cell proliferation
and apoptosis [4]. Acquired mutations in exon 12 of NPM1 were first reported by Falini et al
in 2005 and are found frequently in AML patients, particularly in those with a normal
karyotype (NK-AML) [5]. These mutations are characteristically heterozygous with the
mutated allele encoding a protein that aberrantly localizes to the cytoplasm, thus the
designation NPM-cytoplasmic positive (NPMc+) AML. NPM1 exon 12 mutations target
30–35% of all adult AML and up to 50–60% of adult NK-AML [ 5]. In childhood AML, the
prevalence is significantly less with approximately 8% of all AML and approximately 20%
of NK-AML [6, 7]. In most studies, NPMc+ mutation is associated with improved
prognosis, with a significantly higher CR rate [5, 8–10] and, in many studies, longer OS and
EFS [7–10]. Given its distinctive biologic and clinical features and its clear clinical
relevance, NPMc+ AML is included as a provisional entity in the 2008 World Health
Organization classification of myeloid malignancies [11].

FLT3 is a receptor tyrosine kinase that together with its ligand, FL plays important roles in
the proliferation, survival, and differentiation of hematopoietic stem/progenitor cells [12,
13]. Upon binding FL the receptor dimerizes, activating its tyrosine kinase domain resulting
in autophosphorylation [14]. Several important signaling proteins such as Ras-GAP, PLC-b,
PI3-kinase, STAT5, PIM1, and MAP kinase have been linked to FLT3 activation [14, 15].
Mutations in FLT3 have been reported in approximately 20–35% of AML patients [14, 16–
19]. These mutations are either internal tandem duplication (ITD) mutations, most
commonly occurring in the juxtamembrane domain or point mutations in the kinase domain,
which result in the constitutive dimerization and activation of FLT3, independent of FL.
FLT3/ITD mutations confer a poor prognosis in studies of pediatric and adult AML [14, 19,
20].

Importantly, NPMc+ mutations and FLT3/ITD mutations coexist frequently in AML. FLT3/
ITD mutations are approximately two-fold more frequent in NPMc+ leukemia compared to
leukemia lacking NPM1 mutation [5, 6, 8]. Given the frequency with which these two
mutations coexist in AML, we hypothesized that they cooperate to cause leukemia. To
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specifically investigate the relationship between NPMc+ and FLT3/ITD mutations, we
crossed mice with Flt3/ITD constitutively knocked-in with NPMc+ transgenic mice. Flt3/
ITD knock-in mice develop a fatal myeloproliferative neoplasm with a relatively long
latency, but do not develop leukemia [21, 22]. NPMc+ transgenic mice develop a non-fatal
myeloproliferation and also do not develop overt leukemia [23]. Indeed, combination of
Flt3/ITD and NPMc+ resulted in the development of leukemia in mice, providing an in vivo
model of Flt3/ITD+/NPMc+ leukemia which closely recapitulates human disease, thus
making an in depth investigation of disease biology possible.

Methods
Mice

Mice with an 18bp-ITD mutation knocked into the juxtamembrane domain of the murine
Flt3 gene (FLT3wt/ITD) and transgenic mice expressing Flag-tagged human NPMc+ mutant
A driven by human MRP8 promoter (hMRP8-NPMc+) were generated as previously
reported [22, 23]. Mice were categorized as wild-type (wt), positive for the NPMc+
mutation alone (NPMc+), positive for the Flt3/ITD mutation alone (ITD), or positive for
both mutations (ITD/NPMc+) based on PCR of germline DNA using the primers mITD-5F
+ mITD-3R, NPM874F + MRP8R (Sequences in Supplementary table 1s).

For transplantation experiments, CD45.1+ mice received 700cGy of gamma irradiation.
Then 1×106 whole bone marrow cells isolated from leukemic ITD/NPMc+ CD45.2 mice
were injected via retro-orbital injection. Engraftment was evaluated by flow cytometry
determination of the percentage of CD45.2+ cells in the peripheral blood. All animal
experiments were reviewed and approved by the Johns Hopkins IACUC.

Flow cytometry analysis
Flow cytometric analysis of murine BM cells, splenocytes, and cells of other infiltrated
organs was performed with the following monoclonal antibodies: lineage mixture (Caltag
laboratories/Invitrogen, Carlsbad, CA), Ly-6A/E (Sca-1) (Invitrogen, Carlsbad, CA),
CD135, CD117 (c-Kit), CD41, Ter119, CD11b, Gr1, CD24, CD43, CD19, CD45R/B220,
CD4, CD3, and CD8a (BD Pharmingen, San Jose, CA). For intracellular flow cytometry
BM cells were obtained, washed, fixed and permeabilized. Alexa Fluor 488 conjugated anti-
phosphoSTAT5 (pY694) (BD biosciences) was used to detect phophorylated STAT5.
Analysis was performed using FlowJo software (TreeStar, Ashland, OR).

Reverse-transcriptase (RT)PCR
RNA was isolated from murine tissues and was reverse transcribed and amplified using the
following primers (primer sequences found in supplementary table 1s): For Flag-tagged
NPMc+: exon 1F + NPM500R; for HPRT: HPRT1 + HPRT2. For Flt3: mFLT3-RT-5F +
mFLT3-RT-3R.

In vitro clonogenic assay
Lineage negative murine BM cells from 2-month-old mice were placed in liquid culture with
RPMI-1640 plus 20% FBS, murine SCF (50ng/mL), IL-3 (10ng/mL) and IL-6 (10ng/mL) or
plated in Methocult M3434 medium supplemented with recombinant murine SCF (50ng/
mL), IL-3 (10ng/mL), IL-6 (10ng/mL), GM-CSF (10ng/mL), and EPO (3U/mL). Cells in
liquid culture were counted daily and on day 7 were analyzed by flow cytometry for lineage
commitment. On methylcellulose, all colonies were scored 9–11 days after plating. Cells
were then isolated from the plates and analyzed by flow cytometry for cKit, Mac1, Gr1, and
Ter119. Experiments were performed in triplicate.
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In vitro cytotoxicity assay
Murine BM cells were cultured in RPMI 1640 (Gibco/Invitrogen, Carlsbad, CA) plus 10%
heat inactivated fetal bovine serum (FBS), 1% L-glutamine, 50ng/mL SCF, 10ng/mL IL3,
and 10ng/mL IL6 (Pepro Tech, Rocky Hill, NJ). Cells were treated with increasing
concentrations of lestaurtinib (Cephalon, Inc., Malvern, PA) for 48 hours. WST-1 reagent
(Roche Diagnostics, Manheim, Germany) was added to the culture medium (1:10 dilution)
and absorbance was measured at 450nm using a Bio-Rad model 680 microplate reader
(BioRad). Assays were performed in triplicate.

Statistics
Kaplan-Meier survival curve was generated and analyzed using Graph Pad Prism version 4.0
software (GraphPad, San Diego, CA). Log-rank test was performed to compare the
generated survival curves. Anova followed by pairwise t-tests were used where appropriate
(GraphPad).

Results
Flt3/ITD and NPMc+ mutations cooperate to cause acute leukemia

Mice with both Flt3/ITD and NPMc+ mutations (ITD/NPMc+) die between 6 and 18
months with a median survival of 420 days (Figure 1A). Their survival is significantly
shorter than the survival of wild-type (wt) mice and NPMc+ mice (P<0.0001). Mice with
Flt3/ITD mutation alone (ITD) succumb to a fatal myeloproliferative neoplasm (MPN)
between 6 and 20 months [22] and in our cohort had a median survival of 550 days, which
was longer than ITD/NPMc+ mice, though this difference did not reach statistical
significance. ITD/NPMc+ mice become moribund prior to death. Moribund mice were
sacrificed (N=40) and found to have splenomegaly (mean spleen weight 0.741±0.06g vs
0.13±0.005g for wt mice 0.2±0.04g in NPMc+ mice, and 0.37±0.05g in ITD mice),
leukocytosis (mean WBC 124.5±22.5K/µL vs 10.7±1.3K/µL in wt mice, 11.1±3.4K/µL in
NPMc+ mice, and 30.4±8K/µL in ITD mice), anemia (mean RBC 5.3±0.4M/µL vs
8.5±0.2M/µL in wt mice, 8.2±0.4M/µL in NPMc+ mice, and 6.3±0.5M/µL in ITD mice),
and thrombocytopenia (mean platelet count 352.3±23K/µL vs 735±37.1K/µL in wt mice,
795.5±42K/µL in NPMc+ mice, and 629.3±72.2K/µL in ITD mice) (Figure 1B–D). All of
these parameters were statistically significant compared to wt littermate controls (N=19), ill
ITD mice (N=12) and littermate control NPMc+ mice (N=8) except RBC which trended
towards more severe in the ITD/NPMc+ mice but did not reach statistical significance
compared to ill ITD mice. On gross examination there was pathologic enlargement of
multiple organs including spleens and livers of all ill ITD/NPMc+ mice and kidneys and
thymuses of a subset of ill ITD/NPMc+ mice (Figure 2A–D). On histologic examination,
large monotonous cells were seen infiltrating the bone marrow (BM) and infiltrating and
disrupting the normal architecture of the livers of leukemic mice with both mutations
(Figure 2E). Additionally, the malignant cells infiltrating the BM are found in high numbers
circulating in the peripheral blood of ill ITD/NPMc+ mice (Supplemental Figure 1s).
Further, the spleens of all ill ITD/NPMc+ mice and the kidneys, and meninges of a subset of
ill ITD/NPMc+ mice were found to be infiltrated with large monotonous cells on H&E
staining indicating a very aggressive, infiltrative disease (Supplemental Figure 1s).

Mice harboring both NPMc+ and FLT3/ITD mutations develop transplantable myeloid and
lymphoid leukemias

To characterize the disease of ill ITD/NPMc+ mice, flow cytometry was performed on BM
cells, splenocytes, and cells of other infiltrated tissue. Wild-type littermate controls were
sacrificed and analyzed at the same time as ill ITD/NPMc+ mice (Figure 3A, row 1). A
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number of ill mice with Flt3/ITD alone or littermate control mice with NPMc+ alone were
also analyzed in the same fashion (Figure 3A, rows 2 and 3 respectively). As anticipated,
there was a high frequency of myeloid leukemia in ITD/NPMc+ mice. Most commonly,
ITD/NPMc+ mice developed myeloid leukemia with maturation, characterized by high cKit
positivity, and Mac1+/Gr1+ myeloblasts (Figure 3A, row 4) [24]. We also observed a
number of myeloid leukemias without maturation, characterized by high cKit positivity, but
myeloblasts lacking cell surface markers indicative of maturation (Figure 3A, row 5) [24]. In
addition, we observed a number of T cell acute lymphoblastic leukemias (ALLs)
characterized by cKit−, CD3+/CD4+/CD8+ lymphoblasts (Figure 3A, row 6) or less
commonly CD3+/CD4−/CD8+ lymphoblasts (Supplementary Figure 2s). A number of ITD/
NPMc+ mice also developed a mixed lineage T/myeloid disease with high cKit positivity
and both Mac1+/Gr1+ myeloblasts and CD3+/CD4+/CD8+ lymphoblasts (Figure 3A, rows
7). All the leukemic mice also had a paucity of normal maturing erythrocytes as
demonstrated by decreased Ter119+ cells in the BM and maturing B lymphocytes indicated
by decreased B220+/CD19+ cell in the BM (Figure 3, columns 3 and 4 respectively). The
relative frequency with which each of the leukemic subtypes occurred in the ITD/NPMc+
mice is summarized in Figure 3B with over 50% of ill mice having a myeloid leukemia.

In transplantation experiments, sub-lethally irradiated syngeneic mice injected with 1×106

whole BM cells from leukemic mice with either myeloid or T lineage disease engrafted by 4
weeks post-transplant and develop disease with the same phenotypic characteristics as the
leukemic donor mouse (Figure 4A–D). The kinetics of the transplanted leukemias were
variable, with transplanted T cell ALL causing more rapid decline than transplanted AML
(Figure 4D and E).

Expression of both Flt3/ITD and the flag-tagged NPMc+ transgene mRNA in the BM and
infiltrated non-hematopoietic tissue of leukemic mice was demonstrated by reverse-
transcriptase (RT)-PCR (Supplementary Figure 3s). Given the likely importance of NPMc+
localization to the cytoplasm in its role in leukemogenesis, we confirmed mutant transgenic
NPMc+ protein localization to the cytoplasm by immunofluorescence and
immunohistochemistry (Supplementary Figure 3s). To demonstrate functional effects of
NPMc+ mutation, we examined expression of Hox cluster genes known to be overexpressed
in human NPMc+ AML and other NPMc+ animal models [4, 25, 26]. By RT-qPCR we
found increased expression of both HoxA9 and HoxA10 in whole BM cells from 2-month-
old NPMc+, and ITD/NPMc+ mice (Figure 3S). We also found increased expression of
HoxA9 in mice with Flt3/ITD mutation alone, as has been reported previously [27].
However the ITD/NPMc+ mice had higher levels of HoxA9 expression than mice with
either mutation alone suggesting an additive effect. HoxA10 expression was increased only
in mice with NPMc+ mutations, and to the same degree both in the presence and absence of
concomitant Flt3/ITD mutation, suggesting this increased expression was due solely to the
effects of the NPMc+ mutation.

The occurrence of T lineage leukemia was an unexpected finding because NPMc+ mutations
are not associated with T cell ALL, and activating FLT3 mutations rarely occur in T cell
ALL [5, 28]. Further, the hMRP8 promoter which drives expression of NPMc+ is expected
to only be expressed in myeloid lineage Mac1+/Gr1+ cells. We hypothesized that there may
be a degree of infidelity of the hMRP8 promoter allowing for NPMc+ expression in the T
cells of mice with the hMRP8-NPMc+ transgene. We therefore isolated T cells from the
spleens of 2-month-old mice of each genotype. By RT-PCR, NPMc+ expression was
demonstrated in T cells of mice with the NPMc+ transgene (Supplementary Figure 4s).
Further, similar T cell disease has been documented in other mouse models utilizing the
hMPR8 promoter [29].
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Loss of heterozygosity (LOH) of the wild-type Flt3 allele occurs with a high frequency in
myeloid leukemia and is functionally significant

In human AML, loss of the wild-type allele of FLT3 is observed in patients with FLT3/ITD+
AML and is associated with worsened survival [20, 30, 31]. To determine if this
phenomenon occurs in leukemic ITD/NPMc+ mice DNA was extracted from the BM of
leukemic ITD/NPMc+ mice and PCR amplification of the portion of the juxtamembrane
domain of Flt3 harboring the ITD mutation was performed (Figure 5A). In 11 of 20
evaluated mice with AML, only the ITD allele was detected, indicating a loss of the wild-
type allele. By contrast, none of the 15 mice with either T cell ALL or mixed lineage T/
myeloid disease had LOH of the wild-type Flt3 allele (Figures 5A and 5B). This indicates a
strong selective pressure for LOH of wild-type Flt3 in myeloid disease, but no such pressure
in T cell disease.

To explore the functional significance of loss of wild-type Flt3, intracellular flow cytometry
for phosphorylated (activated) STAT5 (pSTAT5) was performed on BM cells of leukemic
mice. STAT5 is a critical downstream target of activated FLT3 in leukemia and its
activation status serves as a useful surrogate for FLT3 activity [14, 32]. Bone marrow cells
grown in liquid culture from leukemic mice with LOH were found to have statistically
higher levels of pSTAT5 compared to BM from leukemic mice without LOH (Figure 5C
and 5D) indicating increased Flt3/ITD-induced signaling. Further, murine BM cells were
treated in vitro with the FLT3 inhibitor lestaurtinib. BM cells with LOH of wild-type Flt3
were more sensitive to FLT3 inhibition, indicating a higher level of dependence on Flt3/
ITD-induced signaling for survival and proliferation (Figure 5E).

In addition, after transplantation of ITD/NPMc+ AML blasts without LOH of wild-type
Flt3, in 2/5 engrafted animals, the AML that developed in recipient mice was found to have
LOH of the wild-type allele (Figure 6B). The AML that developed in these transplanted
mice was similar phenotypically to that of the donor, with the exception of decreased
expression of surface Flt3 (Figure 6A). This would be expected with loss of the wild-type
copy of Flt3, because unlike wild-type Flt3 the mutated version does not localize to the cell
surface, but accumulates in the perinuclear region [33]. The transplanted mice that
developed LOH developed overt disease more rapidly than those mice that retained wild-
type Flt3 (Figure 6C). These data indicate that LOH of the wild-type Flt3 is important in the
progression of myeloid leukemia. Such LOH did not occur after transplantation of ITD/
NPMc+ T cell ALL.

The combination of FLT3/ITD and NPMc+ mutations lead to the abnormal expansion of
monocytic cells in in vitro clonogenic assays

In methylcellulose-based assays, lineage-depleted BM cells from 2-month-old ITD/NPMc+
mice demonstrated an enhanced ability to generate CFU-M colonies compared to other
genotypes (Figure 7A). This difference was statistically significant compared to all other
genotypes both in absolute count of CFU-M and in percentage of total colonies that were
CFU-M (Figure 7A and 7B). The CFU-M colonies generated by the ITD/NPMc+ lineage-
depleted BM cells were aberrantly large compared to normal wt CFU-M colonies, and
compared to ITD and NPMc+ CFU-M colonies which were increased in number but not
uniformly increased in size (Figure 7C). ITD/NPMc+ lineage-depleted BM also generated
fewer BFU-E colonies compared to other genotypes, and this difference was statistically
significant comparing ITD/NPMc+ to wt whereas ITD and NPMc+ alone were not
significantly reduced compared to wt controls (Figure 7A). After scoring the
methylcellulose plates, cells were isolated, washed, stained for lineage-specific cell surface
markers then analyzed by flow cytometry. On flow cytometric analysis ITD/NPMc+ cells
were large based on forward scatter (data not shown) and highly positive for Mac1,
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confirming the monocytic phenotype (Figure 7D). This indicates that lineage-depleted ITD/
NPMc+ BM cells have a greater ability to expand the monocytic lineage compared to FLT3/
ITD or NPMc+ alone. This was also seen when the same lineage-depleted BM cells were
cultured in liquid medium with a significantly greater proportion of ITD/NPMc+ cells being
Mac1 positive by the 7th day in culture compared to other genotypes (Figure 7E). In addition
to the expansion of the monocytic lineage we also observed a depletion of more primitive
lin−, cKit+ cells likely secondary to the aberrant partial differentiation toward the monocytic
lineage (Figure 7D). Additionally, ITD/NPMc+ cells were not able to replate serially (data
not shown), likely secondary to the depletion of this more primitive population. This data
indicates that the presence of both mutations causes enhanced and significant monocytic
expansion, which is consistent with the prevalence of a monocytic morphology in human
ITD/NPMc+ AML. In pre-illness mice between the ages of 2 to 6 months, we observed only
a trend towards more monocytes and neutrophils in the peripheral blood of ITD, NPMc+,
and ITD/NPMc+ mice that was not statistically significant (Figure 5S), suggesting that in
vivo, this expansion may be a more slowly evolving process given the presence of only
physiologic concentrations of growth promoting cytokines.

Discussion
There is accumulating evidence that leukemogenesis is a process that requires multiple
genetic and/or epigenetic “hits” [34, 35]. Numerous mouse models suggest that no singular
genetic mutation is sufficient to cause acute leukemia, and that cooperating events are
required [22, 23, 36–39]. We hypothesized that NPMc+ and FLT3/ITD mutations are two
such cooperating events, given the fact that they occur together with a very high frequency
in AML. When we crossed Flt3/ITD knock-in mice with NPMc+ transgenic mice, acute
leukemia developed, demonstrating cooperation. As expected, most of the resultant
leukemias were AML recapitulating human disease. In in vitro clonogenic assays, lineage-
depleted BM cells from pre-leukemic ITD/NPMc+ mice demonstrate an aberrant expansion
of the monocytic lineage. This is consistent with reports that human NPMc+-mutant
progenitor cells are capable of differentiating into more mature cells of the monocytic
lineage [40, 41]. Additionally, when Flt3/ITD is expressed in progenitor cells with lymphoid
and myeloid potential, myeloid differentiation is favored [42]. Thus, both mutations
individually cause expansion of the myelomonocytic lineage. But while neither mutation
alone is sufficient to cause an overt leukemia, perhaps the combined effects result in an
accumulation of cells with aberrant partial monocytic differentiation, which are prone to the
acquisition of additional leukemogenic mutations. This finding demonstrates that our model
closely mimics human disease, as this monocytic expansion is consistent with the phenotype
of human FLT3/ITD+/NPMc+ AML, which is most commonly of the M4/M5
myelomonocytic morphology [43]. A subset of mice also developed T cell malignancies.
While this was unexpected, aberrant NPMc+ expression was demonstrated in the T cell
compartment and both mutations are associated with T cell malignancies. FLT3/ITD
mutations are known to occur in T cell ALL [28, 44], and NPM may contribute to
lymphomagenesis in T cell anaplastic large cell lymphoma with NPM-ALK fusion [45].

Frequently in human FLT3/ITD+ AML loss of heterozygosity (LOH) of the wild-type FLT3
allele occurs [20, 31]. LOH of the wild-type FLT3 allele has also been noted in mouse
models crossing Flt3/ITD with other collaborating genetic mutations [27, 46] We therefore
examined leukemic murine BM for LOH of wild-type Flt3 and found a preponderance of
LOH in mice with myeloid leukemia suggesting a strong selective pressure to lose the wild-
type copy of Flt3. The presence of LOH at diagnosis suggests an important role in leukemic
initiation and the loss of wild-type Flt3 in our transplantation model of myeloid disease
indicates a role of LOH in leukemic progression. Additionally we found that LOH is
associated with increased Flt3/ITD-induced downstream signaling and increased sensitivity
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to FLT3 inhibition compared to samples without LOH. Therefore, when LOH of wild-type
Flt3 occurs, Flt3/ITD is crucial for leukemic maintenance. Given the long latency to disease
onset in our model it is likely that while Flt3/ITD and NPMc+ cooperate, they require
additional cooperating oncogenic events. For most myeloid disease, perhaps LOH of the
wild-type Flt3 allele serves as such an event. Both an increase in Flt3/ITD gene dosage and
loss of the wild-type Flt3 allele results in an enhanced myeloproliferative phenotype
compared to mice with heterozygous Flt3/ITD mutations, suggesting a tumor suppressor
effect of wild-type Flt3 [47, 48] The frequent LOH in myeloid leukemia and resultant
functional changes observed in our model further implicate a tumor suppressor effect of
wild-type Flt3, and indicated that loss of wild-type Flt3 could represent an additional
collaborating event in myeloid disease. In contrast, as we observed no LOH in T lineage
disease it is likely that other unrelated contributing events must accumulate. It is possible
that in T cell disease, aberrant NPMc+ expression in the T cell compartment leads to
functional changes that ultimately result in the accumulation of other collaborating
mutations. Alternatively, perhaps the effects of wild-type FLT3 are context specific;
exerting tumor suppressive effects only in the myeloid compartment. Therefore loss of the
wild-type allele in other hematopoietic compartments would offer no proliferative advantage
upon transformation. Supporting this possibility is the fact that other mouse models of
FLT3/ITD induced leukemia found LOH only in myeloid leukemia [27, 46]

Another factor likely contributing to the long disease latency observed in our model is the
relatively low level of expression of the NPMc+ transgene and the presence of two wild-
type copies of native Npm [23]. NPM is known to be a haploinsufficient tumor suppressor,
with myeloid and lymphoid leukemias developing in hemizygous (Npm+/−) mice [49]. In
NPMc+ leukemia, not only is there loss of one wild-type allele, but mutant NPMc+ interacts
with and delocalizes much of the produced wild-type NPM to the cytoplasm further
reducing the function of NPM [50, 51]. In our model, wild-type NPM protein is present in
higher amounts compared to patients with NPMc+ AML because two wild-type alleles are
present. In a recently reported murine model, conditionally knocked-in NPMc+ was found to
be capable of significantly perturbing hematopoiesis [52]. Further, when a similar knock-in
model was combined with constitutively knocked-in Flt3/ITD, a severe MPN or MPN-like
myeloid leukemia with a short latency developed. In these models, only one copy of wild-
type NPM was present, thus the more severe disruption of hematopoiesis in the NPMc+
alone mice and the shorter latency to disease onset in the NPMc+ knock-in plus Flt3/ITD
model compared to our model, suggests a dosage effect of wild-type NPM in terms of its
tumor suppressive effects. The development of leukemia in our model does demonstrate that
leukemogenesis in NPMc+ leukemia is due not only to a loss of wild-type NPM function but
also other effects of the mutated NPMc+ protein.

In conclusion, utilizing a mouse model we have documented that FLT3/ITD mutations
cooperate with NPMc+ mutations to cause leukemia. This is also further definitive in vivo
evidence of the leukemogenic activity of NPMc+, corroborating other recent murine data
[25, 26, 53]. This model can be utilized to advance the understanding of the biology of this
common disease entity and identify and test the efficacy of potential therapeutic targets in
vivo.

Supplementary Material
Refer to Web version on PubMed Central for supplementary material.
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Figure 1. ITD/NPMc+ mice have a shortened survival and a clinical phenotype consistent with
acute leukemia
A) Kaplan-Meier survival curve demonstrating a shortened overall survival for mice with
both a Flt3/ITD mutation and a NPMc+ mutation (ITD/NPMc+, N=87) compared to mice of
other genotypes (wild type controls (wt/wt, N=18), Flt3/ITD alone (ITD, N=50), NPMc+
alone (NPMc+, N=30)). These mice become moribund prior to death and have clinical
characteristic of acute leukemia including: B) splenomegaly, C) leukocytosis, D) anemia,
and E) thrombocytopenia. For B–E, number of mice included: wt, N=20; ITD/NPMc+,
N=40; ITD, N=15; NPMc+, N=8.
n/s, not statistically significant.
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Figure 2. The leukemia that develops in ITD/NPMc+ mice is aggressive, infiltrating multiple
organs
Gross evaluation of representative leukemic ITD/NPMc+ mice, revealing involvement of the
A) spleen, B) liver, C) kidneys, and in some cases the D) thymus. E) H&E stains of BM (i–
v) and liver (vi–x) of representative mice of each genotype. Scale bars are as follows: i–v
10µm, vi–x 100µm.
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Figure 3. ITD/NPMc+ mice develop myeloid and lymphoid leukemias
A) Flow cytometry plots demonstrating the characteristic phenotype of wt mice (row 1),
ITD mice with myeloproliferative neoplasm (row 2), NPMc+ mice with myeloproliferation
(row 3) and each of the 4 most common types of acute leukemia diagnosed in ITD/NPMc+
mice (rows 4–7). All the leukemic mice also have a paucity of normal maturing erythrocytes
as demonstrated by decreased Ter119+ cells in the BM and maturing B lymphocytes
indicated by decreased B220+/CD19+ cell in the BM. B) Disease distribution of the 40 fully
characterized ITD/NPMc+ mice.
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Figure 4. Both T cell and myeloid leukemias are transplantable
A) Experimental design of transplantation experiment. B) Phenotype of the donor mouse
with T cell ALL (row 1). Engraftment (as determined by %CD45.2 positivity) and
phenotype of a representative recipient (row 2). C) Phenotype of the leukemic donor mouse
with AML without maturation (row 1). Engraftment and phenotype of a representative
recipient (row 2). D) Table summarizing transplantation experiments. E) Kaplan-meier
survival curves demonstrating disease kinetics engrafted mice of the three disease
phenotypes (2/4 mice that engrafted with AML with maturation had not succumbed to
illness when the experiment was terminated at 32 weeks, and were therefore censored).
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Figure 5. Loss of heterozygosity (LOH) of the wild-type Flt3 allele is common in myeloid
leukemia and is functionally significant
A) PCR of DNA extracted from BM showing examples of mice that remain heterozygous
for wild-type Flt3 and 2 mice with AML that have LOH of the wild-type allele (arrows).
Image shows 3 separate gels, separated by white lines. B) Table of leukemic mice showing
proportion of each disease type with LOH. C) Representative histogram demonstrating
measurement of intracellular pSTAT5 detected by intracellular flow cytometry in mice with
and without LOH. D) Quantification of all pSTAT5 experiments comparing mice with
(N=8) and without (N=9) LOH. E) WST1 cytotoxicity assay dose-response curves
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comparing sensitivity to Flt3 inhibition by the Flt3 inhibitor lestaurtinib in mice with and
without LOH.
LOH, loss of heterozygosity of wild-type Flt3; pSTAT5, phosphorylated STAT5.
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Figure 6. Loss of heterozygosity of wild-type Flt3 occurs after transplantation of Flt3/ITD+/
NPMc+ AML
A) Flow cytometry analysis comparing surface expression of cKit (column 1), lineage and
surface Flt3 (CD135) (column 2) and Mac1 and Gr1 (column 3) of donor mouse with AML
heterozygous for wt-Flt3 and Flt3/ITD with 3 representative recipient mice. B) PCR of
donor leukemic mouse BM without LOH of wt-Flt3 compared to 3 recipients. (Top gel:
controls on separate gel than donor, gel for recipient #2 is an inverted image). C) Kaplan-
meier survival curve comparing mice transplanted with AML cells from a donor mouse
without LOH who secondarily lost heterozygousity of wild-type Flt3 (AML with LOH) to
recipients who did not lose heterozygousity (AML without LOH).

Rau et al. Page 18

Exp Hematol. Author manuscript; available in PMC 2015 February 01.

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript



Figure 7. BM from ITD/NPMc+ mice demonstrates enhanced monocytic colony-forming activity
in vitro
Methylcellulose in vitro colony-forming assay of lineage-depleted BM cells from 2-month-
old mice. A) Total colony counts and B) percentage distribution of colony type by genotype.
Data are the results from 3 independent experiments. Data are expressed as means (bars)
plus or minus SEM (error bars). ** P<0.01, * P<0.02. C) Representative CFU-M colonies
generated from wt, ITD, NPMc+, and ITD/NPMc+ lineage-depleted BM. Original
magnification 20×. D) Representative flow cytometric analysis of cells collected from plates
10 days after the first plating with percentage of cKit+ (green outline) and Mac1+/cKit− (red
outline). E) Flow cytometry of lineage-depleted BM cells from 2-month-old mice after 7
days of culture in RPMI 1640 plus SCF, IL3, and IL6. Data are the results from 3
independent experiments. Data are expressed as means (bars) plus or minus SEM (error
bars).
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