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FMS-like tyrosine kinase 3 (FLT3) is mutated in approximately one
third of acute myeloid leukemia cases. The most common FLT3
mutations in acute myeloid leukemia are internal tandem dupli-
cation (ITD) mutations in the juxtamembrane domain (23%)
and point mutations in the tyrosine kinase domain (10%). The
mutation substituting the aspartic acid at position 838 (equivalent
to the human aspartic acid residue at position 835) with a tyrosine
(referred to as FLT3/D835Y hereafter) is the most frequent kinase
domain mutation, converting aspartic acid to tyrosine. Although
both of these mutations constitutively activate FLT3, patients with
an ITD mutation have a significantly poorer prognosis. To eluci-
date the mechanisms behind this prognostic difference, we have
generated a knock-in mouse model with a D838Y point mutation
in FLT3 that corresponds to the FLT3/D835Y mutation described in
humans. Compared with FLT3/ITD knock-in mice, the FLT3/D835Y
knock-in mice survive significantly longer. The majority of these
mice develop myeloproliferative neoplasms with a less-aggressive
phenotype. In addition, FLT3/D835Y mice have distinct hemato-
poietic development patterns. Unlike the tremendous depletion
of the hematopoietic stem cell compartment we have observed in
FLT3/ITD mice, FLT3/D835Y mutant mice are not depleted in
hematopoietic stem cells. Further comparisons of these FLT3/
D835Y knock-in mice with FLT3/ITD mice should provide an ideal
platform for dissecting the molecular mechanisms that underlie
the prognostic differences between the two different types of
FLT3 mutations.

LT3 (FMS-like tyrosine kinase 3, CD135) is a type 3 receptor

tyrosine kinase that plays important roles in cell survival,
proliferation, and differentiation during normal hematopoiesis
(1-3). It is one of the most frequently mutated genes in acute
myeloid leukemia (AML), with about one-third of AML cases
affected (4-6). Two predominant types of FLT73-activating muta-
tions have been described in association with AML. The first
involves internal tandem duplication (ITD) mutations mapping to
the juxtamembrane domain of FLT3, found in about 25% of adult
and 15% of pediatric AML cases (4-9). AML patients with FLT3/
ITD mutations have a poorer prognosis than patients without
these mutations. The second type is point mutations, which most
frequently occur in the activation loop of the tyrosine kinase do-
main (KD). FLT3/KD mutations occur in ~8-10% of both adult
and pediatric AML (10). AML patients who have FLT3/KD
mutations have a similar prognosis to AML patients with unmu-
tated FLT3 (10-13). The most common KD mutation is at codon
835, converting aspartic acid to tyrosine (D835Y). Also seen are
mutations D835V, D835E, and D835H, converting aspartic acid
to valine, glutamic acid, and histidine at residue 835, respectively,
mutations converting glycine to glutamic acid at residue 831
(G831E) and arginine to glutamine at residue 834 (R834Q), as
well as the deletion of isoleucine at residue 836 (10-12).

On dimerization by FL stimulation, wild-type FLT3 activates
a series of downstream signaling targets, including the p85 subunit
of phosphoinositide 3-kinase (PI3K), growth factor receptor-bound
protein 2 (GRB2), proto-oncogene tyrosine-protein kinase SRC,
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and SH2-containing inositol phosphatase (SHIP), suggesting its
involvement in the PI3K and mitogen-activated protein kinases
(RAS-MAPK) pathway (4-6, 14). Wild-type FLT3 activates STATS
at a low level (15). FLT3/ITD mutations activate these same
downstream targets but, in contrast, activate STATS at an elevated
level (16, 17). Evidence from cell lines has shown that FLT3/ITD
and FLT3/KD mutant signal transduction pathways have some
differences, even though both mutations result in the constitutive
activation of FLT3 independent of its ligand (3-5, 9, 14, 18). FLT3/
KD mutations also induce activation of the RAS, ERK, and AKT
pathways but demonstrate relatively weak STATS activity (19). The
differences in signal transduction between FLT3/KD and FLT3/
ITD mutations may help explain the distinctive disease pro-
gression and prognosis in leukemias harboring these mutations.
Cytogenetic, PCR, and sequencing studies show that FLT3
mutations frequently occur together with mutations/alterations
of other genes, including DNA methyltransferase 3a (DNMT3a,
13.3%), nucleophosmin 1 (NPM1, 6.8%), Wilms tumor 1 (WT1,
5%), runt-related transcription factor 1 (RUNX1, 3.5%), mixed-
lineage leukemia (MLL, 2.5%), CCAAT/enhancer binding pro-
tein alpha (CEBPa, 1.5%) and core-binding factor (CBF, 1.5%)
(20, 21). These studies also show that both the FLT3 mutations
(FLT3/ITD or FLT3/KD), as well as the collaborating mutations,
can have prognostic significance. Dissecting the role of each type
of FLT3 mutation in the development of leukemia in the setting
of the different cooperating mutations promises to improve our
understanding, and thus therapy, of patients with AML.

Significance

FMS-like tyrosine kinase 3 (FLT3) is mutated in approximately
a third of acute myeloid leukemia cases, predominantly in the
forms of FLT3/internal tandem duplication mutations in the
juxtamembrane domain or point mutations in the kinase do-
main. Although both mutations activate FLT3, they confer
distinctive prognosis. To elucidate the mechanisms behind this
prognostic difference, we have generated a knock-in mouse
model with a FLT3/D835Y mutation that converts aspartic acid
to tyrosine. Further comparisons of the FLT3/D835Y mice with
the previously generated, otherwise genetically identical FLT3/
ITD knock-in mice should provide an ideal platform for dis-
secting the molecular mechanisms that underlie the prognostic
differences and for drug screening against these two different
types of FLT3 mutations.
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The prevalence and prognostic implications of FLT3 muta-
tions make them a promising therapeutic target in AML. A
number of small-molecule tyrosine kinase inhibitors (TKI)
against FL'T3 are currently in clinical trials, with varying degrees
of clinical responses, but even those patients who respond de-
velop resistance to monotherapy (22). One of the mechanisms of
acquired resistance to several FLT3 TKIs is the selection for
FLT3/KD mutations documented in relapsed patients (23, 24).
Further understanding of the mechanisms involved in FLT3 ac-
tivation, signaling, inhibition, and resistance will aid in un-
derstanding the complexities of both pediatric and adult AML
and help develop more tailored and effective treatments. We
have previously generated and characterized a FLT3/ITD knock-
in mouse model that consistently develops predominantly
a myeloproliferative neoplastic (MPN) phenotype (25). Here we
report on the generation of a FLT3/D835Y knock-in mouse
model in which an aspartic acid residue was mutated to a tyrosine
at residue D838Y (corresponding to D835Y in the human gene,
Fig. 14). In both models, FIt3 is under control of the endogenous
Flt3 promoter mimicking physiological expression. By comparing
the phenotypic and signaling differences between FLT3/ITD and
FLT3/D835Y mice, we hope to continue to explore the distinctive
roles the two mutations play in leukemogenesis and why only the
FLT3/ITD mutation results in poor prognosis.

Results

Mice with a FLT3/D835Y Mutation Develop MPN That Is Less
Aggressive Than That of FLT3/ITD Mutant Mice. AML patients with
FLT3/KD mutations develop less-aggressive disease compared
with those with FLT3/ITD mutations, as evidenced by lower
WBC and better prognosis (13). There are a number of potential
reasons that could explain this prognostic difference that would
be independent of the FLT3 mutations themselves, such as the
different types of mutations being acquired by different cell
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Fig. 1. Generation of a mouse model with FLT3/D835Ymutation. (A)
Strategy for targeted insertion of the D838Y point mutation into the murine
FIt3 locus to generate a knock-in mouse model. K, Kpnl; B, BamHI. (B)
Southern blotting analysis was used to screen for ES clones with homologous
recombination. (C) PCR was used to amplify the region flanking exon 20 of
murine f/t3 genomic DNA in screened homologously recombined ES clones
followed by sequencing to confirm the presence of the G to T mutation at
codon D838.
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Fig. 2. Mice with a FLT3/D835Y mutation develop less aggressive disease
compared with FLT3/ITD mutant mice. (A) Kaplan-Meier survival curve of
FLT3/ITD and FLT3/D835Y mice on a C57BL/6 background. P < 0.0001. (B)
Disease distribution of moribund FLT3/D835Y mice (n = 24). (C) Levels of
Mac1*, Mac1%/Gr1*, and Gr1* as a percentage of whole BM in moribund
FLT3/ITD (n = 20), FLT3/D835Y (n = 21; hemangiosarcoma diagnoses ex-
cluded), and wild-type (n = 11) controls.

populations or with different cooperating mutations. To de-
termine whether the prognostic difference reported in humans
would also be observed in genetically identical mouse models
that differ only in the type of FLT3 mutation, we directly com-
pared FLT3/ITD mice with the newly generated FLT3/D835Y
mice. Mice were monitored for survival and killed when mori-
bund or demonstrating obvious clinical distress. The median
survival of the heterozygous FLT3/D835Y mice was 678 d and
ranged from 394 to 826 d. This is prolonged survival compared
with the heterozygous FLT3/ITD mice that have a median sur-
vival of 430 d (P < 0.0001; Fig. 24).

FLT3/ITD mice have been previously shown to uniformly
develop a MPN that is characterized by splenomegaly, myeloid
expansion in the bone marrow (BM), and mild to moderately el-
evated peripheral WBC counts (25, 26). In contrast, most of the
FLT3/D835Y mice (18/24) developed a MPN that was less ag-
gressive [longer survivalg mildly elevated peripheral blood (PB)
counts (10.9-23.4 x 10°/uL; 1 with 53.4 x 10°/uL], and lower
levels of myeloid expansion) (Fig. 2B). Approximately half (10/
18) of the FLT3/D835Y mice that developed an MPN also had
extranodal B-cell masses expressing paired box 5 (Pax5). These
masses were frequently adherent to or involved the gut and/or
were located within the chest cavity. All mice with an MPN had
varying degrees of extramedullary hematopoiesis or a myeloid
infiltrate within the red pulp areas of the spleen. Many of these
mice also showed expanded white pulp. The majority of the
lymphocytes in the white pulp expressed Pax5, which demon-
strates a B-cell expansion. This pattern of splenic involvement is
often seen in B-cell neoplasms. Three mice developed a histo-
cytic sarcoma with BM and splenic involvement. Of these mice,
two had a marked thrombocytosis in the PB and increased mega-
karyocytes that formed clusters in the BM and spleen, consistent
with a concomitant myeloproliferative neoplasm. Splenic heman-
giosarcoma was found in two of 24 mice, and one of these mice
also showed a concurrent B-cell expansion in the spleen. One
mouse was diagnosed with a T-cell-rich B-cell lymphoma. Immu-
nophenotyping of the BM from sick FLT3/D835Y mice demon-
strated expanded single positive Mac-1*, Gr-1" or Mac-1/Gr-1*
fractions compared with wild-type controls, although again at
lower levels than those of FLT3/ITD mice, which is consistent
with a less-extensive myeloid expansion in the FLT3/D835Y
mice (Fig. 2C).

To determine whether there were also differences in the age at
which disease manifests, age-matched, wild-type FLT3/D835Y
and FLT3/ITD mice were killed and examined for a variety of
parameters. At 12 wk of age, the heterozygous FLT3/D835Y
mice showed evidence of splenomegaly, although again, it was
less severe compared with that seen in FLT3/ITD mice (Fig. 34).
In contrast to the 12-wk-old FLT3/ITD mice, which consistently
showed elevated fractions of cells expressing Mac-17, Gr-17, or
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Fig. 3. FLT3/D835Y mice develop a less aggressive MPN and less significant
block in B-cell development relative to FLT3/ITD mice. (A) Twelve-week-old
FLT3/D835Y mice have intermediate spleen size compared with the wild-type
and FLT3/ITD mice. (B) Representative FACS analysis and graphical pre-
sentation of Mac1 and Gr1 expression in BM from 12-wk-old wild-type, FLT3/
D835Y, and FLT3/ITD mice. (C) H&E staining of BM and spleen of all three
genotypes at 3 and 12 mo. (Scale bar, 100 pM.) (D) Immunophenotypic
analysis using B-lymphocytic-related markers of the BM of 12-wk-old mice. (E)
Graphical presentation of the frequencies of cells at different stages of B-cell
development, as assessed in D. Data are representative of 3 separate experi-
ments (n = 3 for each experiment). (F) Expression levels of transcription fac-
tors in B220*CD43"CD19™ cells from all of the three types of mice, evaluated
by quantitative RT-PCR. Data are expressed as mean + SEM (error bars);
P values on graphs: NS, P > 0.05; *P < 0.05; **P < 0.01; ***P < 0.001.
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Mac-1"/Gr-1* in the BM, 12-wk-old FLT3/D835Y mice only
showed elevated levels of Gr-1* cells compared with wild-type
mice (Fig. 3B). Lineage negative (Lin™) cells from the BM of 12-
wk-old FLT3/D835Y mice formed more colony forming unit-
granulocyte/monocyte colonies than wild-type mice via in vitro
colony-forming assay (Fig. S1). Histopathology of BM and
spleen from mice at both 3 and 12 mo showed an intermediate
level of architectural disruption and cellular expansion in the
FLT3/D835Y mice compared with wild-type and FLT3/ITD
mice (Fig. 3C). FLT3/D835Y mice demonstrated expansion of
the white pulp by a homogenous cell population, resulting in
moderate effacement of the normal splenic architecture by 3 mo,
with further progression by 12 mo. In contrast, more extensive
expansion and marked effacement were observed in FLT3/ITD
mice at both points. The BM of FLT3/D835Y mice showed a less
uniform distribution of erythroid and myeloid hematopoiesis,
with some areas showing expansion of uniform cell populations in
both 3- and 12-mo-old mice. In contrast, the normal BM archi-
tecture in the 3- and 12-mo-old FLT3/ITD mice is largely replaced
by myeloid progenitors.

A block in B-cell development occurs in the BM of FLT3/ITD
mice between the early and late Pro-B transition (27). In-
terestingly, BM from the FLT3/D835Y mice did not demonstrate
this same block but, rather, an expansion of Pre-Pro-B, early and
late Pro-B-cell populations that are able to develop further to
more mature B-cell fractions (Fig. 3 D and E) (27, 28). The
development of B cells, similar to all other hematopoietic cells, is
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strictly controlled by multiple transcription factors. We wanted
to determine whether altered levels of transcription factors in-
volved in B-cell and myeloid lineage fate contribute to the dif-
ferences in B-cell development between the FLT3/D835Y and
FLT3/ITD mice. Studies show that Pax5 plays a key role in
promoting B-cell development through repression of essential
receptors for other differentiation pathways. High levels of PU.1
expression drive cells toward myeloid differentiation, whereas
high levels of PU.1/CEBPa and low levels of GATA binding
protein 1 (GATA-1) are essential for differentiation into gran-
ulocytic/monocytic lineage (29-31). Thus, we focused on deter-
mining the level of expression of these transcription factors in
the Pre-Pro-B and early Pro-B (B220"CD43*CD197) fractions
that were found to be expanded in both the FLT3/ITD and
FLT3/D835Y mice. FLT3/ITD mice demonstrated reduced Pax5
expression, consistent with the observed block of B-cell de-
velopment at this stage (Fig. 3F). These FLT3/ITD mice also had
elevated levels of PU.1 and CEBPa and an extremely low level of
GATA-1 expression. These levels may partly contribute to in-
creased myeloid expansion, as seen in the BM of these mice. In
contrast, the same population of sorted BM cells from FLT3/
D835Y mice demonstrated increased Pax5 expression. Thus, the
expansion of early B-cell progenitors (Pre-Pro-B and early-Pro-B
cells) and increased expression of Pax5 may partly explain the
accumulation of the more mature B-cell fractions (late pro-B
and onward) in the FLT3/D835Y mice. The Pu.1 expression level
in these mice is much closer to that of wild-type mice, which may
help explain why most of the FLT3/D835Y mice displayed mildly
increased myeloid expansion, whereas the FLT3/ITD mice
demonstrated more marked myeloid expansion.

Taken together, the data demonstrate that FLT3/D835Y mu-
tations confer a less-aggressive MPN and less-significant block in
B-cell development relative to FLT3/ITD mice. The mice also
develop a broader spectrum of diseases that includes lymphomas,
perhaps because of the effects of FLT3/D835Y on B-cell develop-
ment. Histocytic sarcomas and hemangiosarcomas were also
observed, although these may be background lesions that de-
velop in aging wild-type C57BL/6 mice and be reflective of their
prolonged survival relative to FLT3/ITD mice, and thus unrelated
to the genotype.

BM from FLT3/D835Y Mice Does Not Demonstrate the Hematopoietic
Stem Cell Deficiency Seen in FLT3/ITD Mice. We recently described
a defect in hematopoietic stem cells (HSCs) in FLT3/ITD knock-
in mice mediated by FLT3 signaling. It had been noted that Lin™
or whole BM from FLT3/ITD mice has a reduced ability to
engraft and recapitulate MPN in competitive transplantation
and retransplantation assays (32). The BM of FLT3/ITD mice
contain a reduced fraction of functional c¢-Kit* Sca-1" Lin~
(KSL)-signaling lymphocyte activation molecule (defined as KSL-
SLAM) cells (Lin~ c-Kit* Sca-1* CD150" CD487), and this was
shown to be responsible for the HSC defect. To determine
whether FLT3/D835Y mice displayed a similar reduction in
HSCs, we analyzed the frequencies of individual fractions of the
hematopoietic compartment of 10-12-wk-old mice by flow cytom-
etry. Both types of FLT3 mutant mice have increased levels of KSL
cells compared with wild-type mice. The fractions of multipotent
progenitor cells (Lin"¢c-Kit*Sca-1*CD1357CD34") in the BM
from FLT3/D835Y and FLT3/ITD mice were both elevated
compared with that of wild-type mice (Fig. 4 A and B). In-
terestingly, the BM from FLT3/D835Y mice had ~3 times the
frequency of long-term HSCs (LT-HSCs, Lin~c-Kit*Sca-1*
CD1357CD347) compared with wild-type or FLT3/ITD mice
(Fig. 4C). However, the fraction of KSL SLAM (Lin ¢-Kit*Sca-
1*CD150*CD487) cells in the FLT3/D835Y mice was compa-
rable to that of the wild-type mice, but much higher than that of
the FLT3/ITD mice (Fig. 4D).

To determine whether the differences in the fraction of the
immunophenotypic LT-HSC compartments between FLT3/D835Y
and FLT3/ITD mice would result in a functional difference in
HSCs, we performed a competitive repopulation experiment using
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Fig. 4. BM from FLT3/D835Y mice does not demonstrate the hematopoietic
stem cell deficiency seen in FLT3/ITD mice. (A-C) Flow cytometry analysis and
graphical presentation of the frequencies of KSL compartments from the BM
of 3-mo-old mice. Data are combined from 3 independent experiments
(FLT3/ITD, n = 8; FLT3/D835Y, n = 10; wild-type, n = 9). (D) KSL SLAM cells are
not depleted in the BM from FLT3/D835Y mice. Data are combined from four
independent experiments with n = 3 in each experiment. (E) Outline for
competitive engraftment experiment. Lin™ BM from donor mice was injected
into lethally irradiated CD45.1" recipient mice. *1 unit is equal to 75,000 Lin~
BM cells. (F) Engraftment of BM as measured in the PB at 8 wk and in the BM
at 16 wk in recipients of the competitive repopulation assays. (G) Wild-type
and FLT3/D835Y mice have a higher frequency of engrafting cells compared
with FLT3/ITD mice, as demonstrated by a limiting dilution assay. Data are
combined from 3 independent experiments. Engraftment was defined as
>1% CD45.2 positive by FACS analysis. BM from recipient mice was harvested
and analyzed at 15-16 wk posttransplant. Frequency of engrafting cells was
calculated using L-calc (Stemcell Technologies). Data are expressed as mean +
SEM (error bars). ND, not determined. P values on graphs: NS, P > 0.05; *P <
0.05; **P < 0.01; ***P < 0.001.

increasing ratios of FLT3/ITD and wild-type cells versus FLT3/
D835Y cells (Fig. 4E). Transplanted at a 1:1 ratio, the FLT3/D835Y
Lin~ BM cells engrafted at a higher level vs both FLT3/ITD and
wild-type cells, as measured at both 8 and 16 wk. (Fig. 4F).
The higher-level engraftment of FLT3/D835Y cells in the
recipients could be a result of a proliferative advantage of the
FLT3/D835Y progenitors or to increased numbers of functional
LT-HSCs in the FLT3/D835Y BM. To separate the issue of in-
creased proliferative capacity from HSC numbers, a limiting
dilution transplantation assay experiment was conducted. A de-
creasing number of CD45.2* whole BM cells from mice of each
genotype (wild-type, FLT3/D835Y, and FLT3/ITD), along with
a constant number of wild-type recipient CD45.1" whole BM
cells, were transplanted into CD45.1" recipients, as outlined
(Fig. 4G). Engraftment levels were measured from BM samples
15-16 wk posttransplant. Positive engraftment was defined as
>1% donor cells. After calculating a frequency for engrafting
cells (L-calc; StemCell Technologies) the FLT3/D835Y point
mutant mice had approximately a 7.4-fold higher frequency of
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engrafting cells compared with the FLT3/ITD mice, and a similar
frequency to that of wild-type mice. These data suggest that,
unlike the deficits in HSCs from FLT3/ITD mice, the HSC
compartment in FLT3/D835Y mice appears less affected, with
KSL SLAM populations and functional engraftment capacity
closer to that of wild-type mice.

BM Cells from FLT3/D835Y Mice Activate Targets Different from Those
of the FLT3/ITD Mice. Both FLT3/ITD and FLT3/KD mutations
constitutively activate the tyrosine kinase activity of FLT3. Ac-
cumulating evidence suggests there are some differences in the
downstream targets activated by FLT3 ligand (FL)-stimulated
wild-type FLT3 versus FLT3/ITD mutants versus FLT3/KD
mutants. For example, AKT, MAPK, and STATS activation have
been well-documented as downstream targets of FLT3/ITD sig-
naling, but there is little activation of STATS5 by wild-type FLT3
(18, 33). This lack of STATS activation has also been proposed
to be one of the differences in signaling between FLT3/ITD and
FLT3/KD mutants. However, most of this evidence comes from
forced overexpression of these forms of FLT3 in cell lines, and
there are few data from their physiologically controlled expres-
sion in primary hematopoietic cells. To investigate the down-
stream signaling pathways activated by FLT3/KD mutations, we
compared pathways activated by FLT3/D835Y or FLT3/ITD
mutations in the BM cells from both knock-in mice.

Phospho-STATS levels were higher in Lin™ BM from FLT3/
ITD mice compared with those in wild-type mice. Lin™ BM from
FLT3/D835Y mice demonstrated moderately increased STATS
phosphorylation that was higher than that of the wild-type mice
but significantly lower than that of the FLT3/ITD mice (P =
0.015 and 0.0007, respectively; Fig. 54, i and ii). Consistent with
the Western blot findings, phospho-flow analysis also displayed
intermediately elevated phospho-STATS levels in sorted KSL
cells from the FLT3/D835Y mice, which is significantly lower
than that from the FLT3/ITD mice but slightly higher than the
wild-type control (Fig. 54iii). This important data from geneti-
cally engineered primary hematopoietic cells is further evidence
that differences in the level of activation of STATS may account
for some of the prognostic differences attributable to FLT3/ITD
and FLT3/KD mutations. These data are consistent with what
has been observed previously in primary AML blasts and cell
lines with FLT3 mutations. To further investigate whether the
FLT3/D835Y mutation activates STATS at a higher level than in
wild-type cells, we examined expression of downstream targets of
STATS signaling, including cytokine-inducible SH2-containing
protein (CISH), Pim1 and 2, and suppressor of cytokine signal-
ling (Socs)1 and 3, by RT-PCR of Lin™ BM cells. FLT3/ITD cells
demonstrated higher levels of STATS downstream target ex-
pression compared with wild-type cells, consistent with the
stronger STATS phosphorylation of FLT3/ITD cells shown by
Western analysis. In contrast, expression of STATS5 downstream
targets in cells from FLT3/D835Y mice are lower than those
from the FLT3/ITD mice, with most of the genes expressed at
levels not significantly different from that of wild-type cells
(Fig. 5B).

Cells with different types of FLT3 mutations may respond to
TKIs differently, depending on the types of the mutations they
harbor (34). For example, Lestaurtinib and Sorafenib are two
TKIs effective against FLT3/ITD mutations, but only Lestaurti-
nib is effective against FLT3/KD mutations. To explore the ef-
ficacy of these two FLT3 TKIs on whole BM cells from the
FLT3/ITD and FLT3/D835Y mice, they were treated in vitro
with Sorafenib or Lestaurtinib and assayed for proliferation by
cell counting. After 48 h of treatment, the FLT3/D835Y BM
responded to Lestaurtinib but not Sorafenib, whereas the FLT3/
ITD BM was sensitive to both drugs. There was little response of
BM from wild-type mice to either drug (Fig. 5C). Western blot
analysis demonstrated phospho-STATS levels from Lin~ BM
cells from FLT3/D835Y mice only decreased after incubation
with Lestaurtinib, and not Sorafenib (Fig. 5D). These data
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Fig. 5. BM cells from FLT3/D835Y mice activate targets different from those
of the FLT3/ITD mice. (A, i) Representative Western blot of phospho- and
total Stat5 levels from Lin™ BM. Ratios below the blot indicate quantization
of relative level of phosphorylation normalized to total protein levels, as
determined by densitometry, using QuantityOne densitometry analysis soft-
ware. (A, ii) Graphical presentation of the relative phosph-STATS5 levels in
Lin™ BM cells shown by Western blot, as determined by densitometry (n =7
independent mice and Western blots for each group). (4, iii) Representative
flow cytometry analysis showing moderately elevated pSTATS level in sorted
KSL cells from FLT3/D835Y mice. (B) Relative expression of some of the
downstream targets of Stat5 signaling in Lin~ BM cells, as determined by
quantitative RT-PCR. Data are expressed as mean + SEM (error bars). (C)
Viability assay using whole BM from 6-mo-old mice. (D) Western blot of
pStat5 and total Stat5 from Lin~ BM cells from a 6-mo-old FLT3/D835Y
mouse incubated for 1 h with either Sorafenib or Lestaurtinib, illustrating
that pStat5 levels from FLT3/D835Y cells only respond to Lestaurtinib.

indicate that cells from FLT3/D835Y mice have distinctive re-
sponses to different TKIs.

In summary, FLT3/D835Y knock-in mice develop less aggressive
disease compared with FLT3/ITD mice. The FLT3/KD mice are
characterized by increased survival, less severe myeloproliferation,
no significant block in B-cell differentiation, no appreciable HSC
defect, and a broader spectrum of disease. Thus, we can con-
clude that the mutations themselves confer the degree of aggres-
siveness of disease. These mice model the difference seen in AML
patients with the two types of mutations. Hematopoietic cells from
FLT3/D835Y mice activate STATS to a lower extent than seen
in the FLT3/ITD mice. This signaling difference might explain at
least part of the disease differences noted between these mice.

Discussion

The reasons for the prognostic differences between patients
harboring a FLT3/ITD versus a FLT3/KD mutation are not fully
understood. They could be explained by a number of reasons,
including differences in the type of hematopoietic cells in which
the mutations occur, a tendency to occur with different coop-
erating mutations such that the prognosis is actually the result of
the cooperating mutation and not FLT3, or differences in
downstream signaling that have been previously observed. In this
study, we compare and contrast the aggressiveness of disease
mediated by the two types of FLT3-activating mutations most
frequently identified in human AML. We investigated these
mutations by generating mouse models in which each of these
mutations has been “knocked in” to the FLT3 locus through
homologous recombination. Using this technique ensures both
mutations are expressed under control of the endogenous FLT3
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promoter, and thus are expressed at physiological levels and in
the appropriate hematopoietic populations. Thus, it is a better
model than those in which FLT3 mutant constructs are trans-
fected into cell lines or primary hematopoietic cells, where
control is that of an exogenous promoter. Thus, if the first or
second reasons given here were the explanation for the differ-
ences in prognosis, we would expect to see identical phenotypes
and severity of disease in the knock-in mice.

FLT3/D835Y mice showed much less aggressive disease than
FLT3/ITD mice in terms of both disease severity and overall
survival. The phenotypes mediated by the two types of FLT3
mutations parallel the disease aggressiveness observed in AML
patients with FLT3/KD mutations (average prognosis and WBC
levels) compared with FLT3/ITD mutations (poor prognosis and
elevated WBC levels). It appears that constitutive activation of
FLT3 by KD mutations provides the FLT3-expressing cells with en-
hanced proliferation and survival. However, as described previously
for the FLT3/ITD mice, a FLT3/D835Y mutation alone is in-
sufficient to cause leukemia. Given the broad spectrum of the he-
matological diseases the FLT3/D835Ymice developed, it is likely
that both the developmental stages at which the cooperative mu-
tations occur and the types of the cooperative mutations determine
the type of disease that develops.

We recently observed that the FLT3/ITD mutation expands
the myeloid progenitor populations at the cost of the mobiliza-
tion of KSL SLAM cells into the cell cycle, thus depleting the
quiescent HSC compartment. Similar to the FLT3/ITD mice, the
FLT3/D835Y mice also displayed a mild expansion of progenitor
fractions, including short-term HSCs, multipotent progenitors,
common lymphoid progenitors, and common myeloid progeni-
tors. However, the frequency of KSL SLAM cells in FLT3/
D835Y mice is comparable to that in wild-type mice. Function-
ally, FLT3/D835Y BM showed an equivalent or slightly higher
engraftment ability compared with wild-type mice, and both are
higher than that of the FLT3/ITD mice. These results suggest
that the more quiescent HSC pool is not affected by signaling
through the FLT3/D835Y mutations and that the FLT3/D835Y
mutation does not mobilize the functional HSCs capable of long-
term engraftment into cell cycle.

Although both FLT3/ITD and FLT3/KD mutations confer
constitutive activation to the FLT3 receptor, accumulating evi-
dence suggests there are also some differences in the down-
stream pathways they activate, and thus in the transcription
profiles of each (18, 19). It has been proposed that the altered
juxtamemebrane domain (JM) domain of the FLT3/ITD mutant
destabilizes the autoinhibited kinase conformation of FLT3,
resulting in a high level of autophosphorylation of the receptor
and its subsequent retention in the perinuclear region with
prolonged exposure to perinuclear substrates such as STATS. In
contrast, the normal JM domain of FLT3/KD mutants is more
efficiently processed and trafficked to the plasma membrane, and
thus would activate downstream signals more similar to those of
wild-type FLT3 (33). Consistent with this, we observed signifi-
cantly higher levels of STATS phosphorylation, as well as in-
creased expression of STATS downstream targets, in the BM of
FLT3/ITD mice compared with FLT3/D835Y mice, supporting
the idea that the two mutations have at least this one difference
in the activation of downstream pathways. STATS is one of the
pathways frequently involved in leukemic transformation. Con-
stitutive activation of STATS and its downstream targets have
been shown to promote cell proliferation and prolong cell sur-
vival. The weak STATS activation by FLT3/KD mutation may
account for the differences between the effects of FLT3/D835Y
and FLT3/ITD mutations on HSC biology.

Overall, the FLT3/D835Y mice develop less aggressive he-
matopoietic disease, with a broader range of diseases compared
with the FLT3/ITD mice. Similar to the FLT3/ITD mutation, the
FLT3/D835Y mutation alone is insufficient to cause leukemia in
the absence of cooperative mutational events. Functional HSCs
are not disturbed by signaling of the FLT3/D835Y mutation, in
contrast to the significant HSC depletion seen in the FLT3/ITD
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mice. This FLT3/D835Y mouse model, in parallel with the
FLT3/ITD mouse model, should provide a useful platform for
further understanding the molecular mechanisms of leukemo-
genesis in which FLT3 mutations participate. Most important, it
should enable us to further explore why poor prognosis in AML
patients is only associated with FLT3/ITD mutations.

Materials and Methods

Generation of a Mouse Model Containing a Knock-in D838Y (D835Y Equivalent)
Point Mutation in the Mouse FIt3 Gene. A 10-kb fragment spanning exons
18-24 of mouse F/t3 genomic DNA (obtained from the RPCI-22 mouse 12956/
SvEvTac bacterial artificial chromosome library; Roswell Park Cancer Insti-
tute) was isolated to construct the targeting vector. PCR site-directed mu-
tagenesis was used to generate the point mutation, substituting the aspartic
acid at position 838 (equivalent to the human aspartic acid residue at po-
sition 835) with a tyrosine (referred to as FLT3/D835Y hereafter). (Fig. 1A).
Southern blot and sequencing were used to verify successful homologous
recombination and the presence of the D838Y mutation (Fig. 1 B and Q).
Additional details including primers for embryonic stem cell clone screening
and genotyping are listed in the S/ Materials and Methods. All mice in this
report were backcrossed to >98% C57BL/6 background, using speed con-
genics, and housed in a pathogen-free environment in microisolator cages at
the Johns Hopkins School of Medicine. Procedures and experiments were
approved by the university’s institutional animal care and use committee.
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Histopathology, Cytology, and Immunohistochemistry Assays. Murine tissues
were harvested, preserved, and analyzed as described previously (25, 35).
Immunohistochemistry on tissues from the moribund cohort was performed
using myeloperoxidase, CD3, and Pax5 using a sodium citrate buffer (pH 6)
and high heat for antigen retrieval. Please see SI Materials and Methods for
expanded details on flow cytometry analysis, Western blot, RT-PCR, and
viability assay.

BM Transplantation and Engraftment Assays. Ly5.2 mice (CD45.1%; National
Cancer Institute) were lethally irradiated (10 Gy) and injected with whole BM
or sorted fractions of BM cells 4-6 h after irradiation. PB was collected via
facial vein to monitor engraftment every 4 wk. Engraftment levels were
analyzed by comparing CD45.1*/CD45.2* levels in the BM via FACS.

P values were preformed using an unpaired t test with a 95% confidence
interval for each grouping of samples. For the survival curve, P value was
calculated using a Log-rank (Mantel-Cox) test.
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