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Abstract

Objective—The FLT3 internal tandem duplication (FIt3-1TD) confers a worse prognosis for
patients with acute myeloid leukemia (AML); however, the mechanisms involved are unknown.
As AML is treated with cytarabine (Ara-C) and an anthracycline we sought to determine the
effects of the FIt3-ITD on response to these agents.

Methods—A genetically defined mouse model of AML was used to examine the effects of the
FIt3-1TD on response to cytarabine and doxorubicin in vitro and in vivo.

Results—In vitro, the FIt3-ITD conferred resistance to doxorubicin and doxorubicin plus Ara-C,
but sensitivity to Ara-C alone. This resistance was reversible by the FIt3-1TD inhibitor sorafenib.
The FIt3-ITD did not affect DNA damage levels following treatment but was associated with
increased levels of p53. The p53 response was critical to the observed changes as the FIt3-ITD had
no effect on chemotherapy response in the setting of p53 null AML. In vivo, the FIt3-1TD
accelerated engraftment that was partially reversible by Ara-C but not doxorubicin. Additionally,
Ara-C provided a significant reduction in disease burden and a survival advantage that was not
increased by the addition of doxorubicin. Doxorubicin alone lead to only minimal disease
reduction and no survival benefit.

Conclusions—These data demonstrate that the FIt3-1TD confers sensitivity to cytarabine, but
resistance to doxorubicin in a manner that depends on p53. Thus, patients with FIt3-1TD positive
AML may not benefit from treatment with an anthracycline.

Introduction

Acute myeloid leukemia (AML) is a genetically heterogeneous, aggressive disease and
despite decades of research, outcomes for most patients remain poor. Patients can be divided
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into prognostic groups based on the presence of recurrent chromosomal abnormalities [1-3],
however, many have no chromosomal abnormalities and fall into an intermediate prognostic
group with variable outcomes [4]. Recent work has shown that the presence of
submicroscopic genetic mutations can affect prognosis in these patients [5].

One such example is the FIt3-ITD. The presence of an internal tandem duplication within
the FLT3 gene confers a worse prognosis in multiple studies [5-8]. The FLT3 gene encodes
a member of the type 3 receptor tyrosine kinases and has a role in normal hematopoiesis [9].
The tandem duplication insertion results in constitutive activation of the receptor [10]. This
activation causes a myeloproliferative disorder in mice and cooperates with other oncogenes
in the generation of AML [11-12]. Mutations in the FLT3 gene are among the most
common in AML, and inhibitors of this molecule are the current focus of multiple recent
and ongoing clinical trials [13-17].

The presence of the FIt3-1TD activates multiple downstream signaling cascades, including
the RAS-MAP kinase pathway [18-19]. It perturbs multiple cellular functions including;
DNA repair [20], cell cycle progression [21], levels of reactive oxygen species (ROS) [22]
and levels of anti-apoptotic proteins [23—-24]. Several studies have implicated these changes
to anthracycline resistance in cell lines or primary patient samples in vitro [20,23].

Despite this work, the effects of the FIt3-1TD on chemotherapy response remain poorly
understood. At present patients with FIt3-ITD positive AML outside of a clinical trial are
treated with a combination of cytarabine and an anthracycline. In this study we use a
genetically defined mosaic mouse model of AML to determine the effect of the FIt3-1TD on
response to chemotherapy in vitro and in vivo.

Materials and Methods

Retroviral constructs

All retroviruses were constructed in the MSCV backbone (Clontech) and have been
described previously [25]. Cloning strategies and primer sequences are available on request.

Fetal liver cell isolation, retroviral transduction, and transplantation

The Cold Spring Harbor and Wake Forest University Animal Care and Use Committees
approved all mouse experiments. E13.5-E15 fetal liver cells (FLCs) from wild-type C57BL/
6 mice were isolated, cultured, and retrovirally transduced as described previously [25].
Briefly, retroviral (co)transduction was carried out by combining viral supernatants from
independent transfections of ecotropic Phoenix packaging cells in a 1:1 ratio. Transduction
of GFP-expressing constructs was assessed 24—48 h after the last infection by flow
cytometry (Guava EasyCyte, Guava Technologies). Transduction of luciferase-expressing
constructs was confirmed qualitatively (1VIS100, Caliper LifeSciences). 1 x 108 cells were
transplanted by tail vein injection of 6- to 8-wk-old lethally irradiated C57BL/6 recipient
mice (9.0 Gy as single dose administered prior to transplantation).

Competition and viability assays

Two days after infection or thereafter, leukemia cells were split into replicate wells of
~25,000 cells in 24-well plates. After 72-hour treatments, the GFP-positive percentage was
quantified in the live cell population by using a FACSCalibur flow cytometer (BD
Bioscience, San Jose, CA) or Guava Easycyte (Millipore, Billerica, MA). For cultures where
the GFP+ population was in excess of 50%, non-infected co-cultured cells were added to
achieve a final GFP+ population of ~20%. Viability assays were done using either the Cell
Titer-Blue assay (Promega) according to the manufacturer's protocol, or by Pl staining
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followed by flow cytometry gating via a FSC versus PI plot. All cells were maintained in
stem cell media (40% DMEM, 40% IMDM, 20% FBS, supplemented with murine stem cell
factor to a final of 10 ng/ml, murine iL6 to 2 ng/ml and murine iL3 to 0.4 ng/ml).

Alkaline comet assay

Cells were treated as indicated, mixed with 1% agarose, placed on a glass slide, put in
alkaline lysis buffer (2.5 M NaCl, 100 mM EDTA, 10 mM Tris, pH 10, 1% Triton X-100,
2% DMSO), and placed at 4°C overnight. Slides were rinsed three times with weak alkali
buffer (0.03M NaOH, 1 mM EDTA). Slides were electrophoresed in weak alkali buffer at
25V for 25 min, rinsed, placed in neutralization buffer (0.05 M Tris buffer pH 8.0) for 10
min, fixed with 100% methanol and allowed to dry overnight. Slides were stained in
propidium iodide at 20 mg/ml for 10 min and visualized with a fluorescence microscope.
The comet DNA content was quantitated using a freeware program called CASPlab
available at http://casplab.com/.

Western blots and immunofluorescence

Samples were lysed in Laemmli buffer, separated by SDS-PAGE, and transferred to
Immobilon PVDF membrane (Millipore). Antibodies against p53 (IMX25, 1:1000; Leica
Microsystems), p21 (C-19,1:500; Santa Cruz Biotechnologies), Nras (F155, 1:300; Santa
Cruz Biotechnologies), FIt3 (sc479, 1:500; Santa Cruz Biotechnologies), p-STATS5 (1:2000,
#9356; Cell Signalling Technologies), STAT5 (1:2000, #9363; Cell Signalling
Technologies) and actin (AC-15, 1:5000; Abcam) were used. Immunofluorescence for
phosphorylated yH2AX, cells were fixed with 4% NBF, permeabilized with PBS containing
0.2% Triton-X 100, and probed with anti-phosphoH2AX (1:100, #2577; Cell Signalling
Technologies) followed by donkey anti-rabbit Alexa 594 conjugated antibody (1:500,
A-21207; Invitrogen) and visualized via fluorescence microscopy. Greater than 90 nuclei
were then scored per condition, per experiment, by two separate individuals using the
following scoring system: O=none, 1=few, 2=moderate, 3=many.

Transplantation and in vivo treatment studies

For treatment studies, primary leukemias were transplanted into 6- to 8-wk-old sublethally
irradiated recipient mice (4 Gy) by tail-vein injection of 1 x 10 viable cells. Sublethal
irradiation was used to achieve a more uniform disease onset in recipient animals. For
animals transplanted with luciferase-expressing leukemias, mice were monitored by
bioluminescent imaging on day 7 after transplantation. Bioluminescent imaging was
performed using an IVV1S100 imaging system (Caliper LifeSciences). Mice were injected
intraperitoneally with 150 mg/kg D-Luciferin (Caliper LifeSciences), anesthetized with
isoflurane, and imaged for 2 min after a 5-min incubation following injection.
Chemotherapy was initiated upon detection of clear signals. Mice were treated for five
consecutive days every 24 h with i.p. injections of 100 mg/kg cytarabine or 3 mg/kg
doxorubicin (both from Bedford Laboratories) or both. Control animals were observed only.
Repeat luciferase imaging was performed on day 6 following treatment (day 13 from
transplantation).

In vivo competition assays

Ly5.1+ C57BI6 6- to 8-wk-old sublethally irradiated recipient mice (4 Gy) were injected
with 1x108 blasts, 10% expressing the FIt3-1TD or a control vector. These mice are
syngeneic with standard C57BI6 mice except for the Ly5.1 allele. This allows for distinction
between endogenous marrow cells and the Ly5.2+ leukemia. On day 13 observation or
treatments with either doxorubicin, cytarabine or the combination were begun. After 5 days
of treatment or observation, animals were sacrificed and bilateral femoral bone marrow was
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harvested, stained with FITC or APC conjugated anti-Ly5.2 antibody (E Biosciences, San
Diego, CA). Stained cells were analyzed by flow cytometry using either a Guava or a
FACSCalibur flow cytometer (BD Bioscience, San Jose, CA).

Statistical Methods

Results

In all experiments with more than two means an initial ANOVA analysis was used. If a
statistically significantly result was obtained (p<0.05) then individual means were compared
by two sided standard student's T test. For comparison of Kaplan-Meier curves a log rank
test was used. All statistical analysis was performed using Graph Pad Prism 5 software
(GraphPad Software Inc). All error bars represent the standard error.

FIt3-ITD alters chemotherapy response in vitro

To determine the effects of the FIt3-1TD on chemotherapy response we utilized a genetically
defined mouse model of AML based expression of the MLL-ENL fusion protein. We chose
this model because 1) it has been shown to closely resemble the AML seen in patients
expressing this protein [25-26], 2) blasts can be cultured in media supplemented with
cytokines and injected into secondary recipients, and 3) it is a syngeneic model that contains
contributions from the microenvironment and the immune system. We generated several
AML cell lines expressing either MLL-ENL alone or with the FIt3-ITD (see schema in
Figure 1A).

To determine the effect of the FIt3-ITD we developed a protocol to infect established MLL-
ENL leukemia cells. To determine whether retroviral vectors could cause resistance in
MLL-ENL-induced leukemias, we infected cells with retroviruses expressing short hairpin
RNAs (shRNAs) that targeted either Topoisomerase Il alpha (Topoll) or p53 with a GFP
reporter. ShRNAs that target Topoll confer resistance to doxorubicin [27] while knockdown
of p53 results in decreased sensitivity to a variety of cytotoxic chemotherapies. To assess the
effects of these ShRNAs on chemotherapy response, a competition assay was performed (see
[27]). In this assay, a partially infected cell population is exposed to cytarabine, doxorubicin,
or both for 72 hours. Doxorubicin was used because C57/BI6 mice do not tolerate the more
commonly used daunorubicin [28]. After exposure, the ratio of GFP+ cells in the viable
population is determined. As expected, cells expressing the shRNA targeting Topoll were
significantly enriched in the presence of doxorubicin (p=0.003), but not cytarabine (p=NS,
Figure 1B). Cells expressing the shRNA that targets p53 were significantly enriched in the
presence of both doxorubicin and cytarabine (p=0.001 and 0.0003). Cells expressing the
control shRNA did not significantly enrich in the presence of either agent (Figure 1B).
These data demonstrate that resistance to therapy can be detected by this assay.

To assess if increased sensitivity could also be detected we sought to determine the effect of
oncogenic NRas®12D. In previous reports oncogenic Ras increased sensitivity to cytarabine
[29-31]. Leukemia cells transduced with retrovirus expressing Nras®12D became cytokine-
independent (Figure 1C). As expected competition assays revealed a significant dose-
dependent decrease in N-Ras-expressing cells after cytarabine treatment (p=0.001, Figure
1D). Collectively these data show that this system can accurately report changes in
doxorubicin and cytarabine sensitivity in vitro.

To determine the effects of the FIt3-1TD on chemotherapy response, a GFP tagged, FIt3-1TD
vector was infected into cells (Figure 2A). This resulted in efficient expression of the FIt3-
ITD (Figure S1A). Cells infected with the FIt3-1TD became cytokine-independent (Figure
2A) and exhibited STAT5 hyper-phosphorylation consistent with constitutively active Flt3-
ITD (Figure S1B). The FIt3-1TD expressing cells became depleted in the presence of

Exp Hematol. Author manuscript; available in PMC 2012 April 1.



1duasnuey Joyiny vd-HIN 1duasnuey Joyiny vd-HIN

1duasnuey Joyiny vd-HIN

Pardee et al.

Page 5

cytarabine (p=0.005), but enriched with doxorubicin alone and cytarabine plus doxorubicin
(p=0.005 and <0.0001 respectively, Figure 2B). To confirm these results pure populations of
cells with or without the FIt3-1TD were exposed to cytarabine or doxorubicin. When
viability was assessed results were consistent with the competition assays (Figure 2C). To
further establish the causal nature of the FIt3-1TD on the observed changes we utilized the
small molecule tyrosine kinase inhibitor sorafenib. Sorafenib has been shown to be a potent
inhibitor of the FIt3-1TD [13]. When FIt3-ITD expressing cells were treated with sorafenib
they became sensitized to doxorubicin while the control cells did not (p=< 0.0001, Figure
2D). These data confirm that the FIt3-1TD confers increased sensitivity to cytarabine and
resistance to doxorubicin in vitro.

The FIt3-ITD does not decrease the amount of chemotherapy-induced DNA damage

To elucidate how the FIt3-ITD alters chemotherapy response, we examined the amount of
DNA damage induced by either doxorubicin or cytarabine. To assess the presence of single
or double strand breaks in the DNA, an alkaline comet assay was performed. We found no
statistically significant difference in the amount of single- and double-strand DNA breaks
induced by treatment with either doxorubicin or cytarabine (Figure 3A). Cells that contained
the FIt3-1TD showed increased DNA strand breaks at baseline, consistent with previously
published reports [22]. We next examined the generation of yH2AX foci in response to
doxorubicin or cytarabine exposure. While there was an increase in yYH2AX foci in blasts
expressing the FIt3-1TD at baseline there was no reproducible decrease in foci generated in
the FIt3 ITD expressing blasts under any condition examined (Figure S2). These results
suggest that the FIt3-1TD does not alter the intracellular concentration of either doxorubicin
or cytarabine and makes it unlikely that the resistance to doxorubicin is mediated by
increased drug efflux.

The FIt3-ITD increases the induction of p53 after exposure to chemotherapy

It has been recently shown that oncogenic Ras increases the p53 response to cytarabine [31].
As the FIt3-ITD also activates the Ras pathway, we assessed the p53 response in cells with
or without the FIt3-1TD. Cells were exposed to doxorubicin and p53 levels assessed. The
presence of the FIt3-1TD increased p53 induction (Figure 3B). Consistent with induction of
p53 western blots showed increased p21 levels (Figure 3B). To compare p53 induction with
cytarabine and establish that p53 was inducing transcription of additional downstream
targets, we performed RT-QPCR on p21 and MDM2 — another known p53 transcriptional
target gene - after exposure to either doxorubicin or cytarabine. Transcripts of both genes
were increased in a FIt3-1TD dependent fashion after exposure to either doxorubicin or
cytarabine (Figure 3C). Taken together, these data demonstrate the FIt3-1TD causes an
increase in the p53 response in blasts exposed to either cytarabine or doxorubicin.

The FIt3-ITD does not alter the chemotherapy response in p53 null blasts

To determine if altered p53 induction mediated differences in chemotherapy response, we
generated MLL-ENL only cells from p53 null FLCs. We then infected the cells with the FI3
ITD or control vector and performed competition assays. These blasts efficiently expressed
the FIt3-1TD and cells containing the FIt3-ITD had a growth advantage in cytokine-deficient
media (Figure S3). However, the FIt3-ITD did not confer resistance to doxorubicin or
doxorubicin plus cytarabine, and we found no consistently increased sensitivity to
cytarabine (Figure 4A).

To further establish the dependence of the increased sensitivity to cytarabine on an intact
p53, we performed competition assays with an sShRNA that targets p53 in a MLL-ENL and
FIt3-1TD expressing leukemia. When the cells were treated with cytarabine, there was a
dose-dependent, significant increase in the cells containing the shRNA (p=< 0.0001, Figure
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4B). These data are consistent with the interpretation that FIt3-1TD confers an increased
sensitivity to cytarabine in a p53-dependent manner.

The FIt3-ITD alters chemotherapy response in vivo

Recent studies have shown that the bone marrow microenvironment can have a profound
effect on chemotherapy response in AML [32]. To extend our findings to a setting that
would incorporate these important interactions, we developed an in vivo competition assay
(Figure 5A). FIt3-ITD-positive cells demonstrated a profound engraftment advantage:
although they comprised only 10% of the injected cells, they became nearly 95% of the cells
in the control marrow (Figure 5B). Consistent with our in vitro data, this advantage was
partially reversed by cytarabine (n=3) but not by doxorubicin (n=4) treatment (Figure 5B).
Leukemia cells transduced with a GFP expressing control vector did not display a similar
advantage in engraftment. In fact, the percentage of GFP-positive cells declined from ~10%
to ~ 4% (n=3), and was not affected by treatment with cytarabine (n=4) or doxorubicin
(n=4). These data demonstrate that the FIt3-1TD confers an engraftment advantage that can
be partly abolished by treatment with cytarabine but not doxorubicin.

To further assess the effects of the FIt3-ITD on chemotherapy response in vivo, mice were
injected with pure populations of cells with or without the FIt3-ITD and therapy was
initiated on day 13 as in the in vivo competition assay. At the end of treatment overall
leukemic burden was determined by flow cytometry. The parental leukemia was minimally
responsive to doxorubicin (n=9) or cytarabine (n=9), but a significant reduction was seen
with the combination vs either agent alone (p= < 0.0009, n=5, Figure 5C). In marked
contrast, FIt3-1TD-infected cells were somewhat sensitive to doxorubicin (n=12), but
showed a marked reduction to cytarabine (n=11, p= < 0.0001 vs doxorubicin). No additional
activity was seen when doxorubicin was added to cytarabine (n=4, Figure 5C). Combination
therapy was slightly less efficacious when compared to cytarabine alone, although this was
not statistically significant (p= NS). These data show that the FIt3-ITD increases sensitivity
to cytarabine in vivo.

To extend this analysis to total body leukemic burden and rule out isolate specific effects,
mice were injected with a leukemia that was generated by transduction of both a FIt3-1TD
expressing vector and a MLL-ENL vector that co-expressed luciferase. Once leukemic
engraftment was established by luciferase imaging, animals were observed (n=4) or treated
with either doxorubicin (n=7), cytarabine (n=7), or both (n=7) and re-imaged. Consistent
with our previous results this FIt3-ITD expressing leukemia exhibited a marked sensitivity
to cytarabine (p= 0.0003 vs control), and addition of doxorubicin provided no additional
benefit in disease reduction (p= NS, Figures 6A and S4). To determine if this differential
activity resulted in a difference in survival we treated mice with cytarabine, doxorubicin or
both and then followed the animals for survival. Consistent with the luciferase data animals
that were treated with cytarabine (n=13) had a significant survival advantage over controls
(n=11) with a p value of 0.02. Furthermore when doxorubicin was added to cytarabine (n=7)
there was no significant difference in survival over animals treated with cytarabine alone (p=
NS). Lastly, doxorubicin alone (n=5) did not result in a significant survival advantage over
controls (Figure 6B). To ensure that this lack of survival benefit was a consequence of the
presence of the FIt3-ITD we treated animals injected with a MLL-ENL and NRas®12D
driven leukemia with the same regimen of doxorubicin. In contrast to the FIt3-ITD leukemia
there was a significant survival benefit for the Ras driven leukemia when treated with
doxorubicin (n=5) versus controls (n=5, p= 0.004, Figure 6B). Taken together, these data
confirmed that FIt3-1TD increases the sensitivity to cytarabine in vivo and importantly that
doxorubicin does not add any benefit over cytarabine alone.

Exp Hematol. Author manuscript; available in PMC 2012 April 1.



1duasnuey Joyiny vd-HIN 1duasnuey Joyiny vd-HIN

1duasnuey Joyiny vd-HIN

Page 7

Discussion

The FIt3-ITD is one of the most common receptor tyrosine kinase mutations found in AML
and results in a constitutive kinase activity, predicts shorter remission periods, increased risk
of relapse, and lower overall survival [5,33]. To better understand the mechanisms involved
we sought to determine the effect of the FIt3-ITD on chemotherapy response using a mouse
model of AML. In this study, we utilized a MLL-ENL driven murine model of AML in
which FLCs are infected with retroviruses that express the oncogenic MLL-ENL fusion
protein with or without a second virus that expresses the FIt3-1TD.

When we compared the therapy response of MLL-ENL leukemias with and without the FIt3-
ITD we made several key observations. First, cells expressing the FIt3-1TD had increased
sensitivity to cytarabine and resistance to doxorubicin. These findings were consistent across
multiple isolates as well as in multiple infections. Importantly when the leukemias were
treated with the combination of cytarabine and doxorubicin, approximating the current
standard treatment, a net resistance was observed. Second, we observed an increase in the
induction of p53 following therapy and its downstream gene targets in cells expressing the
FIt3-1TD. This increased p53 response was shown to be critical for the observed changes as
the FIt3-1TD did not affect therapy response in p53 null leukemias. Third, when assessed in
vivo the FIt3-ITD-containing cells held a profound engraftment advantage despite the highly
aggressive nature of the parental leukemia. The engraftment advantage conferred by the
FIt3-1TD could be partially abolished by cytarabine but not doxorubicin. Additionally, when
bilateral femoral bone marrow was assessed after treatment, residual disease burden was
reduced when the FIt3-ITD containing leukemia was treated with cytarabine and no
additional benefit was seen when doxorubicin was added. This was in contrast to the
parental leukemia where there was only modest sensitivity to either agent alone and
increased efficacy when the two were combined. This result was confirmed with a luciferase
tagged FIt3-1TD leukemia. Finally, when animals engrafted with a FIt3-1TD expressing
leukemia were treated with cytarabine there was a statistically significant increase in
survival over control animals. This survival advantage could not be improved upon by the
addition of doxorubicin and treatment with doxorubicin alone did not result in prolongation
of survival.

These results have several potential clinical implications. First, they demonstrate that the
FIt3-1TD provides an engraftment advantage to a fully established leukemia and provide
proof of principle that FIt3-ITD mutations acquired after leukemogenesis can provide a
competitive advantage, and thus explain how patients who are FIt3-1TD negative at
diagnosis can become FIt3-1TD positive at relapse [34]. Additionally, the results
demonstrate that the FIt3-1TD confers sensitivity to cytarabine and resistance to doxorubicin
in an MLL-ENL driven leukemia. It is important to interpret this result in the proper context.
The data presented here show that the FIt3-ITD expressing MLL-ENL leukemias become
sensitized to cytarabine when compared to the non-FIt3-1TD expressing parental line. It is
important to remember that the MLL-ENL model is therapy resistant [25] and that the
cytarabine survival benefit while statistically significant remains modest. This increased
responsiveness did not result in any animal achieving a complete remission and as
mentioned above the FIt3-1TD expressing leukemias became more aggressive with shorter
overall survival when compared to non-FIt3-1TD expressing leukemias (data not shown).
Most importantly however, these results demonstrated that the addition of an anthracycline
provides no benefit for animals injected with FIt3-ITD positive AML. This confirms and
extends previous studies that have associated the FIt3-1TD with resistance to anthracyclines
and increased DNA repair in vitro [20]. Additionally, all of the large studies to date that
have established the negative impact of the FIt3-ITD were based on treatment regimens that
combined cytarabine with an anthracycline during every phase of treatment [5-8,35].
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Our data suggests that for the MLL-ENL model expressing the FIt3 ITD, the anthracycline
only adds toxicity without increasing efficacy. This is consistent with the findings of a
recent clinical trial showing that while most AML patients benefit from intensified
anthracycline dosing regimens, patients with the FIt3-ITD do not [36]. This data is also
consistent with previous work on a PML-RARa and FIt3-1TD expressing murine model that
demonstrated inhibition of the FIt3-1TD resulted in increased sensitivity to doxorubicin [28].
Finally, our data demonstrating the ability of sorafenib to sensitize FIt3-ITD expressing
leukemias to doxorubicin are consistent with the results of a recent study of early high dose
cytarabine and idarubicin in combination with sorafenib, that resulted in a complete
remission in 14 out of 15 patients with a FLT3 mutation [37].

In this study the observed changes in chemotherapy response were dependent on an intact
p53 response and p53 induction was higher in the cells expressing the FIt3 ITD. This result
was particularly surprising in light of the fact that we and others have observed that MLL
fusion proteins attenuate the p53 response in vitro and in vivo by an incompletely
understood mechanism [25,38-39]. In our previous study, we found that the suppressed p53
response is at least in part responsible for the relatively poor chemotherapy responsiveness
of MLL-ENL driven AML. Upon treatment MLL-ENL models do not achieve complete
disease remission and an average survival benefit of only several days is observed. These
findings were reproduced in the present study (see figure 6B). However it is important to
note that in all the previous studies an attenuation of p53 function, not complete loss was
observed. As all comparisons were made between isogeneic MLL-ENL leukemias with or
without the FIt3 ITD and there was clearly induction of both p53 protein and downstream
targets (see figure 3B and C) we feel this model is suitable for studying the impact of the
FIt3-1TD on p53 signaling and chemotherapy response. The downstream signaling
consequences of the FIt3-1TD include activation of the PI3K, STAT5 and RAS/MAPK
kinase pathways. Activation of the RAS pathway has been associated with increased
sensitivity to cytarabine in vitro [29-30] and improved responses to high-dose cytarabine
regimens in patients [40]. Ras mutations have also been shown to induce reactive oxygen
species (ROS) and promote a DNA damage response. In a recent study, the presence of
oncogenic Ras altered the response of MLL-ENL expressing murine bone marrow cells to
cytarabine in a p53-dependent fashion [31]. Thus, it is likely that the FIt3-ITD mediated
increased cytarabine sensitivity and p53 induction is a consequence of activation of the
RAS/MEK/ERK pathway. These results are also consistent with previous studies that have
shown that p53 loss contributes to resistance to cytarabine in AML cell lines [41].
Additionally, we observed that p53 induction was also more pronounced upon exposure to
doxorubicin despite the fact that the FIt3 ITD conferred resistance to this agent. Cell
responses to p53 induction can take the form of transient cell cycle arrest and DNA repair or
permanent arrest in the form of senescence or apoptosis (reviewed in [42]). In addition to
p53's more well known role in apoptosis induction it has also been shown to induce multiple
prosurvival and DNA repair genes [43]. FIt3 ITD expressing AML cell lines and primary
patient samples have increased ROS, double strand DNA breaks and increased DNA repair
capacity [20,22]. We hypothesize that cells expressing the FIt3 ITD are primed to repair
double strand DNA breaks and that p53 induction in this setting results in cell cycle arrest,
increased DNA repair and survival. Consistent with this hypothesis is the fact that FIt3 ITD
expressing cells also showed increased resistance to etoposide, a topoisomerase Il poison
that induces DNA double strand breaks (data not shown). The exact mechanisms involved
are the focus of ongoing studies.

Finally, these data suggest that the one size fits all approach to treatment of AML should be
re-examined. There are multiple cytogenetic abnormalities and mutations that affect
prognosis yet induction therapy is the same for all with the combination of cytarabine and an
anthracycline. While our data is clearly preliminary and was derived from a single oncogene
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driven mouse model it suggests that patients with FIt3-1TD positive AML would not benefit
from an anthracycline in the absence of a FIt3 inhibitor. It is our hope that this data will
stimulate discussion on future clinical trials for patients with FIt3 ITD expressing AML.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Figure 1.

Changes in chemotherapy response can be detected in a genetically defined murine AML
model. A) Schematic overview of the generation of the mosaic AML mouse models.
C57BL/6 fetal liver cells isolated at E13.5-E15 were (co)transduced with MLL-ENL
expressing retroviruses and injected into lethally irradiated recipients. B) Competition assays
were done with partially infected MLL-ENL-induced leukemias with the indicated sShRNA
vectors. Data is presented as a ratio of GFP+ cells in the control vs each experimental
condition (%GFP exp/%GFP control). All reactions were done in triplicate. Asterisks denote
statistically significant results. C) The MSCV based vector expressing N-Ras®12P s shown
in the right panel. The left panel shows cytokine independent growth for 7 days as assessed
by flow cytometry in media that contained or lacked murine SCF, iL6 and iL3. D)
Competition assays were carried out as above in cytokine replete media. The left panel is a
histogram of representative flow data. In the right panel the mean ratio of GFP positive to
negative populations are plotted; each experiment is done in triplicate and was repeated in 2
separate infections. A representative example is shown. Asterisks denote statistically
significant differences (p<0.05 by student's T test).
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Figure 2.

The FIt3-1TD alters chemotherapy response in vitro. A) The MSCV based vector expressing
the FIt3-1TD is shown. Cytokine independent growth was assessed by flow cytometry as in
1C. B) Competition assays were done in MLL-ENL only leukemias partially positive for the
FIt3-1TD. For the combined treatments cells were exposed to doxorubicin at 5 ng/ml and 25
nM cytarabine. Multiple experiments were done in triplicate in 2 independent cell lines, a
representative result is shown. Asterisks denote statistically significant differences. C)
Purified populations of MLL-ENL-induced leukemias infected with FIt3-1TD or control
vector were exposed to the indicated chemotherapy for 72 hours. All reactions were done in
triplicate. Viability was then assessed by MTS assay. D) Purified cell populations were
exposed to 2.5 ng/ml doxorubicin, 25nM sorafenib or both for 72 hours. Viability was
assessed by MTS assay. Asterisks denote statistically significant differences.
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Figure 3.

The FIt3-1TD increases p53 induction. A) Alkaline comet assays were performed after cells
were treated with the indicated chemotherapy for four hours. Ten to twelve comets were
quantitated per condition and the experiment was carried out 3 times. A representative result
is shown. B) Western blot for murine p53 and p21. Cells were exposed to the indicated
amounts of doxorubicin for 4 hours, harvested and lysates analyzed for p53 and p21. D) Q-
PCR results for p53 transcriptional targets p21 and MDM2. Cells were exposed to the
indicated chemotherapies for 4 hours and total RNA was isolated. QPCR was performed and
relative transcript amounts as compared to an actin control were plotted.
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Figure 4.

The FIt3-ITD does not alter chemotherapy response in p53 null leukemias. A) Competition
assays were done in p53 null, MLL-ENL only leukemias partially positive for the FIt3-1TD.
Two independent infections were exposed to the indicated chemotherapy for 72 hours. B)
Competition assays. MLL-ENL and FIt3-ITD leukemia was generated from p53 wild type
FLCs and infected with a control vector or one that expresses a ShRNA targeting p53. Cells
were exposed to the indicated chemotherapy for 72 hours, all experiments were done in
triplicate. Asterisks denote statistical difference from control (p=<0.05 by student's T test).
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Figure 5.

The FIt3-1TD alters chemotherapy response in vivo and accelerates an already established
AML. A) Schema of in vivo competition assay. MLL-ENL-induced leukemias infected with
FIt3-1TD expressing vectors are diluted with uninfected cells to a total of ~10% FIt3-1TD
positivity and injected into sublethally irradiated Ly5.1+ C57/BI6. Animals are observed or
treated as indicated. After treatment femurs are harvested, cells stained for anti-Ly5.2 and
analyzed by flow cytometry. B) In vivo competition assays. Assays were performed as
described in A. Shown are the mean percentages of the GFP+ cells of the total Ly5.2+
population (GFP+/Ly5.2+). Error bars reflect the standard error. C) Leukemic burden in
Ly5.1+ C57/BI6 mice after 5 days of treatment with the indicated therapy. Mice were
injected with the indicated leukemia. Following treatment femurs were harvested, marrow
cells analyzed for GFP (FIt3-ITD expressing cells) or stained with anti-Ly5.2 antibody
(Parental cells) and analyzed by flow cytometry. Data was normalized to average
engraftment of untreated control animals. Error bars reflect the standard error.
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Figure 6.

FIt3-1TD expressing leukemias do not benefit from doxorubicin treatment. A) MLL-ENL
and FIt3-1TD leukemia was generated with a luciferase reporter. Animals were injected and
one week later imaged for luciferase activity (D1). Animals were then treated as indicated
for 5 days and on day 6 were imaged again (D6). Control animals were not treated, Dox
animals received doxorubicin at 3mg/kg daily, Ara animals received cytarabine at 100mg/kg
daily and A+D animals received doxorubicin and cytarabine. Quantitation of the luciferase
activity using the Living Image System software (Xenogen) is shown. B) Kaplan-Meier
curves for animals injected with the indicated leukemia and treated with cytarabine at
100mg/kg, doxorubicin at 3mg/kg or both. P values are for log rank test for treatment
compared to control.
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